
Stochastical approach in deterministic

calculation of geological risk - theory and

example

T. Malviæ

PRESENTATION FROM SCIENTIFIC AND EXPERT GATHERINGS

Calculation of geological risk (or Probability Of Success; abbr. POS) of hydrocarbon discovery in existing or

new play or prospect in the Drava depression has been done using well-known deterministical procedure.

Such approach, with slightly modifications, can be used in almost all reservoir lithologies in any

hydrocarbon basin or depression. This calculation, although already an old-fashion tool, represent reliable

tool and it is why it is still applicable in many oil and gas companies or consulting firms.

Analysis is performed in the youngest part of reservoir (which encompasses four lithofacies) in the Stari

Gradac-Barcs Nyugat field. It is represented by coarse-grained sediments of Badenian age. This field is

selected regarding there are already done some estimations of existence of additional hydrocarbon reserves

in the ‘subtle’ traps, but also numerous geostatistical analysis with porosity data taken from all reservoir’s

lithofacies. Of course, the youngest and the shallowest lithofacies included the most such measurements,

and also it is (together with the next, deeper lithofacies) reservoir’s part with the largest hydrocarbon

reserves.

Deterministical approach in POS calculation had been improved in deterministical-stochastical, by using

geostatistical porosity maps, where this variable is expressed through three possible realizations (minimal,

median and maximal) for analysed Badenian lithofacies.

Total POS remained the equal as such value calculated only deterministically (POS=0.375). It is because

average porosity in analysed Badenian clastics varying in narrow interval, and its selection from

stochastical results did not have influence on estimation of probability of new hydrocarbon reserves

existence. But, in deeper lithofacies, where lithology is more heterogeneous and/or more cataclised,

variations in porosity are significantly higher. In such case, introducing of deterministical-stochastical

approach could result in changes in POS values, depending on which stochastical realization had been

selected as representative.
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1. Introduction

Calculation of geological risk is well-established tools for

estimation of possible reservoir in new or existing plays,

prospects or reservoirs. This procedure is well described

in many papers; in the areas of the Drava depression

such tool and evaluation of play and prospects is pub-

lished in papers referenced as.1, 2, 3, 4, 9 In paper1 also

some areas in the Sava depression are evaluated. It is

useful to define area where such calculation is per-

formed. In such case, 'play' is generally defined as an op-

erational unit and 'prospect' as an economic unit. Each

play can be characterized by several prospects and/or

fields having similar geological features and history.5,7 In

this paper the term 'play' is used as a substitute for strati-

graphic interval(s) within which the economic volumes of

hydrocarbon reserves are discovered.

Mathematically, it is simple deterministical multiplica-

tion of several geological categories and final result is es-

timation of hydrocarbon existence. Such estimation can

be more or less subjective, depending if the each single

category value is evaluated from engaged professional or

taken from official probability tables.

On the other hand, many geostatistical estimations are

more and more performed stochastically (instead of

deterministically), especially estimations of reservoir

petrophysical variables. It is because natural phenomena

(or geological processes) are situated between

deterministical and chaotical models, i.e. in the 'realm' of

stochastic.

Porosity is always one of variables that are estimated as

part of category 'Reservoir' (Table 1), in the calculation of

geological risk. It is why can be observed as one of two

subcategories in mentioned category. Just this variable

can be (favourable) estimated stochastically, through a

set of realizations (minimum, median, maximum etc.)

and consequently statistics of this variable can be

obtained from hard and simulated data together. It is

why here is considered how stochastical estimation of

porosity can be incorporated in deterministical

geological risk calculation. Finally, it resulted in

hybrid-type of geological risk calculation what is

described in the following chapters.

2. Short theory of geological risk,

deterministical equaion and

stochastical realizations

Calculation of geological risk is well-established tools for

estimation of possible reservoir in new or existing plays,

NAFTA 60 (12) 651-657 (2009) 651



prospects or fields. This procedure is more or less sub-

jective, because each single category could be evaluated:

(a) from engaged professional (geologist),

(b) taken from official probability tables or

(c) using benchmark test, respecting new well data.

Generally, the hydrocarbon plays or prospects are de-

terministically analysed by several independent geologi-

cal categories, like: (1) structures, (2) reservoirs, (3)

migration, (4) source rocks and (5) preservation of hy-

drocarbons (e.g. references 2, 3, 7). The most categories

652 NAFTA 60 (12) 651-657 (2009)

T. MALVIÆ STOCHASTICAL APPROACH IN DETERMINISTIC CALCULATION...

Table 1. This is an example of relevant database prepared for the Bjelovar subdepression and can be mostly unchanged applied

in all the Drava depression (after 2, 3)



can be evaluated using well-files, well logs, seismic,

cores, stratigraphic interpretations, information from

typical geological sections and other relevant laboratory

analyses. Many of these data can be simple determined

using internal or published tables of geological probabili-

ties for different basins and depressions. Such database

for Croatian part of Pannonian basin is published in ref-

erences2, 3 and shown on Table 1.

It needs to be noted that presented table is valid for

typical lithological sequences for Pannonian basin. In the

broad sense it can be applied in three different types of

reservoir stratigraphy; starting from the oldest these are:

(1) Palaeozoic interval (mostly represented by gabbro

and metamorphics), (2) Middle Miocene (mostly breccia

and conglomerates of Badenian age) and (3) Upper

Miocene (reservoirs are represented by sandstones).

