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Abstract: Small possible hydrocarbon gas reservoirs were analysed in the Bjelovar Subdepression in
Northern Croatia. This area includes the Neogene–Quaternary, mostly clastics, sequences, reaching
3000+ metres in the deepest part. The shallow south-eastern part of the Drava Depression contains
a subdepression characterised with several, mostly small, discovered hydrocarbon fields, where
the majority are located on the northern subdepression margin. The reason is the large distance
from the main depressional migration pathways and main, deep, mature source rock depocenters.
However, two promising unconventional targets were discovered inside the subdepression and
both were proven by drilling. The first are source rocks of Badenian, of kerogen type III in early
catagenesis, where partially inefficient expulsion probably kept significant gas volumes trapped in
the source rock during primary migration. Such structures are the Western Bjelovar (or Rovišće) and
the Eastern Bjelovar (or Velika Ciglena) Synclines. The second promising unconventional reservoir
consists of “tight” clastic lithofacies of mostly Lower Pontian located on the north-eastern margin of
the subdepression. These are fine-grained sandstones with frequent alternations in siltites, silty and
clayey sandstones. They are located on secondary migration pathways, but were never evaluated as
regional reservoirs, although numerous drilling tests showed gas “pockets”.

Keywords: hydrocarbon gas; unconventional reservoirs; drilling; Neogene; Croatia

1. Introduction

The main general background for this research is the fact that the era of oil and gas as
dominant energy sources will not be obsolete in the next human generation. The role of
renewable energies, generated by wind, Sun or tide, will be more and more important and
their share in total production will probably reach 20–30% in many countries. The main
reason for their growth is tax policy, supporting clean or “green” energy sources to decrease
atmospheric pollution and the danger to the environment. Such a danger is relatively the
highest for coal and nuclear based power plants, processing or transport. Unconventional
reservoirs of hydrocarbon gases chemically contain the same gases as in the conventional
reservoirs. In fact, it can be claimed that such “unconventional” gas reserves remained
trapped in the source rocks where they were generated and later mostly migrated into more
permeable rocks. The second unconventional source of such gas is reservoir rocks where the
hydrocarbons migrated, but generally they are rocks of marginally low permeability and
porosity for them to be considered as a reservoir. In both cases, especially in the second, the
recovery of such gas does not demand large additional costs, because the unconventional
reservoirs are often located in the same field alongside conventional reserves.

Moreover, as a second claim, unconventional reservoirs can often be accompanied by
deep geothermal sources, especially where hydrocarbon reservoirs are in high-temperature
zones (late catagenesis, metagenesis). Such geothermal energy could be directly used for an
electrical power plant. However, numerous geothermal reservoirs are available worldwide
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at low–medium temperatures. Such sources could be used through the installation of small-
size power plants providing power or heat-applying Organic Rankine Cycles technology [1],
where high efficiency could be reached with working fluid in the tubes side. In fact, the
optimal combination of fluid, layout and polymer could save 73% of evaporator costs [1].

Economic optimisation of Organic Rankine Cycles for the exploitation of low to
medium enthalpy geothermal brines has been explained, e.g., in [2]. The developed tools
allowed for a techno-economic analysis with numerous scenarios of production from
geothermal reservoirs with temperatures in the range of 120–180 ◦C, reaching the optimum
temperature for the number of cycles and fluid types, which lead to the minimal electricity
production costs. Supercritical cycles, fluids with a critical temperature slightly lower than
the reservoir temperature, resulted in minimal expenses [2].

At a time when oil and gas production in Croatia, from onshore and offshore fields,
is continuously decreasing and energy needs are growing, the development of small
unconventional reservoirs can be a very important agenda for energy policy. At least, the
new gas reserves and their production increase national energy stability and decrease the
dependence on imported gas. Moreover, well known technology for oil and gas production
from the unconventional reservoirs and years of practice in Croatia make gas production
possible from considered unconventional reservoirs, which easily increase the total proven
hydrocarbon reserves, decrease future drilling, completion and production costs for such
reservoirs types, as well as the price of the gas on the domestic market.

2. Methods

The methods in this analysis could be divided into majorly qualitative and minorly
quantitative. The potential unconventional reservoirs, in the researched area, are presented
mostly qualitatively using geological descriptions, regional stratigraphy and qualitative
data obtained by cited sources, such as core and log tests, mapping and structural in-
terpretation. The same approach is applied for the description of potential petroleum
development of such a reservoir system, mostly on drilling types and procedures. The
main qualitative part, also originally created for this research, was petrological analysis
and interpretation. The representative samples were selected describing potential clastics
reservoir units, conventional as well as unconventional.

The quantitative data represent the geochemical variables, putting them in the context
of structural and depositional frameworks. They were especially important for one of the
main qualitative achievements of this work, expressed as a hydrocarbon migration map in
the analysed subdepression.

