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Abstract 

Geological probability calculation was applied to the Northern Croatian Neogene deposits in the western Sava 

Depression. Structures “A” and “B” (with sandstone hydrocarbon reservoirs inside the Kloštar Ivanić Formation, 

Upper Miocene) were analyzed using two different POS methodologies. The classical POS approach showed that, in 

such play and wider areas of selected two structures, probability for discovering the new HC reservoirs is 42.18 %. 

This is valid for minimum of 500.000 m3 of geological reserves. The modified POS approach has been used for 

calculation of waterflooding efficiency in selected structures “A” and “B”. The probability value of 56.25 % 

indicates that future flooding would result in increased recovery.  
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Introduction 

The Probability of Success (POS) calculation is a deterministical geomathematical method. Determination of 

categories and subcategories within the calculation methodology is demanding and requires a reasoned and careful 
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evaluation of applied categories and numerical probabilities of individual events. Misleading selection of 

probabilities may result in erroneous calculation of the entire probability. The precision of such deterministic 

approach is directly dependent on the number and quality of data collected in the analyzed structure, i.e. 

hydrocarbon reservoir. The argumentation for each individual probability event is derived from (a) company data 

for some subsurface volume collected for a decade or more (production and geological reports in the mature 

explored areas), and (b) periodical corrections based on new drilling results (benchmarking). The expert opinion is 

the most important input for creation of POS database. 

Deterministical geological probability is one among several different methods for evaluation of new 

hydrocarbon reserves. Some are mostly based on geological interpretation, and others mostly use mathematical 

modelling. The best result is expected from procedures that unite these two approaches. The basics of risk 

calculations in analyzed area can be traced to early evaluation methods of probability or risk in hydrocarbon 

exploration. For example, Frank (1990) analyzed quantitative methods used for evaluation of possible undiscovered 

hydrocarbon reserves and shortages of each particular method. Frank (1992) made improvements in evaluation of 

prospect and risk in hydrocarbon exploration on example in the Mljet Island offshore. Result was presented as a risk 

level of hydrocarbon discoveries in each particular prospect. Novinc (1992) described using of expert system for 

prediction of oil and gas pools on several Eastern Slavonia fields. Malvić (1998) and Hernitz et al. (1999) selected 

some Sava Depression and Bjelovar Subdepression structures as well as stratigraphic and tectonic parameters and 

gave numerical value of POS probabilities of new reservoir discoveries.  

The first comprehensive and regional calculation of POS in the Croatian part of the Pannonian Basin 

System (abbr. CBPS) was published for the Bjelovar Subdepression by Malvić (2003) for Mosti Mb. (0.57), Poljana 

Ss. (0.57) and Pepelana Ss. (0.51). Similarly, Lutger et al. (2005) used the POS method for new gas field studies in 

the Netherlands. Saleleh et al. (2007) applied this method with the example of oil and gas reservoirs exploration in 

southern Mexico. Again, in the Bjelovar Subdepression (CPBS) Malvić & Rusan (2007; 2009) calculated regional 

POS for the Upper Miocene sandstones of 0.13, and for the complex of Paleozoic basement and Miocene breccia of 

0.28.  

Starting to be widely used in the CPBS, the POS methodology has been subdued to several modifications, 

confirmed as successful in describing subsurface hydrocarbon and similar systems. Stochastic modification in 

deterministic calculation of POS is theoretically elaborated and, for the first time, applied in the Drava Depression 



(CPBS) by Malvić (2009). The authors of Vrbanac et al. (2010a) calculated the slightly modified deterministical 

POS in the western part of the Sava Depression for the Miocene Ivanić-Grad Formation. As example of non-

hydrocarbon system modification, Schulz et al. (2010) applied the POS method to geothermal water flow from wells 

in the South German (the Upper Austrian Molasse) area. The application of POS calculations to the poorly 

permeable Neogene lithofacies in the Northern Croatia was calculated by Malvić et al. (2014). The further 

improvement of stochastic methodology in the calculation of POS has been described again in the Drava Depression 

by Malvić & Velić (2015). The work of Milokov (2015) represents an example how POS risk tables could be 

applied in other regions for the discovery of new hydrocarbon reservoirs. Peel & Brooks (2016) implemented POS 

method on the basis of statistical data based on Cambodia-Thailand overlapping area and Western Atwater Fold 