Such defined values from Table 1 make possible to cal-

culate geological risk or Probability Of Success (POS) for

any consider play of prospect by using Equation 1:

POS = p (structures) x p (reservoir) x p (migration) x p (source

rocks) x p (preservation) (1)

where are:

POS final value of geological risk (or probability of

discovery),

p (structures) probability of existence of structure in reservoir,

and estimated from relevant column in Table 1 (i.e.

from the values available for this category in table),

p (reservoir; migration; source rocks; preservation) - same

procedure as for p (structure).

The POS and 'p' are deterministical calculation of prob-

ability values in range 0-1. Let us now to consider the

subcategory porosities under category reservoir (Table

1). Porosity is the most often analysed through porosity

maps and finally to expressed as mean value belonging to

the map. Such porosity map can be interpolated deter-

ministically using methods like kriging, cokriging, in-

verse distance weighting etc. or stochastically (using

simulation like sequential Gaussian simulation or oth-

ers). The other way, i.e. conditional simulation, gives the

set of realizations that are different, but all are

equiprobable. It means that all such maps are possible

and variations in inter-well areas are result of uncertain-

ties allowed by interpolation algorithm, also honour in-

put data (so called hard data). If such approach is

introduced in deterministical calculation of POS (Equa-

tion 1) it implies that porosity probability �p(porosity)�

could be selected from Table 1 several times, and each

selection can result in another probability values.

Applied stochastic tool is defined as SGS (Sequential

Gaussian Simulation) methods that are kriging based

(kriging map is zero realization) and where unsampled

locations are sequentially estimated in random order un-

til all unsampled cell are not estimated. SGS were used

because the reservoir space can be considered as a space

of apparent randomness, especially in the case of

petrophysical parameters. Regarding randomness in

reservoir space, it would be more precise to state that

“…at any scale there is a single true distribution of res-

ervoir properties in a reservoir, although some of the

depositional and diagenetic processes forming of reser-
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Fig. 1. The location of Stari Gradac-Barcs Nyugat field

Sl. 1. Smještaj polja Stari Gradac-Barcs Nyugat



voir properties are not well understood because the

lack of knowledge about the initial and boundary con-

ditions. That is why we applied many stochastic ap-

proaches in estimating deterministic attributes.”

(personal communication and valuable opinion of Prof.

Dr. János Geiger, 2009). Simulation made possible to

scope a whole set of uncertainties, while interpolation

method (even kriging) give us a smoothed picture of res-

ervoir properties which is appropriate for visualizing

trends but not always for describing reservoir

heterogeneities.

3. Case study – stochastical porosity

variations in clastics lithofacies of

Badenian age from reservoir of the

Stari Gradac-Barcs Nyugat field

Let consider as example very interesting heterogeneous

reservoir of the Stari Gradac-Barcs Nyugat field. This

gas- condensate field is located on the Croatian-Hungar-

ian border (Figure 1), along the Drava river, approxi-

mately 150 km east from Zagreb.

3.1. Short geological settings of the analysed

field

The field is situated in the northwestern part of the Drava

depression. This depression is southern branch of the

Pannonian basin system. The reservoir is of massive

type, trapped with combined structural-stratigraphic

closure. Lithology of the reservoir is very complex,

divided in four lithofacies (but all connected in single

hydrodynamic unit):

(a) Clastites of Badenian and (possibly) Upper

Triassic age;

(b) Dolomites of Lower Triassic age;

(c) Quartzites of Lower Triassic age;

(d) Metavolcanites of Permian, Devonian and

(possibly) Carboniferous age

The variation in calculation of geological risk,

improved with stochastical analysis of porosities, had

been applied for the youngest lithofacies of

coarse-grained clastics of Badenian age. This part of

reservoir is located in the youngest (Neogene age) part

(Figure 2) of buried hill, which is mostly formed in the

rocks of Mesozoic and Palaeozoic ages.

The porosity, in Badenian clastites, as the variable

analysed stochastically had been firstly interpolated

deterministically using improvement of the Ordinary

Kriging instead of the Inverse Distance Weighting

method. These two methods are also compared by

cross-validation and kriging showed the significant lower

error (kriging=3.914 vs. inverse distance=5.279).

3.2. Geostatistical mapping of porosity

The kriging interpolation was based on anisotropic

variogram model with principal axis striking 120-300º

and subordinate axis on 30 - 210º direction. These are

also structural axes of the field. The principal range is

3 500 meters and subordinate 1 200 meters (ref. 6). It is

important that input dataset comprised only 15

hard-data, and modelling of subordinate axis was mostly

done from experience from other fields. Kriging map was

base (or zero-realization) for stochastical modelling. But,

limited input dataset strongly forced using of

stochastical approach, which can better modelled and

show uncertainties.
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Fig. 2. Structure map of top of lithofacies Clastites (after reference 8)

Sl. 2. Strukturna karta po krovini litofacijesa badenskih klastita (iz rada 8)



Number of 100 simulations was performed for each

lithofacies. Interesting realizations were chosen from

OGIP (Original Gas In Place) histograms marking mini-

mum, median (P50 quantile) and maximum volumes. We

assumed that it is the simplest and fair ranking criteria.