3. Geological Properties of the Neogene Source and Reservoir Rocks in the
Bjelovar Subdepression

The crucial condition for thermogenic generation of oil, gas and condensate is the
existence of a subsurface system, which consists of several geological categories, and
defining recoverable reserves. Such a system is often called a “hydrocarbon system”
or “petroleum system”. Those geological categories represent specific rock types in the
subsurface, mechanism and time responsible for fluid migration. Essentially, five of them
could be outlined: trap, reservoir, source rocks, migration and hydrocarbon preservation
(see Figure 1). Inside the analysed Bjelovar Subdepression, all are defined in Neogene and
Quaternary sediments and divided into several lithostratigraphic and chronostratigraphic
units (see Figure 1) with clearly defined ages [3,4]. Although the source, reservoir and
isolator rocks range from Lower Badenian to Upper Pontian age, the main source interval
is linked to Middle to Upper Badenian, and the dominant reservoir/isolator sequence is a
sandstone/marl alternation of Upper Pannonian and Lower Pontian.
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Figure 1. Location and typical hydrocarbon system in the Bjelovar Subdepression [5–7]. 

The conventional approach considers reservoirs as the rocks with reservoir proper-
ties, where effective porosity and permeability make hydrocarbon recovery possible. Due 
to wettability, capillary forces and saturation, part of the total hydrocarbon reserves (orig-
inal hydrocarbons in place, abbr. OHIP) can be recovered from the reservoirs. Source 
rocks are considered as the place where hydrocarbons are generated mostly through a 
period of catagenesis. Migration from source to reservoir rocks is crucial for the accumu-
lation of oil and gas in the trap, which can be divided into primary and secondary migra-
tion. Primary means migration inside the source rocks, which is initiated by capillary 
forces and pressure. Secondary migration comprises permeable pathways, gravitational 
separation and trapping. The length of the first one is on a scale of hundreds of metres, 
and the second is on a kilometre scale. 

Here, both kinds of possible unconventional gas reservoirs are analysed inside the 
subdepression, from the group of weakly permeable sandstones and siltstones where gas 
is accumulated by secondary migration, but also source rocks where hydrocarbons are 
generated. Both types are strongly connected with migration. So, in order to evaluate 
them, it was also necessary to evaluate source rock potential inside the subdepression, 
migration pathways inside and outside the area, and possible unconventional source res-
ervoirs as a secondary target. Possible source chronostratigraphic units are Badenian to 
Lower Pannonian pelitic rocks. They lithostratigraphically belong to the Mosti and 
Križevci Members of the Moslavačka Gora Formation (see Figure 1), and they are region-
ally proven as mature source rocks in the Croatian part of the Pannonian Basin System 
(CPBS). Five geochemical variables were studied, as follows: Corg (organic matter con-
tent), S2 (genetic potential), HI (hydrogen index), OI (oxygen index) and Ro (vitrinite re-
flection). Their thermal maturity was also calculated and compared with regional geother-

Figure 1. Location and typical hydrocarbon system in the Bjelovar Subdepression [5–7].

The conventional approach considers reservoirs as the rocks with reservoir properties,
where effective porosity and permeability make hydrocarbon recovery possible. Due to
wettability, capillary forces and saturation, part of the total hydrocarbon reserves (original
hydrocarbons in place, abbr. OHIP) can be recovered from the reservoirs. Source rocks
are considered as the place where hydrocarbons are generated mostly through a period
of catagenesis. Migration from source to reservoir rocks is crucial for the accumulation
of oil and gas in the trap, which can be divided into primary and secondary migration.
Primary means migration inside the source rocks, which is initiated by capillary forces and
pressure. Secondary migration comprises permeable pathways, gravitational separation
and trapping. The length of the first one is on a scale of hundreds of metres, and the second
is on a kilometre scale.

Here, both kinds of possible unconventional gas reservoirs are analysed inside the
subdepression, from the group of weakly permeable sandstones and siltstones where gas
is accumulated by secondary migration, but also source rocks where hydrocarbons are
generated. Both types are strongly connected with migration. So, in order to evaluate
them, it was also necessary to evaluate source rock potential inside the subdepression,
migration pathways inside and outside the area, and possible unconventional source
reservoirs as a secondary target. Possible source chronostratigraphic units are Badenian
to Lower Pannonian pelitic rocks. They lithostratigraphically belong to the Mosti and
Križevci Members of the Moslavačka Gora Formation (see Figure 1), and they are regionally
proven as mature source rocks in the Croatian part of the Pannonian Basin System (CPBS).
Five geochemical variables were studied, as follows: Corg (organic matter content), S2
(genetic potential), HI (hydrogen index), OI (oxygen index) and Ro (vitrinite reflection).
Their thermal maturity was also calculated and compared with regional geothermal maps.
Possible “tight” sandstone reservoirs are younger—of Lower Pontian, even Pliocene—and
belong to the Poljana and Pepelana Sandstones of the Kloštar Ivanić Formation.
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Large quantities of hydrocarbon remained in reservoirs due to irreversible saturation
or due to the high content of water in production. Some average recoveries are about 60%
for gas and 20–30% for oil reservoirs, but not all generated hydrocarbons are expelled from
the source rocks. It depends on the quality of the organic matter, natural fracturing of the
source rocks and on the pressure gradient. Part of these volumes can be recovered, using
artificial fracturing of rocks. The major problem in this procedure is the complex calculation of
well drainage radius because rock permeability is distributed highly stochastically and often
clustered. Despite the technological problems and uncertainties in reserve calculation, the total
thickness of source and “tight” rocks in the entire hydrocarbon system can be considerable.
Here, an example from the Croatian part of the Pannonian Basin System (CPBS), i.e., the area
of the Bjelovar Subdepression, is given as a part of the Drava Depression.