Belt, the Gulf of Mexico. Malvić et al. (2016) determined the values of POS applied on shallow sands in the wider 

area of the gas fields of Ivana and Ika (Northern Adriatic). Režić & Varenina (2017) further improved the 

calculation of the POS in the Croatian part of Po Depression (Northern Adriatic). An example of on-shore POS 

application, in the area of Western Siberia, has been described by Meshcheryakov et al. (2017). In offshore, Milkov 

(2017) applied the POS calculation on the Norwegian Continental Shelf example. Back in the CPBS, the 

modification of POS for the purpose of CO2 storage capacity in Northern Croatia was applied by Gaurina-

Međimurec & Novak Mavar (2017). 

 

Probability of Success of the existence of hydrocarbon reservoirs - basics 

The POS is a deterministic method. Determining individual categories and subcategories within the POS 

calculation methodology is very demanding and it is necessary to determine individual values of the 

category/subcategory with arguments and carefully. In case of incorrect probability selection, the calculation may be 

uncertain, as the value is of individual and not interval character. The precision of the deterministic approach is in 

direct dependence on the collected data, i.e. with the previously published relevant values and available databases in 

the selected area of interest. Qualitative and quantitative argumentation of values for individual categories and 

subcategories is the basis for a quality selection of probability values, because, using a POS table, further 

uncertainties, expressed as interval values, are removed. Consequently, the more accurate the values in the POS 

table are determined, the lower is overall risk in all stages of exploration or development of evaluated project. It is 

why POS is a favorable method for mature hydrocarbon plays and prospects. 



The selection of values for hydrocarbon reservoirs is partly a qualitative process as each variable was 

evaluated (a) either by the application of this equation to the research area, (b) or from the published empirical 

probability calculations for some other location. Usually such values are set from the most experienced and educated 

professional (mostly geologist) regarding the knowledge about the evaluated subsurface volume. As mentioned 

before, such estimation could be done for potential or proven reservoirs, but also for their selected properties (so-

called adjusted geological probability).  

The basic independent geological categories in such calculation are (White 1993; Rose 2001; Malvić 2003; 

Malvić & Rusan 2009): trap, reservoir, source rock, migration and hydrocarbon preservation.  Their values were 

determined from well cores, logs, seismic sections and interpretations, laboratory and field data, production history 

and similar data (Fig. 1).  
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ROCKS 

 

MIGRATION 

 

HC 
PRESERVATION 

 

     
Structural Reservoir type Source facies HC shows Reservoir 

pressure 
Anticline and 
buried hill linked to 
basement 

1.00 

Sandstone clean and laterally 
extended; Basement granite 
geiss, gabbro; Dolomites and 
Algae reefs (secondary porosity) 1.00 

Kerogen type I 
and/or II 

1.00 

Production of 
hydrocarbons 

1.00 

Higher than hydrostatic 

1.00 
Faulted anticline  

0.75 

Sandstones, rich in still  and clay; 
Basement with secondary 
porosity, limited extending; 
Algae reefs, filled with skeletal 
debris, mud and marine cements 0.75 

Kerogen type III 

0.75 

Hydrocarbons in 
traces. New gas 
detected >10% 

0.75 

Approximately 
hydrostatic 

0.75 
Structural nose 
closed by fault 

0.50 

Sandstone including significant 
portion of silt/clay particles, 
limited extending 

0.50 

Favourable palaeo-
facies organic 
matter 
sedimentation 0.50 

Oil determined in 
cores 
(luminescent 
analysis core test) 0.50 

Lower than hydrostatic 

0.50 
Any "positive" 
faulted structure, 
margins are not 
firmly defined 0.25 

Basement rocks, including low 
secondary porosity and limited 
extending 

0.25 

Regionally known 
source rock facies, 
but not proven at 
observed locality 0.25 

Oil determined in 
traces 
(luminescent 
analysis core test) 0.25   0.25 

Undefined 
structural 
framework 0.05 

Undefined reservoir type 

0.05 

Undefined source 
rocks type 

0.05 

Hydrocarbons are 
not observed 

0.05   0.05  

 