It could be interesting to look at results that are pre-

sented through complex stochastical map (multiplica-

tion of variable porosity and several constants named

as gross pay, net/gross and hydrocarbon saturation

maps; Figure 3).

3.3. Deterministical calculation of POS

All categories are evaluated deterministically (after Table

1 and Equation 1). The Badenian reservoir is character-

ized with following values:

(1) Structures:

Trap is faulted anticline (p=0.75);

Quality of cap rock is regionally proven (p=1.00);

(2) Reservoir:

Coarse-grained sandstones (p=1.00);

Primary porosity<5% (p=0.50);

(3) Source rocks:

Kerogen type II (p=1.00);

(4) Migration:

Proven production (p=1.00);

Position of trap (p=1.00);

Trap is older than mature source rocks (p=1.00);

(5) HC preservation:

Higher than hydrostatic (p=1.00);

Still aquifer (p=1.00).

Total Probability of Success (POS) is multiplication of

probability of porosity (0.5) and all other categories

(0.75), i.e. POS=0.375.

3.4. Deterministical-stochastical calculation of

POS

Average porosity values for selected realizations had

been 3.1%, 3.2% and 3.53% respectively. This value

could be considered as three possible inputs for subcate-

gory porosity, and calculation of three possible POS

values. Let us again consider the values from Table 1.
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Fig. 3. Minimum, median and maximal reservoir volumes (all equiprobable) for clastics lithofacies. Please, observe difference

in red and blue areas borders. Porosity scale is in colour, the red is 0%, and the blue is about 5%.

Sl. 3. Minimalan, medijanski i maksimalan volumen le�išta (svi jednako vjerojatni) za klastièni badenski litofacijes. Molim pa�nju

obratiti na razlike u granicama crvenih i plavih zona. Skala poroznosti je u boji, gdje crveno oznaèava 0 %, a plavo oko 5 %.



The Stari Gradac-Barcs Nyugat field is proven gas- con-

densate field, with proven reservoirs, production and

known location of source rocks as well as migration

pathways. It means that all categories can be evaluated as

follows:

(1) Structures:

Trap is faulted anticline (p=0.75);

Quality of cap rock is regionally proven (p=1.00);

(2) Reservoir:

Coarse-grained sandstones (p=1.00);

Primary porosity three values 3.1; 3.2; 3.53<5%

(p=0.50); (this subcategory had been stochastically es-

timated by minimal, median and maximal values, i.e.

P1, P50 and P99 realizations)

(3) Source rocks:

Kerogen type II (p=1.00);

(4) Migration:

Proven production (p=1.00);

Position of trap (p=1.00);

Trap is older than mature source rocks (p=1.00);

(5) HC preservation:

Higher than hydrostatic (p=1.00);

Still aquifer (p=1.00).

The total POS=0.5 x 0.75 = 0.375. Of course, the field

area is consider as the mature petroleum zone and ob-

tained POS can be used as descriptive value for chance to

find additional by-passed or satellite gas or condensate

volumes inside field polygon or very adjacent areas struc-

turally connected by the field structure.

It is easy to observe that in both cases, i.e. in

deterministical and deterministical-stochastical calcula-

tion, are obtained equal values of 0.375. It indicates on

several statements:

(a) Methodology had been correctly applied, and results

has not been changed although stochastics is

introduced;

(b) Significant difference between deterministical and

deterministical-stochastical results would probably

appeared due to weak estimation of average porosity;

(c) Furthermore, it is obvious that interval where

porosity varying in analysed lithofacies can fluctuate

around the mean, respecting statistical rules (i.e.

standard deviation), in relative narrow borders. It

indicates on relatively homogeneous distribution of

this variable in analysed reservoir;

(d) This methodology is successfully tested and it can be

expected that, in lithologies where porosity ranges are

wider, it probably would result in different POS value

if it is calculated by deterministical-stochastical

approach.

4. Conclusion

Reservoir space is always characterised with

uncertainties, and permanent problem is how to express

them. It could be done using several deterministical

values, based on experience collected in observed basin

or depression with hydrocarbon reservoirs, but some-

times also applying stochastics in such regions.

In both case reservoir parameters in geological risk

calculation are parameters that could be varied

numerically using appropriate mathematical tools.

Majority of geological categories are strictly based on

laboratory or well test result and can be shown only by

single deterministical value.

But two categories can be stochastically analysed in

each field. These are

(a) 'Reservoir' regarding porosity and

(b) 'Preservation' through reservoir depth.

It described case analytically is confirmed that in

category 'Reservoir':

1. Porosity has values in the range 3.1 (minimum), 3.2

(mean) and 3.53% (maximum);

2. It was not change in POS value in any approach

(deterministical or deterministical-stochastical),

because all porosity values belong to the same

geological event in subcategory 'Porosity features',

shown in 2nd column on Table 1 (i.e. case that primary

porosity is less than 10%, and permeability less than

10-3 �m2);

3. However, it indicate that the youngest part of reservoir

(Badenian clastites) is mostly characterised by

homogeneous porosity distribution, i.e. average values

calculated from measured and simulated values is

located in relatively in narrow interval;

4. In such case applying of deterministical-stochastical

approach in POS calculation did not yield any changes

in result, but its using proved correctness of the

methodology, which than can be applied in older

lithofacies (rocks) in analysed field or other fields with

similar lithologies, where can be expected higher

variations in porosity values (whether primary or

secondary);

5. Presented methodology can be applied in all types of

hydrocarbon reservoirs in the Drava depression,

especially in clastics facies (sandstones, breccia and

conglomerates).