3.1. Petrological and Sedimentological Properties of Outcrop and Subsurface Rocks

Characteristic Neogene sedimentary rocks from the surface outcrops in the wider
research area (see Figure 2a–f) are presented as potential source rocks and collectors of
hydrocarbon gas in the west of the Croatian part of the Pannonian Basin System (CPBS)
(e.g., [7–11]). These are the Middle and Upper Miocene fine-grained marls (see Figure 2a,b),
middle coarse-grained sandstones and calcarenites (Figure 2c,d), and coarse-grained clastics
(see Figure 2e,f).

Properties of characteristic sedimentary rocks from the subsurface are shown as well
(see Figure 3a–h). They comprise fine-grained sedimentary rocks (see Figure 3a–d) as the
potential source rocks: interlaminated marlstones and siltites/shales, laminated calcitic
shales, lithic greywacke sandstones to mudstones and silty marlstones as well, all enriched
in kerogen in various amounts. Potential collectors determined in the subsurface are
mainly coarse and middle coarse-grained sedimentary rocks (see Figure 3e–h): lithic and
quartz arenitic sandstones, calcarenites and calcarenitic sandstones, and various types of
petromictic conglomerates as well.

Interlaminated black globigerinid marlstone and pale grey sandy siltite/shale (see
Figure 3a). Black marlstone laminas are enriched in kerogen and contain fine angular
quartz grains and micas, as well as small planktic foraminifera. Pale grey sandy laminas
contain angular quartz grains and lithic fragments, bound together with calcite cement.
It is interpreted as the final sandy and pelitic intervals (Td and Te) of Bouma turbiditic
sequence deposits and considered as a potential source rock for kerogen maturation and
hydrocarbons generation (so-called “oil shale”). This sample was taken around the 3500 m
subsurface depth interval.

Dark grey, laminated dense marlstone to calcitic shale (see Figure 3b) containing a
thin interchange of clayey-calcitic laminas and laminas with mica flakes and fine quartz
grains, tightly packed due to compaction and burial diagenesis. This sample was taken
around the 1500 m subsurface depth interval.

Dark grey, fine-grained silty lithic greywacke sandstone to mudstone (see Figure 3c)
containing fine angular quartz grains and various lithic fragments, floating within clay and
silty matrix. This sample was taken around the 1000 m subsurface depth interval.

Well-lithified, pale grey to brown silty marlstone, enriched in kerogen (see Figure 3d) con-
taining abundant globigerinid foraminifera skeletons, as well as some pyrite grains developed
in diagenesis. This sample was taken around the 3500 m subsurface depth interval.

Middle coarse-grained, well-sorted lithic arenite sandstone (see Figure 3e) containing
predominantly angular quartz grains and lithic fragments of quartzites, cherts and sand-
stones, densely packed and intercalated with mica flakes. Intergranular spaces are partly
filled with microcalcite cement. This sample was taken around the 3500 m subsurface
depth interval.
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stone; (f)—coarse-grained calcarenitic sandstone to fine-grained conglomerate. Samples are taken from the surface, at lo-
calities: SW Medvednica Mt. (a, d, e); SE Medvednica Mt. (b); Jerovec (c); Breznički Hum (f); all at the western margin of 
the CPBS. All samples are from the referent and demonstrational Minerals and Rocks Collection, situated at the Depart-
ment of Mineralogy, Petrology and Mineral Resources (Faculty of Mining, Geology and Petroleum Engineering, Univer-
sity of Zagreb). 