 

 

 

 

 

 

 

 
Stratigraphic 
or combined Porosity features Maturity Position of 

trap Formation water 

Algae reef form 

1.00 

Primary porosity (> 15 %), 
Secondary porosity (> 5%) 

1.00 

Sediments are in 
catagenesis phase 
("oil" or "wet" gas) 1.00 

Trap is located in 
proven migration 
distance 1.00 

Still aquifer of filed-
waters 

1.00 
Sandstones, 
pinched out 

0.75 

Primary porosity (5-15 %), 
Secondary porosity (1-5%) 

0.75 

Sediments are in 
catagenesis phase 

0.75 

Trap is located  
between two 
sources rocks 
depocentres. 0.75 

Active aquifer of filed-
waters 

0.75 
Sediments 
changed by 
diagenesis 0.50 

Primary porosity (< 10 %), 
Permeability 1·10-3 µm2 

0.50 

Sediments are in 
early catagenesis 
phase 0.50 

Short migration 
pathway (< 10 
km) 0.50 

Infiltrated aquifer from 
adjacent formations 

0.50 
Abrupt changes of 
petrophysical 
properties (caly, 
different facies) 0.25 

Secondary porosity (< 1%) 

0.25 

Sediments are in 
late diagenesis 
phase 

0.25 

Long migration 
pathway (> 10 
km) 

0.25 

Infiltrated aquifer from 
surface 

0.25 
Undefined 
stratigraphic 
framework 0.05 

Undefined porosity values 

0.05 

Undefined  maturity 
level 

0.05 

Undefined source 
rocks  

0.05   0.05 
 

 

   

 

   
Quality of cap 

rock 
  Data sources Timing   

Regional proven 
cap rock (seals, 
isolator) 1.00   1.00 

Geochemical 
analysis on cores 
and fluids 1.00 

Trap is older than 
matured source 
rocks 1.00   1.00 

Rocks without 
reservoir 
properties 0.75   0.75 

Analogy with close 
located geochemical 
analysis 0.75 

Trap is younger 
than matured 
source rocks 0.75   0.75 



Rocks permeable 
for gas (gas 
leakage)  

0.50   0.50 

Thermal modeling 
and calculation (e.g. 
Lopatin, Waples 
etc.) 0.50 

Relation between 
trap and source 
rock is unknown 

0.50   0.50 
Permeable rocks 
with locally higher 
silt/clay content 0.25   0.25 

Thermal modeling 
at just a few 
locations 0.25   0.25   0.25 

Undefined cap rock 
0.05   0.05 

Undefined  data 
sources 0.05   0.05   0.05 

 
Fig 1.  Geological events presented in five categories with associated probabilities (Malvić & Velić 2015) 

 
The mathematical expression for geological risk or geological probability (i.e. POS), which could be 

applied in each analyzed stratigraphic interval, i.e. play, is (Malvić 2009; Szilágyi 2012): 

 

POS = p(t) · p(r) · p(m) · p(sr) · p(CHp)                 (1) 

 

In the formula, POS is geological Probability of Success; p(t) is probability of traps; p(r) is probability of 

reservoir characteristics; p(m) is the probability of hydrocarbon migration; p(sr) is the probability of the existence of 

source rocks; p(CHp) is the probability of hydrocarbon preservation.  

Furthermore, the five probability classes were recognized within the CPBS, and distributed in each 

(sub)category. Those are: proven event (1.0), very likely (0.75), probable (0.5), unlikely (0.25), and most likely 

nonexistent, i.e. unspecified (0.05) (Malvić & Rusan 2009). The last value is set to 0.05, because in the absence of 

the single probability the value would lead to entire POS=0, but such event could be only non-measured, but exist. 