Acknowledgments

This work represents part of a multidisciplinary

geological investigation that was performed in the 2009

within the project entitled “Stratigraphical and

geomathematical researches of petroleum geological

systems in Croatia” (project no. 195-1951293-0237),

which was financed by the Ministry of Science, Education

and Sports of the Republic of Croatia.

The paper was presented as abstract and in some dif-

ferent form at the 13th Hungarian and 2nd Croatian-Hun-

garian geomathematical congress in Mórahalom,

Hungary, 21-23 May 2009. The Organizing committee

had approved to prepare presentation also as the paper

for journal “Nafta”.

656 NAFTA 60 (12) 651-657 (2009)

T. MALVIÆ STOCHASTICAL APPROACH IN DETERMINISTIC CALCULATION...



5. References

1. Hernitz, Z. et al. (2000) Probability evaluation of new hydrocarbon discover-

ies in selected parts of the Sava and Drava depression, Croatia, Nafta, special

issue, 144-155.

2. Malviæ, T. and Rusan, I. (2009) Investment Risk Assessment of Potential Hy-

drocarbon Discoveries in a Mature Basin (Case Study from the Bjelovar

Sub-Basin, Croatia), Oil and Gas European Magazine, 35, 2, 67-72, Hamburg.

3. Malviæ, T. and Rusan, I. (2007) Potential hydrocarbon discoveries in Bjelovar

subdepression, Croatia, Search and discovery, article #10133,

AAPG/Datapages Inc. (http://www.searchanddiscovery.net/), Tulsa.

4. Malviæ, T. et al. (2007) Using of exponential function in risk assessment for

investment in potential hydrocarbon discovery, Naftaplin, special issue, 4

(book 27), 33-42.

5. Rose, P. R. (2001) Risk analysis and management of petroleum exploration ven-

tures, AAPG, Methods in Exploration Series, 12, 164 p., Tulsa.

6. Smoljanoviæ, S. and Malviæ, T. (2005) Improvements in reservoir characteriza-

tion applying geostatistical modelling (estimation & stochastic simulations vs.

standard interpolation methods), Case study from Croatia, Nafta, 56, 2, 57-63.

7. White, D. A. (1992) Selecting and assessing plays, AAPG, Business of Petro-

leum Exploration: Treatise of Petroleum Geology (Ed. Steinmetz, R.), Chap-

ter 8, 87-94, Tulsa.

Unpublished papers:

8. Gaæeša, S., Futiviæ, I., Gyorgy, F. and Horvath, Z. (2001) Barcs Nyugat - Stari

Gradac field study, INA-Naftaplin & MOL KTD, Zagreb, unpublished com-

pany document.

9. Malviæ, T. (2003) Oil-geological relations and probability of new hydrocarbon dis-

coveries in the Bjelovar subdepression [Naftnogeološki odnosi i vjerojatnost

pronalaska novih zaliha ugljikovodika u Bjelovarskoj uleknini�. Unpublished PhD

thesis, in English and Croatian, University of Zagreb, Faculty of Mining, Ge-

ology and Petroleum Engineering, Zagreb.

�

Author:

Tomislav Malviæ, DSc, Graduate in Geology, INA-Naftaplin, Sector for Ge-

ology and Reservoir Management, Advisor, tomislav.malvic@ina.hr

University of Zagreb, Faculty of Mining, Geology and Petroleum Engineering,

Department for Geology and Geological Engineering, Assistant Professor

STOCHASTICAL APPROACH IN DETERMINISTIC CALCULATION... T. MALVIÆ

NAFTA 60 (12) 651-657 (2009) 657



Stohastièki pristup u deterministièkom

izraèunu geološkoga rizika – teorija i

primjer

T. Malviæ

IZLAGANJE SA STRUÈNIH I ZNANSTVENIH SKUPOVA

Za izraèun geološkoga rizika (ili vjerojatnosti, engl. skr. POS) otkriæa ugljikovodika u postojeæem ili novome

stratigrafskom intervalu ili izglednom podruèju unutar Dravske depresije upotrijebljen je dobro poznati

deterministièki postupak. Isti se mo�e primijeniti, uz male dorade, za gotovo sve litologije le�išta u bilo

kojem naftno-plinskom bazenu ili depresiji. Takav izraèun, iako veæ pomalo zastario, predstavlja pouzdani

alat te, zahvaljujuæi tomu, još uvijek ga primjenjuju brojne nafto-plinske tvrtke i konzultantske kuæe.

Analiza je naèinjena u najmlaðem dijelu le�išta (obuhvaæa èetiri litofacijesa) u polju Stari Gradac-Barcs

Nyugat koji je predstavljen krupnoklastiènim sedimentima badenske starosti. To polje je odabrano s obzirom

da su tamo veæ naèinjene odreðene procjene postojanja dodatnih kolièina ugljikovodika u 'skrivenim'

zamkama, ali i brojne geostatistièke analize na podatcima poroznosti iz svih le�išnih litofacijesa. Naravno,

najmlaði i najpliæi litofacijes obuhvatio je najveæi broj takvih mjerenja, a ujedno je to (uz sljedeæi dublji

litofacijes) ujedno dio le�išta s najveæim rezervama ugljikovodika.