Properties of characteristic sedimentary rocks from the subsurface are shown as well 
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Figure 2. (a–f). Specimens of the characteristic Middle and Upper Miocene sedimentary rocks taken from the surface out-
crops: (a, b)—marls; (c)—laminated sandstone; (d)—calcarenitic sandstone; (e)—interlayered conglomerate and sandstone;
(f)—coarse-grained calcarenitic sandstone to fine-grained conglomerate. Samples are taken from the surface, at localities:
SW Medvednica Mt. (a, d, e); SE Medvednica Mt. (b); Jerovec (c); Breznički Hum (f); all at the western margin of the
CPBS. All samples are from the referent and demonstrational Minerals and Rocks Collection, situated at the Department
of Mineralogy, Petrology and Mineral Resources (Faculty of Mining, Geology and Petroleum Engineering, University
of Zagreb).
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subsurface samples (scale bars = 0.2 mm). (a–d)—source rocks (marlstones, siltites and shales); (e–
g)—collectors (sandstones, calcarenites and conglomerates). Samples are taken from the subsurface 
at localities Mosti (b, d, f), Fančev mlin (a, c, g), and Mičetinac (e, h) in the Drava Depression. 

Interlaminated black globigerinid marlstone and pale grey sandy siltite/shale (see 
Figure 3a). Black marlstone laminas are enriched in kerogen and contain fine angular 
quartz grains and micas, as well as small planktic foraminifera. Pale grey sandy laminas 
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is interpreted as the final sandy and pelitic intervals (Td and Te) of Bouma turbiditic se-
quence deposits and considered as a potential source rock for kerogen maturation and 

Figure 3. (a–h). Microphotographs of the characteristic source rocks and collectors taken from
the subsurface samples (scale bars = 0.2 mm). (a–d)—source rocks (marlstones, siltites and shales);
(e–g)—collectors (sandstones, calcarenites and conglomerates). Samples are taken from the subsurface
at localities Mosti (b, d, f), Fančev mlin (a, c, g), and Mičetinac (e, h) in the Drava Depression.

Fossiliferous lithic arenite sandstone (see Figure 3f) contains fine-grained, semi-
consolidated, grey semi-calcareous sandstone, which includes predominantly siliciclastic
grains (quartz and metamorphics) and subordinate fossil detritus (bryozoans and bivalves),
also having laminated micas and randomly dispersed glauconitic grains, bound together
in calcite cement. This sample was taken around the 1000 m subsurface depth interval.

Coarse-grained, densely packed, clast-supported lithic arenite sandstone to petromic-
tic breccia/conglomerate (see Figure 3g) containing poorly sorted, angular lithic fragments
of metamorphics and quartz grains, together with micas and some feldspars. Intergran-
ular spaces are partly filled with fine marly matrix, and grains are bound together with
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cryptocrystalline calcite cement. This sample was taken around the 3500 m subsurface
depth interval.

Well-lithified, clast-supported petromicitic conglomerate (see Figure 3h) containing
well-rounded clasts of various rocks (magmatics, metamorphics and dolomites), bound
together in sandy matrix of various angular grains, together with dispersed glauconitic
grains and mica flakes. This sample was taken around the 3000 m subsurface depth interval.

3.2. Geochemical Values in the Source Rocks

In the analysed area, as well as in the entire CPBS and the Pannonian Basin System
(PBS) in general (e.g., [11–15]), from the Upper Badenian to the Lower Pannonian age, char-
acteristic sedimentation of pelitic rocks, such as marlstone, limestone, calcitic marlstone
and marly limestone, prevailed. The mostly shallow, calm, and brackish environment
favoured the preservation of organic matter and its transformation into kerogen. Such
a transformation was mostly unsuccessful due to the relatively small depths in the sub-
depression (today less than 3000 m), but where it was effective, kerogen of types II and
III were formed. The generation potential of source rocks is described by geochemical
variables (see Table 1). It is clear, that Middle Miocene pelites can be considered as regional
weak source rocks, mostly due to very low average carbon content (low margin for clastic
source rocks for generation is about 0.5–1.0%, which is similar to the subdepression’s mean
value). Moreover, the organic carbon content is very variable, from 0.31 to 7.28% (the
means are given in Table 1). Higher values of HI (S2/Corg, i.e., mg HC/g Corg) indicate that
samples could be taken locally with significant hydrocarbons obtained during laboratory
pyrolysis (420–460 ◦C). Generally, though, organic matter is shallow and oxidated, showing
high values of OI (S3/Corg, i.e., mg CO2/g Corg)—Figure 4.

Table 1. Geochemical variable values in potential source rocks in the Bjelovar Subdepression, Croatia [16].