According to Režić & Varenina (2017), the value POS of 0.2 was the cut-off value, and for larger values it is 

meaningful to continue further research for the Upper Miocene reservoirs in the CPBS. 

 

Calculation of the geological probability (POS) of the existence of additional hydrocarbon reservoirs in the 

wider space of structures "A" and "B" 

Hydrocarbon production from the Sava Depression began in the middle of the 19th century (Sečen & Prnić 

1996). The Sava Depression (Fig. 2) is located along the southwestern edge of the Pannonian Basin System (abbr. 

PBS). Šimon (1973, 1981) determined lithostratigraphic units in the Sava Depression. The general lithostratigraphy, 

chronostratigraphy and lithology section of the depression is given in Fig. 3. 

 



 
Fig 2. Geographic position of the western part of the Sava Depression (Croatia) 

 

 

Fig. 3. Chronostratigraphic, biostratigraphic and lithostratigraphic units of the Sava Depression (adapted from 

Malvić & Cvetković 2013) 



Hydrocarbon reservoirs have been discovered in all formations, except in the youngest Lonja formation. As 

the location of CPBS depressions was always on the edge of the PBS area, their area was mostly characterized by 

shallow marine or lake environments, often isolated from larger water bodies in the central part of the PBS. Thus, 

the CPBS area represented the marginal part of the Central Paratethys during the Badenian and Sarmatian 

(approximately 16.4-11.5 Ma). It was followed by the regionally isolated Pannonian Lake during the Lower 

Pannonian (11.5-9.3 Ma), which was disintegrated during the Upper Pannonian (9.3-7.1 Ma) and eventually Lower 

Pontian (7.1-6.3 Ma). During the Upper Pontian (6.3-5.7 Ma) several smaller lakes existed in the CPBS during the 

Pliocene (5.7-2.7 Ma) mostly united into the single Slavonian Lake (Pavelić & Kovačić, 2018). The process ended 

with the prevailing continental environments during entire Quaternary. The time scale of the main tectonic and 

sedimentary periods in the Neogene and Quaternary within the CPBS is shown in Fig. 4. 

 

 

Fig. 4. Time scale of the main tectonic and sedimentary phases in the Neogene and Quaternary within the CPBS 

(Malvić & Velić 2011) 

 

Clastic sedimentary environments were dominant throughout the CPBS area, from the Upper Badenian to 

the Lower Pontian. During the 2nd transtensional phase (Fig. 4), extremely large amounts of sandy and silty detritus 

were transported by turbidite currents. In periods when such currents did not exist, mainly different sub-lithotypes of 

marl were deposited, in lake environments. Therefore, marls are considered deposits of a "calm" environment, i.e. an 

environment of "low" energy. Such typical environments with occasionally extremely active turbidite currents are 

described, for example, in Malvić (2012), but also shown in Fig. 5. 



 

Fig 5. Schematic representation of the regional lake environment and changes of lake pelitic and turbidite 

environments on the border of the Sava and Drava Depressions (from: Vrbanac et al. 2010b; modified later in: 

Malvić & Velić 2011) 

 

The consequences of such events are today's hydrocarbon reservoirs, discovered in the Upper Pannonian 

and Lower Pontian sandstones. All of them are of turbidite origin and are therefore lithologically constructed of 

several clastic lithofacies. Medium-grained sandstones were mostly deposited in central parts of the structures, with 

domination of the largest, psammitic phase. In the marginal parts silty, clayey and even marly lithofacies 

predominate. All such variations strongly affect the lithological heterogeneity of the reservoir, but also the 

secondary migration of hydrocarbons and, finally, in today's recovery regimes and recovery. 