Deterministièki pristup izraèuna POS-a nadograðen je u deterministièko-stohastièki, upotrebom

geostatistièkih karata poroznosti gdje je ona izra�ena kroz tri moguæe realizacije (minimalnom,

medijanskom i maksimalnom) za analizirani badenski litofacijes.

Ukupni POS ostao je isti kao i onaj dobiven iskljuèivo deterministièki (POS=0,375). Razlog tomu je što

srednja poroznost u analiziranim badenskim klastitima varira u uskome intervalu te ne utjeèe na procjenu

vjerojatnosti postojanja novih kolièina ugljikovodika. No, u dubljim litofacijesima, gdje je litologija

heterogenija i/ili znatnije raspucana varijacije poroznosti su znatno veæe te bi uvoðenje

deterministièko-stohastièkog pristupa dovelo do promjena u vrijednostima POS-a, ovisno o tomu koja je

stohastièka realizacija odabrana kao reprezentativna.

Kljuène rijeèi: geološki rizik, determinizam, stohastika, poroznost, Panonski bazen

1. Uvod

Izraèun geološkoga rizika dobro je poznati alat za

procjenu moguæih le�išta u novim ili postojeæim

stratigrafskim intervalima, izglednim podruèjima ili

le�ištima. Taj postupak dobro je opisan u nizu radova, a

za podruèje Dravske depresije takva procjena objavljena

je u radovima.1, 2, 3, 4, 9 U radu 1 takoðer su procjenjena

neka podruèja u Savskoj depresiji. Pri tomu je potrebno

definirati podruèje u kojem se takav izraèun radi. Tako

se opæenito stratigrafski interval (engl. „play“) promatra

kao operativna jedinica, a prospekt (engl. „prospect“) ili

u prijevodu 'izgledno podruèje' kao ekonomska jedinica.

Svaka stratigrafska jedinica mo�e biti obilje�ena s

nekoliko prospekata i/ili polja, a koja sva imaju slièna

geološka obilje�ja i povijest.5, 7 U ovome radu engleski

izraz „play“ je upotrijebljen kao zamjena za stratigrafski

interval/intervale unutar kojega(ih) su veæ otkrivene

ekonomske kolièine ugljikovodika.

Matematièki, to je jednostavni deterministièki

umno�ak nekoliko geoloških kategorija, a konaèan

rezultat je procjena postojanja ugljikovodika. Takva

procjena mo�e biti više ili manje subjektivna, oviseæi

prvenstveno o tomu je li svaka pojedinaèna kategorija

procijenjena od profesionalca ili preuzeta iz slu�benih

tablica vjerojatnosti.

U drugu ruku, mnoge geostatistièke procjene su sve

više orijentirane stohastièki (umjesto deterministièki),

posebno one koje se odnose na le�išne varijable. Takav

pristup odgovara ponašanju prirodnih fenomena (ili

geoloških procesa) koji se najèešæe nalaze izmeðu

determinizma i kaosa, tj. podruèju stohastike.

Poroznost je jedna od stalnih varijabli koja se

procjenjuje unutar kategorije 'Le�ište' (tablica 1) koje se

procjenjuje kod izraèuna geološkog rizika. Zato se mo�e

promatrati i kao jedna od dvije podkategorije unutar

spomenute kategorije. Upravo ta varijabla se mo�e (èak

preporuèeno) procijeniti stohastièki kroz niz realizacija

(minimum, medijan, maksimum itd.), a naknadno se

mo�e zajednièki iz 'èvrstih' i simuliranih podataka

izraèunati bolja statistika varijable. U radu je

promatrano kako se stohastièka procjena poroznosti

mo�e ukljuèiti u izraèun geološkog rizika. Na kraju to

rezultira u hibridnoj vrsti kalkulacije POS-a što je

opisano u sljedeæim poglavljima.

2. Kratka teorija geološkog rizika,

deterministièke jednad�be i

stohastièkih realizacija

Izraèun geološkog rizika je dobro poznati alat kojim se

procjenjuje vjerojatnost postojanja le�išta u novom ili

postojeæem izglednom podruèju ili polju. Kalkulacija je
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najveæim dijelom subjektivan postupak, jer svaka

pojedinaèna kategorija mo�e biti procijenjena:

a) od strane zadu�enog in�enjera (geologa),

b) iz slu�beno prihvaæenih tablica vjerojatnosti ili

c) naknadom provjerom vjerojatnosti (engl.

„benchmarking“) poštujuæi nove bušotinske

podatke.

Opæenito, stratigrafski zanimljivi intervali, s obzirom

na le�išta ugljikovodika, analiziraju se deterministièki

procjenom nekoliko neovisnih kategorija poput: (1)

strukture, (2) le�išta, (3) migracije, (4) matiènih stijena i

(5) oèuvanja ugljikovodika (npr. u radovima2, 3, 7).