Variable Mean −95% 95% Minimum Maximum Variance

Badenian and Sarmatian rocks (16.4–11.5 Ma)

Corg
(wt%) 1.14 0.15 2.14 0.01 5.3 2.2

S2
(pyrolytic peak mg HC/g rock) 6.91 0.00 19.17 0.01 22.91 97.4

HI
(mg HC/g org. C) 237.81 45.67 429.94 120.00 397.78 14.6 × 103

OI
(mg CO2/g org. C) 447.83 0.00 1851.32 107.30 1100.00 3.2 × 105

Upper Pannonian rocks (11.5–9.3 Ma)

Corg
(wt%) 0.61 0.35 0.87 0.19 1.41 0.11

S2
(pyrolytic peak mg HC/g rock) 1.64 1.07 4.34 0.92 2.89 1.18

HI
(mg HC/g org. C) 271.74 0.00 619.11 184.0 433.0 19.6 × 103

OI
(mg CO2/g org. C) 76.70 0.00 650.64 31.53 121.87 4080.66

As kerogen type III (terrigenous material from the higher plants) predominates, hy-
drocarbon generation mostly produced gas with an efficiency of usually less than 20%,
where the main process happened at 120–150 ◦C. Such a temperature range had been
proven on the single deep locality inside the depression, in the Velika Ciglena or Eastern
Bjelovar Syncline, where catagenesis occurred before approx. 4.5 Ma, and “oil windows”
were activated in the last 0.2 Ma [16]. Moreover, generation in leaner source rocks is a less
efficient process, and most of the created hydrocarbons remain inside, especially oil [17].
The thickness of the source intervals rich in organic carbon inside the subdepression is
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mostly a few metres, so the efficiency of expulsion is low and most of the generated gas
probably remained within the source facies.
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3.3. Migration Pathways

Migration occurrence and pathways are the critical factors for the creation of any
conventional as well as weakly permeable reservoirs (conditionally permeable clastics such
as fine-grained silty sandstones and siltstones). The fluid physics directionally depend on
permeable migration zones in the subsurface as well as geothermal gradients, i.e., subsur-
face temperatures (hydrocarbon generation “per se”, but also the heating of subsurface
fluids). The Bjelovar Subdepression belongs to the hotter part of the Pannonian Basin
System. The authors of [18] and [19] showed that geothermal gradients vary between 4.5
and 7.7 ◦C/100 m.

Inside the subdepression, the locally developed source rocks are mudstones, shales,
and siltites of Badenian to Lower Pannonian age, appearing from 811 to 3255 m depth,
and they are mostly thermally immature. In deeper, predominantly clastic rock sequences,
high thermal altered terrestrial organic matter appears, which presently would reach the
late catagenesis and early metagenesis stage (according to Figure 5). They are, in fact, still
currently in the early catagenesis stage, due to a lower gradient in the past. Such areas
are the Velika Ciglena Syncline and marginally Western Bjelovar or Rovišće Synclines (see
Figure 1, well A) and Eastern Bjelovar or Velika Ciglena Synclines (see Figure 1, well B).
There was not enough volume to feed all the discovered hydrocarbon reservoirs, even only
to saturate them with gas. So, the proposed migration map for the subdepression is given
in Figure 5.
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Figure 5. The proven and assumed hydrocarbon migration pathways for fields and occurrences inside the subdepression.

It is obvious that, besides several smaller fields, there are several localities with
proven gas occurrences, but they are not yet in production, situated on the north–north-
eastern margin of the subdepression. The reasons are relatively small possible estimated
reserves, based on the low gas saturation and/or small porosities/permeabilities as a result
of numerous alternations of the “tight” sandstone lithofacies. Such possible producing
horizons are situated at depths of 800 to 1000 m, with a predominance of weakly permeable
sandstones of Upper Miocene age.

From a geochemical point of view, some parameters indicate high-quality paraffinic
oils, originating from a terrestrial precursor, which is also confirmed by carbon isotopic
ratios with a slight predominance of light isotope 12 C (>δ13 C −25.1‰). There is also
proven oil where bimodal hydrocarbon distribution reflected both sapropelic and terrestrial
origin. The larger differences in physical and chemical properties of hydrocarbons can be
attributed to differences in source facies type and maturity, but post-generative processes,
particularly subsurface water washing, water flooding and evaporative fractionation, also
altered them.

Reservoir gases could be wet with a concentration of higher hydrocarbon homologs
(about 2–22%), but much more importantly, they could be represented by migrated ther-
mogenic gases associated with oils or mixed gases (bacterial/thermogenic sources) in
shallow reservoirs. They are the promising unconventional targets where some migration
could form significant gas occurrences in “tight” lithofacies of Upper Miocene, even Lower
Pliocene. Such rocks are proven in the north-eastern part (see Figures 1 and 5, localities 3, 9,
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10) and are saturated with gasses, which have slightly lower wetness and higher maturity
than gasses in the western part of the subdepression.