The analyzed structure belongs to the western part of the Sava Depression (Fig. 2). Regionaly, it is a well-

explored, mature area with a large number of wells and discovered hydrocarbon reserves. The analyses of reservoir 

properties, reserves and recoveries for the entire CPBS can be found in Velić et al. (2012). They divided 

hydrocarbon reservoirs in two groups: (1) the rocks of Paleozoic and Mesozoic age represented by magmatic, 

metamorphic and carbonate rocks and (2) the clastics of the Neogene and Quaternary age. Based on the data 



published until 2002 (3610 wells) all fields are grouped, based on cumulative production, into large, medium size, 

small and very small fields, and those currently not productive. Large fields produced more than 106 m3 of oil/ 

condensate or more than 109 m3 of gas; medium size produced 105–106 m3 of oil/condensate or 108–109 m3 of gas; 

small produced 104–105 m3 of oil, <105 condensate or 107–108 m3 of gas; very small fields had less than 104 m3 of oil 

or less than 107 m3 of gas (Velić et al. 2012). The POS could be applied on favorable structures in classes of large or 

medium size fields, where satellite structures can be discovered with geological reserves of 5x105 m3 (Ivišinović, 

2019) or 106 m3 of oil equivalents could be expected (Malvić 2003). Velić et al. (2012) also stated that, for the large 

fields, 96.8x106 m3 of oil is recovered, with remained 6.4x106 m3, and for medium size fields 6.9x106 m3 recovered 

vs. 1.3x106 m3 remained. For gas the values are 58.9x109 m3 vs. 24.4x109 m3 (large fields) and 5.1x109 vs. 3.2x109 

m3 (medium size fields). For condensate that are 5.7x106 m3 vs. 3.2x106 m3 (large) and 1.2x106 m3 vs. 0.5x106 m3 

(medium). Moreover, inside the Kloštar Ivanić Formation (Fig. 3), with thick Upper Miocene sandstones, 13% of 

the volume is not explored (Velić 2007). Obviously, there are potential prospects for new hydrocarbon reserves, and 

all these values confirmed that significant volumes of undiscovered reserves remained in the CPBS and can be 

evaluated by different methods. 

Two hydrocarbon fields (“A” and “B”) in the western Sava Depression and the Kloštar Ivanić formation 

(Fig. 3) were selected in this study, as examples for application of the POS calculation. Original and modified 

methodology has been applied for (1) determination of probability for new HC discoveries in the wider areas of the 

structures A and B, and (2) application of modified POS in evaluation of water-flooding efficiency. The typical 

lithostratigraphy, chronostratigraphy and geological section for analyzed structures is given in Fig. 6. 

 
 



 
Fig. 6. Typical lithostratigraphy, chronostratigraphy and geological section for the analyzed structures 

 

 

The value of original geological probability (POS) in the wider area of the "A" and "B" structures 

 

Table 1 summarized the mathematical expressions for calculating the probabilities of individual POS 

categories. It could be applied for calculation of original POS value that describes the probability of existence of 

new hydrocarbon discoveries in analyzed area. Their fulfilling for structures “A” and “B” is described in this 

section. 

 

Table 1 Geological categories and multiplication of relevant subcategories for the POS calculation 

Category The mathematical expression for the probability (p) 
Trap p(t)= p(Structural) · p(Stratigraphic or combined) · p(Quality of cap rock) 
Reservoir p(r)= p(Reservoir type) · p(Porosity features) 
Source rock p(sr)= p(Source facies) · p(Maturity) · p(Data sources) 
Migration p(m)= p(HC shows) · p(Position of trap) · p(Timing) 
Hydrocarbon preservation p(CHp)= p(Reservoir pressure) · p(Formation water)  
 
 
Probability of existence of traps 



According to Brod (1945) classification, the reservoirs of fields "A" and "B" belong to the group of 

layered, vaulted beds, which are limited by the lithological and tectonic screen, or a combination of both (Fig. 7). 

For fields "A" and "B", i.e. for reservoirs within the Kloštar Ivanić Formation, the value of the sub-category 

"Structural trap" is 1.0, the sub-category "Stratigraphic or combined" is 0.75, since the beds in such traps in the 

analyzed area are not proven, but expected to be detected at the edges, i.e. within satellite structures in the vicinity of 

the two proven fields. The sub-category "Quality of cap rock" is 1.0 because it is represented with regionally proven 

impermeable Lower Pontian marl. The overall probability for the category "Trap" (expression in Table 1) is 0.75. 