Vjerojatnosti veæine kategorija mogu se procijeniti iz

podataka sadr�anim u izvješæima bušotina, te podatcima
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sadr�anim na karota�nim dijagramima, seizmici,

podatcima dobivenim analizom jezgara, kao i

informacijama o stratigrafiji, te onih prikupljenim na

tipskim geološkim sekcijama, ali i iz drugih

odgovarajuæih laboratorijskih analiza. Veliki broj tih

podataka mo�e se jednostavno odrediti iz internih ili

publiciranih tablica geoloških vjerojatnosti koje vrijede

za razlièite bazene i depresije. Takvu tablica za hrvatski

dio Panonskoga bazena objavljena je u radovima2, 3, a

prikazana je na tablici 1.

Va�no je primijetiti da prikazana tablica vrijedi za

tipiène litološke sekvencije u Panonskome bazenu. U

širem smislu, takve sekvence se mogu podijeliti u tri

stratigrafska intervala, zapoèevši s najstarijim (1)

paleozojskim intervalom (uglavnom izgraðenim od gabra

i metamorfita), zatim (2) srednjomiocenskih (uglavnom

badenske breèe i konglomerati) te (3) gornjomiocenskim

(predstavljenim pješèenjacima kao le�ištima).

Tako odreðene vrijednosti na tablici 1 omoguæavaju

izraèun geološkog rizika (engl. „Probability Of Success“ –

POS) za svaki promatrani stratigrafski interval

upotrebom sljedeæe jednad�be 1:

POS = p (strukture) x p (le�išta) x p (migracije) x p (matiènih

stijena) x p (oèuvanja) (1)

Gdje su:

POS konaèna vrijednost geološko rizika (ili vjerojatnosti

otkriæa),

p (strukture) vjerojatnost postojana strukture unutar le�išta, a

procijenjene iz odgovarajuæega stupca na tablici 1

(odnosno iz vrijednosti dostupnih za tu kategoriju u

tablici),

p (le�išta; migracije; matiènih stijena; oèuvanja) - jednako kao i p

(strukture).

Vrijednosti varijabli POS i 'p' su odabrane

deterministièki kao vjerojatnosti iz intervala 0-1.

Promotrimo sada podkategoriju poroznost koja se nalazi

unutar kategorije le�ište (tablici 1). Poroznost je

najèešæe analizirana upotrebom karata poroznosti te se

na kraju prikazuje kao srednja vrijednost izraèunata iz

takve karte. Takve karte poroznosti mogu se interpolirati

deterministièki (upotrebom metoda poput kriginga,

kokriginga, inverzne udaljenosti itd.) ili stohastièki

(korištenjem simulacija poput sekvencijskih Gaussovih

ili drugih vrsta). Ovaj drugi naèin, koji ukljuèuje uvjetne

simulacije, kao rezultat daje niz realizacija koje su sve

drugaèije, ali jednako vjerojatne. To podrazumijeva da

su sve takve karte moguæe, dok su razlike u

meðubušotinskom prostoru rezultat nesigurnosti

svojstvenih interpolacijskom algoritmu. Takoðer sve

karte „poštuju“ ulazne podatke (tzv. 'èvrste' podatke).

Ako se takav pristup uvede u deterministièki izraèun

POS-a (jednad�ba 1) to podrazumijeva da se vjerojatnost

poroznosti �p(poroznosti)� mo�e odabrati iz podataka

danih na tablici 1 nekoliko puta uzastopce, a svaki

odabir mo�e rezultirati drugaèijom vjerojatnošæu.

Jedan od praktiènih stohastièkih alata nazvan je SGS

(skr. od engl. „Sequential Gaussina Simulation“)

metodom. Ona se temelji na krigingu, no lokacije bez

uzoraka su sekvencijski procijenjene u sluèajnom nizu

sve do trenutka kada sva takva mjesta (æelije) nisu

poprimile neku vrijednost. SGS se upotrebljava upravo

stoga jer prostor le�išta mo�e biti smatran kao prostor

ispunjen prividnim sluèajnostima (ili nesigurnostima),

posebno kada se promatraju petrofizikalni podatci. U

stvari, promatrajuæi nesigurnosti u prostoru le�išta

mo�e se jasnije ustvrditi kako „…na bilo kojoj skali

postoji samo jedna toèna razdioba le�išnih

parametara, iako neki talo�ni i dijagenetski procesi

koji utjeèu na stvaranje tih parametara još uvijek nisu

u potpunosti prouèeni, tj. toliko prouèeni da bi se

mogao u cijelosti objasniti njihov utjecaj, od poèetka do

kraja njihova djelovanja, na vrijednosti le�išnih

parametara. Upravo je to razlog zašto se kod procjene

deterministièkih varijabli primjenjuju brojni

stohastièki pristupi.“ (osobna komunikacija i vrijedno

mišljenje prof. dr. sc. Jánosa Geigera, 2009). Simulaciju

omoguæavaju dobivanje uvida u svojstva tih nesigurnosti,

dok interpolacijske metode (pa i kriging) daju samo

pribli�nu opæenitu sliku (odgovarajuæi izraz je bolje

opisan na engleskom, a glasi „smoothed“ što znaèi da na

karti nema naglih prijelaza, veæ interpolacija naèinjena

na temelju postavljene ekvidistancije). Takvi prikazi

pogodni su za uvid u ponašanje kartirane varijable u

le�ištu, no nije uvijek alat kojim se mogu opisati sve

heterogenosti.