The crucial variable in such reservoirs is porosity, i.e., permeability. For example, from
20 to 25% in conventional reservoirs in weakly permeable sandstones, tight sands or sandy
marls of Upper Miocene, it can be reduced to about 10% (e.g., 12.86 on locality A, 12.03 on
B or 6.14% on C, Figure 1). Consequently, the permeability is reduced to less than 10−3 µm2

(or 1 millidarcy). As an example, a qualitative representation of sudden and often changing
lithofacies from medium-grained sandstone into marly sandstone and vice versa is given
in Figure 6, where Poljana Sandstone represents a typical regional proven reservoir rock
sequence of Lower Pontian (Upper Miocene) age.
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For such lithofacies [20], a numerical analysis of possible regional porosity-based
log resistivity curves was performed. The Cremušina Structure (locality no. 10, Figure 5)
is selected on the north-eastern part of the subdepression. The results outlined that in
the alternation of fine-grained sandstones with silty marly sandstones, i.e., in a section
considered as an unconventional potential reservoir, regionally can be described with a
porosity of about 10%. That is high enough to support gas migration and form smaller
“tight” gas reservoirs.
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3.4. Geothermal Potential of the Investigated Area

According to the characteristics of the investigated area, the possibility of finding a
geothermal potential is in geopressured reservoirs. The hydrostatic pressure is proportional
to the weight of water and increases with depth. From the aspect of geothermal exploitation,
geothermal reservoirs are characterized by three important properties [21]: high pressure,
high temperature, and dissolved methane. The CPBS has the greatest geothermal potential,
as well as significant technological opportunities for the exploitation of geothermal energy
in agriculture and the food industry. The average geothermal temperature gradient in
the CPBS is 0.049 ◦C/m [22], while in the rest of Europe it is 0.03 ◦C/m [23]. Data on
geothermal reservoirs were obtained from exploration wells that were primarily intended
for locating oil and gas reservoirs. Great potential for the exploitation of geothermal energy
is found in negative oil and gas wells, then in mature oil and gas reservoirs as well as
in aquifers. Geothermal deposits in the Republic of Croatia (see Figure 7) are divided
according to the temperature of geothermal liquid at the wellhead into [24] reservoirs with
a temperature higher than 100 ◦C and reservoirs with a temperature lower than 100 ◦C.
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According to the authors of [26,27], the possible thermal power from geothermal
energy is between 750 MWt and 1,300 MWt for the CPBS area. In the researched area
of the Bjelovar Subdepression, the geothermal field Velika Ciglena was put into produc-
tion in 2018. The installed capacity of the geothermal power plant Velika Ciglena is
>16.5 MWe [28].

4. Challenges and Solutions for Drilling in Clastic Alternation of Conventional and
Unconventional Reservoirs

Due to the specific properties of the unconventional reservoirs, their development
cannot be successfully completed without the application of two well-known technolo-
gies in drilling and completion operations, horizontal drilling, and multi-stage hydraulic
fracturing. Moreover, some relatively rarely used technologies for conventional reservoirs,
such as natural dump flooding wells [29], could be considered in low-permeable sandstone
lithofacies, in the late recovery phase.

The horizontal drilling technology allows petroleum companies to economically de-
velop different types of reservoirs which have hitherto been unprofitable or out of reach.
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Despite highly developed different techniques and technologies in the petroleum industry,
the development of the unconventional reservoirs demands the adjustment of these com-
mercial techniques and technologies to the specificities of the unconventional reservoirs [30].
As in the case of the development of conventional oil and gas reservoirs, the success of
unconventional reservoir development, especially drilling and completion activities, dis-
tinctly depends on the available data. Some well investigated areas, where significant
oil and gas production from conventional reservoirs exist together with unconventional
reservoirs, were neglected at first and, thus, insufficiently researched.

Drilling and completion campaigns in unconventional reservoirs, as well as subse-
quent oil and gas production, depend on the available data about lithology, pore pressure
and in situ stress distribution in the areas under consideration. This information is very
important from a geomechanical point of view, especially for engineering demanding
operations, such as horizontal drilling or hydraulic fracturing [31]. Building a mechanical
earth model (MEM) for the specific underground location based on the available seismic
data and proper calibration should be a starting point in the development of any uncon-
ventional reservoirs. The mentioned model includes a 1–3D structural model, mechanical
stratigraphy, elastic properties, and strength parameters, as well as earth stress (magnitude
and direction) and pore pressure. Moreover, improvement in any visualisation, such as
advance mapping [32], is a useful addition to such a model, outlining unconventional
lithofacies and their structures. A high-quality mechanical earth model would be very
useful in the planning stage, and it would significantly reduce operational risks, time,
and costs. The available information from the earth model for petroleum systems directly
affects the successful development of unconventional reservoirs [33], and this emphasizes
the importance of geochemical data, especially from the Middle Miocene source lithofacies.