 

 
Fig. 7. Structural maps of structures “A” and “B” where waterflooding efficiency is analysed in the Lower Pontian 

reservoirs. The left - reservoirs "L" of structure “A”, right – reservoir "K" of structure “B”. 

 

Probability of reservoir properties 

The Lower Pontian reservoir "L" (the "A" Field) and reservoir "K" (the "B" Field) are fine to middle 

grained quartz micaceous sandstones, proven in the entire depression. So, the probability of sub-category "Reservoir 

type" is 1.0. The mean porosity value of reservoir "L" in field "A" is 0.184 for gas saturation and 0.192 for oil 

saturation, while for reservoir "K" in field "B" it is 0.202 and 0.216 retrospectively (Malvić et al. 2019). Value of 

sub-category "Porosity features" is 1.0, because it is regionally porosity greater than 15%. The overall probability 

for the category "Reservoir" (expression in Table 1) is 1.0. 



 

Probability of the existence of sufficient volumes of source rock for new reservoirs 

In the western part of the Sava Depression, the source facies is kerogen type II and/or III (Barić 2006). In 

the Sava Depression, according to Barić (2006) and Troskot-Čorbić et al. (2009), the value of Total Organic Carbon 

(TOC) is 1.4 and the vitrinite reflectance (Ro [%]) is 0.6 to 0.8. Value sub-category "Source facies" is 0.75. Oil from 

the fields "A" and "B" is characterized by a long chain molecular structure (up to C40), which reflects a high 

concentration (16%) of solid paraffin in oil (Vasiljević 2009). These highly paraffinic, waxy oils are derived from 

source rocks with an increased proportion of terrestrial lipid components, which are recognized in the adjacent Gojlo 

Field (Vasiljević 2009).  

The source rocks of the "A" and "B" reservoirs were formed in the marine environment during the Middle 

and Upper Miocene (Upper Badenian to the Lower Pannonian). The depth of source rocks is 1300-3362 m (Troskot-

Čorbić et al. 2009). Source data were geochemical analyses of core and fluid (Barić 2006). The value of the sub-

category "Maturity" and "Data sources" is estimated at 1.0.  The overall probability for the category "Source rock" 

(expression in Table 1) is 0.75. 

 

Probability of migration 

Hydrocarbon production from the "A" Field began in 1962, while from the "B" field started in 1970. So, 

the probability value of the sub-category "HC shows" is 1.0. Also, traps in the study area were determined within the 

proven migration routes (Velić 2007) and the value of the trap sub-category “Position of trap” is 1.0. By age, the 

trap is older than the time when maturity and migration had been reached (probability of the sub-category "Timing" 

is 1.0). The overall probability for the category "Migration" (expression in Table 1) is 1.0. 

 

Probability of hydrocarbon preservation 

The initial reservoir pressures of "A" and "B" Fields are higher than the hydrostatic pressure, but during the 

production the reservoir pressure decreased, i.e. it decreased to the hydrostatic pressure, so the probability in the 

sub-category "Reservoir pressure" is 0.75. The sub-category “Formation water” for reservoirs in the western part of 

the Sava Depression is 1.0, since aquifers are calm, i.e. there is no significant penetration of the formation water 



inside reservoirs. The overall probability for the category "Hydrocarbon preservation" (expression in Table 1) is 

0.75. 

The categories that were previously deterministically determined are summarized in Table 2. The 

calculated value of POS (expression 1) in the wider area of the "A" and "B" Structures is 0.4218. It is high enough to 

propose further subsurface research. In analyzed area expectation for the minimum size of new reservoirs is set to 

500.000 m3 of geological reserves. Such volume was determined mostly based on existing structural and thickness 

maps, previous discoveries and present surface production and transport infrastructure (Ivšinović 2019). 

It should also be compared with critical values of 0.2 that was proposed as a minimum for decision on 

further exploration of gas reservoirs in the Northern Adriatic Quaternary sands (Režić & Varenina 2017).