3. Praktièni primjer – stohastièke

varijacije poroznosti u klastiènom

litofacijesu badenske starosti u

le�ištu polja Stari Gradac-Barcs

Nyugat

Promotrimo jedan vrlo zanimljivi primjer heterogenoga

le�išta u polju Stari Gradac-barcs nyugat. Radi se o

plinsko-kondenzatnome polju smještenom na samoj

hrvatsko-maðarskoj granici (slika 1), uz tok rijeke

Drave. Polje se nalazi pribli�no 150 km istoèno od

Zagreba.

3.1. Kratak opis geološke graðe analiziranog

polja

Polje se nalazi u sjeverozapadnom dijelu Dravske

depresije. Ta depresija je jugozapadni ogranak

Panonskoga bazena. Le�ište je masivnoga tipa, a zamka

je strukturno-stratigrafskog tipa. Litološki sastav le�išta

je vrlo slo�en te je ono podijeljeno u èetiri litofacijesa

(koji su svi povezani u jednu hidrodinamsku cjelinu):

(a) klastiti badenske (te mo�da mjestimice

gornjotrijaske) starosti;

(b) dolomiti donjotrijaske starosti;

(c) kvarciti takoðer donjotrijaske starosti;

(d) metavulkaniti permske, devonske (ali moguæe i

karbonske) starosti.

Varijacije u izraèunu geološkoga rizika, s poboljšanjem

u takvome izraèunu dobivenim uporabom stohastièke

analize poroznosti, prikazani su za najmlaði litofacijes

badenskih klastita. Taj dio le�išta nalazi se u najmlaðem,

neogenskom, dijelu (slika 2) paleouzdignuæa (engl. „bur-

ied hills“) oblikovanog uglavnom u stijenama mezozojske

i paleozojske starosti.

Poroznost unutar badenskih klastita, kao promatrana

varijabla analizirana i stohastièki, prvo je interpolirana

deterministièki upotrijebivši metodu obiènoga kriginga,
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umjesto inverzne udaljenosti. Razlog je što su rezultati te

dvije metode usporeðeni kros-validacijom te je rješenje

dobiveno krigingom pokazalo znatno manju pogrješku

(kriging=3,914 nasuprot inverzne udaljenosti=5,279).

3.2. Geostatistièko kartiranje poroznosti

Interpolacija krigingom temeljila se na upotrebi

anizotropnog variogramskoga modela u kojem je glavna

os imala pru�anje pravcem 120-300º, a sporedna

30-210º. To su ujedno i strukturne osi polja. Doseg na

glavnoj osi iznosio je 3 500 metara, a na sporednoj 1 200

metara (rad 6). Va�no je naglasiti kako je ulazni skup

podataka obuhvatio samo 15 mjerenja ('èvrstih' toèaka),

pa je modeliranje sporedne osi naèinjeno uglavnom na

temelju iskustva (analogije) s drugih polja. Karta

dobivena krigingom (ili 'nulto' rješenje) bila je osnova za

stohastièko modeliranje. Takoðer, oskudni ulazni skup

podataka znatno je pogodniji za upotrebu stohastike,

kojom se mogu bolje modelirati i prikazati nesigurnosti.

Za svaki litofacijes naèinjeno je 100 realizacija.

Interesantne realizacije izdvojene su koristeæi histogram

OGIP-a (skr. od engl. „Original Gas In Place“), odabiruæi

minimalan, medijanski (kvantil P50) i maksimalni

volumen. Pretpostavljeno je kako je to najjednostavniji i

objektivan rangirajuæi kriterij. Zanimljivo je pogledati

rezultate koji su prikazani kroz slo�enu, stohastièki

dobivenu, kartu na slici 3 [umno�ak varijable

poroznosti i konstanti ukupne debljine (engl. „gross

pay“), odnosa debljine propusnih stijena i ukupne

debljine (engl. „net/gross“) te zasiæenja ugljikovodicima

(„hydrocarbon saturation“), takoðer predstavljene

kartama].

3.3. Deterministièki izraèun POS-a

Sve kategorije su procijenjene deterministièki (prema

tablici 1 i jednad�bi 1). Dio le�išta badenske starosti

obilje�en je sljedeæim vrijednostima:

(1) Strukture:

Zamka je rasjednuta antiklinala (p=0,75);

Kvaliteta izolatorskih stijena dokazana je dobrom

regionalno (p=1,00);

(2) Le�ište:

Krupnozrnasti pješèenjaci (p=1,00);

Primarna poroznost manja je od 5 % (p=0,50);

(3) Matiène stijene:

Kerogen tipa II (p=1,00);

(4) Migracija:

Proizvodnja postoji (p=1,00);

Postoji zamka (p=1,00);

Zamka je postojala prije nego li su matiène stijene

dostigle zrelost (p=1,00);

(5) Oèuvanje ugljikovodika:

Tlak je veæi od hidrostatièkoga (p=1,00);

Slojna voda (akvifer) nije aktivna (p=1.00).