A well-developed mechanical earth model represents a starting point (input) for well-
bore stability analyses. During the drilling operation, stress redistribution takes place in the
vicinity of the wellbore wall, whereby in situ stresses (vertical, maximum, and minimum
horizontal) are replaced with axial, radial and hoop stresses. Aside from stress redistri-
bution along the wellbore wall, the wellbore stability strongly depends on the wellbore
orientation (inclination and azimuth) and the existence of different specific circumstances
such as anisotropy, heterogeneity, the existence of fractures, faults, etc. In some circum-
stances, alternation in pore pressure and rock properties require the application of a specific
drilling technique, such as managed pressure casing drilling (MPCD) or managed pressure
cementing (MPC), which involve a closed-loop mud circulation system and carefully bal-
ancing pore pressure during the entire drilling operation [34]. In the presented analysis,
the stability of the unconventional series would not be problematic in Badenian to Lower
Pannonian source lithofacies, due to the high level of consolidation. It is valid both for
carbonates as well as clastics (sandstones and marls). In all such permeable lithofacies
(lime breccia, coarse-grained sandstones), conventional hydrocarbon reservoirs are already
proven (Letični, Galovac-Pavljani and Grubišno Polje structures; Figure 5). However, such
stability could be significantly less during drilling in low-permeable sandstones on the
north-eastern margin of the explored subdepression (Mosti, Sedlarica, Gakovo structures;
Figure 5). Such lithofacies are significantly more weakly consolidated, especially ones
determined at the very end of Lower Pontian or in Upper Pontian. Consequently, the
stability breakdown or even “sand flows” into the wellbore could occur.

Unlike the development of conventional reservoirs, the development of an unconven-
tional reservoir usually requires horizontal wells with a long horizontal section properly
placed in the space, which implies the use of some advanced drilling technology such as
measurement while drilling (MWD), logging while drilling (LWD) or geosteering and a
different completion design with multistage hydraulic fracturing. The completion design
of a well in an unconventional reservoir includes one of the following solutions: cased and
cemented hole, open hole completion, hole cased with perforated casing and cemented
casing with stimulation sleeves [35].
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Another risk associated with unconventional reservoirs is, as previously mentioned,
possible rock damage problems. It is more pronounced in unconventional lithofacies (than
in conventional ones) because of well construction, often with a long horizontal open hole
section through the reservoir. The unconventional lithofacies are characterized by low
porosity (here less than 10%) and a pore throat (10–1000 nm) which makes most of the
filtration control additives (size in mm and µm range) inapplicable [36]. Drilling fluid
invasion within a near-wellbore zone can cause a pore pressure change and wellbore
instability problems as a result of a physicochemical reaction between the drilling fluid
filtrate and clay minerals, especially in presented marls of Middle Miocene. This process
can be accelerated in the presence of natural or induced fractures, as observed in the
subdepression along structures closer to main fault zones. Recent developments in drilling
fluid technology involve the application of smart drilling fluids in combination with
nanoparticles and the application of environmentally acceptable water-based drilling fluids
in the drilling of unconventional reservoirs [37].

Generally, several techniques can be applied for the evaluation of drilled, completed
and stimulated wells such as production logging, proppant tracers, fluid tracers, hydrocar-
bon tracer, microseismic, distributed temperature survey (DTS) and distributed acoustic
survey (DAS) [38]. During production logging, it is possible to obtain different data such
as temperature, pressure, fluid density, formation fluid inflow points and the type of
produced fluid. Proppant, fluid and hydrocarbon tracer, as well as microseismic, are
used for full characterisation of the fractured area covered by hydraulic fracturing. The
last studies indicate the possible application of unconventional nanotechnology-based
tracers (Carbon Quantum Dots (CQDs), function silica nanoparticle synthesis, surface
modification of upconversion nanoparticles) instead of traditional radioactive tracers [39].
Unlike conventional radioactive tracers, nanoparticles are environmentally more acceptable
and have many other advantages, such as inertness, chemical stability, the formation of
stable dispersion, etc. The appropriate selection of the evaluation technique can be very
useful in cost reduction, completion design optimisation and production improvement.
Machine learning and data mining can also be valuable tools in fluid production prediction
from an unconventional reservoir, and validation of the applied completion system. All
these methods could be applied for the development of unconventional reservoirs in the
Bjelovar Subdepression. Unfortunately, potential unconventional reservoirs are, probably,
in the range of very small (<10,000 m3) to small (10,000–100,000 m3) fields, regarding the
classification of Croatian fields and recoverable reserves [40]. Consequently, many of the
advance techniques would not be affordable and profitable for such reserves, and balancing
between “standard” and advanced logging programs is a viable option.

5. Discussion

Regionally proven mature source rocks in the Croatian part of Pannonian Basin System
(CPBS), mainly weakly permeable sandstones, siltstones and marls of Badenian to Lower
Pontian age, are potential sources for unconventional gas reservoirs inside the Bjelovar
Subdepression. Gas could be accumulated during catagenesis or by secondary migration.

Micropetrographic analysis of the characteristic sedimentary rocks from the subsurface
(see Figure 3a–h) reveals their composition and fabric, suitable for kerogen maturation and
hydrocarbons generation. Two groups of sedimentary rocks are distinguished, according
to their potential as the source rocks or as the reservoirs of hydrocarbons, by primary or
secondary migration pathways.