 

Table 2 The values of exploration POS categories for "A" and "B" fields, i.e. the western part of the Sava 

Depression 

TRAP RESERVOIR SOURCE ROCKS MIGRATION HC PRESERVATION 

Structural p Reservoir type p Source facies p HC shows p Reservoir 
pressure p 

Anticline and buried hill 
linked to basement 

1.00 Sandstone clean and 
laterally extended; 
Basement granite gneiss, 
gabbro; Dolomites and 
algal reefs (secondary 
porosity) 

1.00 Kerogen type III 0.75 Production of 
hydrocarbons 

1.00 Approximately 
hydrostatic 

0.75 

Stratigraphic or 
combined p Porosity features p Maturity p Position of 

trap  p Formation 
water p 

Sandstones, pinched out 0.75 Primary porosity (> 15 %), 
Secondary porosity (> 5%) 

1.00 Sediments are in 
catagenesis phase ("oil" 
or "wet" gas) 

1.00 Trap is located in 
proven 
migration 
distance 

1.00 Still aquifer of 
filed-waters 

1.00 

Quality of cap rock p     Data sources p Timing p     
Regional proven cap 
rock (seals, isolator) 

1.00     Geochemical analysis on 
cores and fluids 

1.00 Trap is older 
than matured 
source rocks 

1.00     

 
 
The value of modified geological probability (POS) in the wider area of the "A" and "B" structures – 

waterflooding 

 
The majority of the hydrocarbon fields in the Sava Depression are in the secondary production phase. Maintain 

reservoir pressure is achieved mostly by injecting formation water. Consequently, the hydrocarbon production from 

mature oil fields is characterized by a high proportion of water formation (bound and unbound) in the produced 

liquid. Production costs from such waterflooding HC reservoirs in the Sava Depression are described in papers 



Ivšinović & Dekanić (2015), Ivšinović (2017) and Ivšinović (2018) and, shortly, it is economically feasible to 

produce hydrocarbons in cases where the percentage of water is even larger than 90%.  

In development projects, the POS method, originally formulated for the exploration of new hydrocarbon 

reservoirs, needs to be revised. For the first time it was done here for evaluation of water-flooding efficiency in the 

Neogene sandstone hydrocarbon reservoirs in the CPBS. Such POS modification reduces the risk of error, because 

the categories "Source rock" and "Migration" are deleted in analyzing the efficiency of waterflooding in the mature 

reservoir (both are proven in exploration phase). The next adjustment has been made within the sub-category 

"Formation water", which has been replaced by the new sub-category "Injection of water". The new sub-category is 

divided with respect to the response of the liquid at the production wells, i.e. in: a) > 95% of wells, b) 75 - 95% of 

wells, b) 50 - 75% of wells, d) 25 - 50% of wells and e) <25 % or no response. Such adjustment POS follows the 

application of water injection in the western part of Sava Depression. Table 3 shows the modified POS structure in 

case of waterflooding of sandstone reservoirs.   

The next adjustment has been made within the sub-category "Formation water", which has been replaced 

by the new sub-category "Injection of water". The new sub-category is divided with respect to the response of the 

liquid at the production wells, i.e. in: a) > 95% of wells, b) 75 - 95% of wells, b) 50 - 75% of wells, d) 25 - 50% of 

wells and e) <25 % or no response.  

Such adjustment POS follows the application of water injection in the western part of Sava Depression. All 

modifications of original procedure are summarized in the Table 3 and show the modified POS in case of 

waterflooding of sandstone reservoirs in the western Sava Depression. 

 

Table 3. Modified POS (based on 3 categories) for analysis of waterflooding efficiency in the Lower Pontian 

hydrocarbon reservoirs in the western part of the Sava Depression 

TRAP RESERVOIR HC PRESERVATION 
Structural p Reservoir type p Reservoir pressure P 

Anticline and buried hill linked to 
basement 

1.00 Sandstone clean and laterally 
extended; Basement granite gneiss, 
gabbro; Dolomites and algal reefs 
(secondary porosity) 

1.00 Higher than hydrostatic 1.00 

Faulted anticline 0.75 Sandstones, rich in silt and clay; 
Basement with secondary porosity, 
limited extending; Algal reefs, filled 
with skeletal debris, mud and marine 
cements 