Predominantly fine-grained sedimentary rocks (see Figure 3a–d), mainly enriched in
kerogen, are marked as the potential source rocks. These include interlaminated marlstones
and siltites/shales, laminated calcitic shales, lithic greywacke sandstones to mudstones and
silty marlstones. Their origin is closely related to deep-water sedimentary environments
and processes in the sedimentary basin (CPBS), deposited in the basin itself (i.e., well-
lithified, pale grey to brown silty marlstone with abundant globigerinid foraminifera
skeletons and enriched in kerogen, shown in Figure 3d), or at the distal parts of the vanning
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gravity currents from the basin margins (i.e., interlaminated black globigerinid marlstone
and pale grey sandy siltite/shale, shown in Figure 3a).

Mainly coarse and middle coarse-grained sedimentary rocks are marked as potential
reservoirs determined in the subsurface (see Figure 3e–h). These are lithic and quartz
arenitic sandstones, calcarenites and calcarenitic sandstones, as well as various types of
petromictic breccias/conglomerates. Their relatively broad grain-size range (from coarse-
to middle-grained clastics and calcareous clastics), as well as their various fabric (from
clast-supported breccias/conglomerates, shown in Figure 3g,h) to various arenitic and
greywacke sandstones (shown in Figure 3e,f), place them as, more-or-less, suitable for
hydrocarbons emplacement.

Porosity ranges of potential reservoirs encourage this hypothesis. However, their per-
meability ranges partly limit migration pathways to secondary, including oblique/vertical
migration of hydrocarbon gas during burial, from the source rocks placed at the greater
burial depths in the subdepression toward the potential reservoirs at the lower depths (see
Figure 1). Sedimentary sequences with thin collector units followed by seal rock units,
such as sandstone and marl units appearing in the upper parts of the Upper Miocene
sequences in the CPBS, make a suitable sedimentary architecture for the development and
emplacement of so-called unconventional hydrocarbon gas reservoirs.

The considered unconventional reservoirs are placed in the Croatian part of the
Pannonian Basin System (CPBS), an area with a long history in oil and gas production from
conventional reservoirs. This fact represents the main advantage in further consideration
of gas production from unconventional reservoirs because of the wells and the surface
infrastructure on the existing fields in the area. The existing wells provide the possibility for
additional research and the data gathering necessary for the economically and technically
feasible development of unconventional reservoirs. Except for additional logging, fluid
sampling and observation for downhole changes, the existing wells can be used for re-entry
in horizontal drilling; thus, significantly reducing the cost of the drilling and completion of
the operation.

6. Conclusions

Qualitative and quantitative analyses of some aspects belonging to small uncon-
ventional hydrocarbon gas potential reservoirs are given here. Potential reservoirs were
analysed in the relatively isolated Neogene Subdepression in Northern Croatia, where
depths are rarely larger than 3000 m and clastic sedimentation was dominated with pelitic
detritus. As conventional discoveries were limited on several fields, the further research
and investments highly depend on new discoveries, smaller but profitable. As migration
pathways supported the idea that not all possible (P3), even probable (P2), reserves are
proven, analysis of this type confirmed the following summarised results:

1. The deepest Eastern Syncline (also named as the Velika Ciglena Syncline), is a single
place where gas was generated and migration started to feed smaller surrounding
structures. The gas-prone source rocks of that structure could be studied in detail as
sources of unconventional lithofacies. As there is a proven high geothermal gradient
and a geothermal reservoir below the source facies, the maturation process could
obviously take a long time, currently reaching early catagenesis.

2. The north-eastern margin of the subdepression is characterized with numerous struc-
tures where gas occurrences were often observed during drilling through “tight”
sandstones, reaching from a small percentage up to 10 percent methane. The volume
of potential unconventional reservoirs in the zone is several times larger than the
reservoir in the Velika Ciglena Syncline.

3. This north-eastern margin is represented with an alternation of fine-grained with silty
and marly sandstones. Consequently, porosity varies in a wide range of 10–25%, but a
single layer is often no thicker than 1 m. It makes the zones hard to test and develop,
due to potential instability during drilling. Moreover, logging would hardly reach
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true saturated rock values (such as for spontaneous potential or resistivity). So, any
production and reserve calculation is a potentially highly uncertain task.

4. As a marginal target could be outlined for the Upper Badenian “tight” but consoli-
dated sandstones, as sporadic unconventional Badenian lithofacies. Unfortunately,
these lithofacies are still not regionally well explored and are highly uncertain regard-
ing their unconventional potential.

5. Taking into account experience in oil and gas production on a considered area, and
existing well and surface facilities, the development of a small unconventional gas
reservoir in the future can be a promising solution for the growing energy demand in
Northern Croatia.
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