0.75 Approximately hydrostatic 0.75 

Structural nose closed by fault 0.50 Sandstone including significant portion 
of silt/clay particles, limited extending 

0.50 Lower than hydrostatic 0.50 

Any "positive" faulted structure, margins 
are not firmly defined 

0.25 Basement rocks, including low 
secondary porosity and limited 
extending 

0.25   
 



Undefined structural framework 0.05 Undefined reservoir type 0.05   
 

Stratigraphic or combined p Porosity features p Injection of water P 
Algal reef form 1.00 Primary porosity (> 15 %), Secondary 

porosity (> 5%) 
1.00 Increase production of 

hydrocarbons on all wells (>95 %) 
1.00 

Sandstones, pinched out 0.75 Primary porosity (5-15 %), Secondary 
porosity (1-5%) 

0.75 Increase production of 
hydrocarbons on (75-95%) wells 

0.75 

Sediments changed by diagenesis 0.50 Primary porosity (< 10 %), 
Permeability 1·10-3 µm2 

0.50 Increase production of 
hydrocarbons on (50-75%) wells 

0.50 

Abrupt changes of petrophysical 
properties (clay, different facies) 

0.25 Secondary porosity (< 1%) 0.25 Increase production of 
hydrocarbons on (25-50%) wells 

0.25 

Undefined stratigraphic framework 0.05 Undefined porosity values 0.05 There is no visible response to 
increased hydrocarbon 
production at wells 

0.05 

Quality of cap rock p         
Regional proven cap rock (seals, isolator) 1.00         

Rocks without reservoir properties 0.75         
Rocks permeable for gas (gas leakage) 0.50         

Permeable rocks with locally higher 
silt/clay content 

0.25         

Undefined cap rock 0.05         

 
 

Consequently, the POS Expression 1 is modified in the case of waterflooding of reservoir in: 

 

POSW = p(t) · p(r) · p(CHp)                          (2) 

 

In the formula, POSW geological Probability of Success for the case of water-flooded reservoir is modified; 

p(t) is probability of potential traps; p(r) is probability of reservoir characteristics; p(CHp) is the probability of 

hydrocarbon preservation. 

The values of the modified POS categories are the same in the categories "Trap" (p(t)=0.75) and 

"Reservoir" (p(r)=1.0). The value of the category "Hydrocarbon preservation" is 0.75. The sub-category "Injection 

of Water" resulted in a modified POS for waterflooding of reservoirs with 1.0, because in reservoirs of the "A" and 

"B" Fields, the liquid responded in more than 95% of observed wells. According to the expression 2, the value of 

modified POS for analyzed reservoirs in the western part of the Sava Depression is 0.5625. The modified probability 

means that 56.25% is chance that injected volumes of water will result in a response to an increase volume of liquid 

in production wells (Fig. 4). The modified POSW value is one of the inputs when designing waterflooding of 

reservoirs, because the effectiveness of method is directly dependent on evaluated geological categories, i.e. 

reservoir heterogeneity. 

 

Conclusions 



The calculation of the geological POS was applied in the western part of the Sava Depression, for the 

structures named as “A” and “B”. Both are proved hydrocarbon reservoirs. Two POS values were calculated, 

original and modified ones. The original value of POS for possible new hydrocarbon discoveries within the Upper 

Miocene deposits (the Kloštar Ivanić Formation) is 42.18%.  

Furthermore, the modification of the POS calculation was made due to the waterflooding of reservoirs in 

the analyzed fields. Modification was made in such a way that the categories "Source rock" and "Migration" were 

omitted, and in the category "Hydrocarbon preservation" sub-category "Formation water" was replaced with 

"Injection of water". The modified POS, for the "A" and "B" structures, is 56.25%, i.e. there is a chance that further 

injection will be efficient. Consequently, modified POS provides exact data on the performance of such a process. It 

also gave crucial information for the economic evaluation of development projects in the Upper Miocene reservoirs 

in the Sava Depression. 
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