Vjerojatnost uspjeha (POS) je umno�ak vjerojatnosti

poroznosti (0,5) te vrijednosti svih ostalih kategorija

(0,75) pa ukupno iznosi POS=0,375.

3.4. Deterministièko-stohastièki izraèun POS-a

Prosjeèna vrijednost poroznosti za odabrane realizacije

iznose (poèevši s minimalnom) 3,1 %, 3,2 % te 3,53 %. Te

vrijednosti smatraju se kao tri moguæa rješenja za

podkategoriju poroznosti, a koje bi trebale rezultirati u

tri moguæe vrijednosti POS-a. Pokušajmo ponovno

promotriti vrijednosti sa tablice 1. Polje Stari

Gradac-Barcs Nyugat je plinsko-kondenzatno polje s

dokazanom proizvodnjom, te naravno le�ištima i

poznatim polo�ajima matiènih stijena i migracijskih

putova. To podrazumijeva da potrebne kategorije mogu

biti procijenjene sljedeæim vrijednostima (vrlo nalik

onima u potpoglavlju 3.3. s razlikom kod procjene

poroznosti):

(1) Strukture:

Zamka je rasjednuta antiklinala (p=0,75);

Kvaliteta izolatorskih stijena dokazana je dobrom

regionalno (p=1,00);

(2) Le�ište:

Krupnozrnasti pješèenjaci (p=1,00);

Primarna poroznost sadr�i tri vrijednosti koje su sve

manje od 5 % (p=0,50); (ta podkategorija je stohastièki

procjenjena s minimalnom, medijanskom i maksi-

malnom vrijednošæu, tj. realizacijama P1, P50 i P99).

(3) Matiène stijene:

Kerogen tipa II (p=1,00);

(4) Migracija:

Proizvodnja postoji (p=1,00);

Postoji zamka (p=1,00);

Zamka je postojala prije nego li su matiène stijene

dostigle zrelost (p=1,00);

(5) Oèuvanje ugljikovodika:

Tlak je veæi od hidrostatièkoga (p=1,00);

Slojna voda (akvifer) nije aktivna (p=1.00).

Ukupna vjerojatnost iznosi POS=0,5 x 0,75 =0,375.

Naravno, analizirano podruèje polja predstavlja zrelu

naftno-plinsku „provinciju“ te se dobiveni broj mo�e

smatrati vjerojatnošæu za otkriæe dodatnih zaobiðenih ili

„satelitskih“ kolièina plina ili kondenzata unutar granica

kontura polja ili u vrlo bliskim manjim okolnim

strukturama.

Lako je primijetiti kako su u oba sluèaja, tj.

deterministièkom i deterministièko-stohastièkom

izraèunu, dobivene jednake vrijednosti od 0,375. To nam

ukazuje na nekoliko stvari:

a) Metodologija je korektno primijenjena, a rezultati se

nisu mijenjali zbog uvoðenja stohastike;

b) Znatnija razlika izmeðu deterministièkoga i determi-

nistièko-stohastièkog rezultata vjerojatno bi proizašla

iz ranije lošije procjene srednje poroznosti;

c) Nadalje, oèito je da je interval u kojima poroznost

unutar analiziranog litofacijesa mo�e varirati oko

srednje vrijednosti, a da se poštuju statistièka pravila

(tj. standardna devijacija), relativno uzak što ukazuje

na relativno homogenu razdiobu te varijable unutar

analiziranog le�išta;
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d) Kako je metodologija uspješno testirana mo�e se oèe-

kivati da æu u litologijama gdje su rasponi poroznosti

veæi njezina primjena vjerojatno rezultirati u

drugaèijoj vrijednosti POS-a ako se on izraèuna

deterministièko-stohastièkim pristupom.

4. Zakljuèak

Le�ište je uvijek obilje�eno nesigurnostima te je stalan

izazov kako ih opisati. To se mo�e naèiniti upotrebom

nekoliko deterministièkih vrijednosti koje su odreðene

na temelju iskustva steèenom u promatranom bazenu ili

depresiji s naftno-plinskom le�ištima, ali i primjenom

stohastike u takvim podruèjima.

U oba sluèaja le�išni parametri kod izraèuna geološkog

rizika mogu poprimiti razlièite numerièke vrijednosti

izraèunate upotrebom odgovarajuæih matematièkih

alata. Ipak veæina geoloških kategorija je temeljena

iskljuèivo na rezultatima laboratorijskih ili bušotinskih

testova te mo�e biti iskazana samo jednom,

deterministièkom vrijednošæu.

Ipak, dvije kategorije mogu se, u svakom polju,

procjenjivati stohastièki. To su:

a) 'Le�ište' s obzirom na poroznost i

b) 'Oèuvanje' s obzirom na dubinu le�išta.

U opisanom primjeru analitièki je utvrðeno da unutar

kategorije 'Le�ište':

1. Poroznost mo�e poprimiti vrijednosti iz intervala 3,1

(minimum), 3,2 (sredina) te 3,53 % (maksimum);

2. Takva rješenja nisu promijenila vrijednosti POS-a u

niti jednom sluèaju (deterministièkom ili

deterministièko-stohastièkom), jer su sva pripadale

istome geološkom dogaðaju u podkategoriji

'Poroznost' (engl. „porosity feature“) prikazanoj u 2.

stupcu na tablici 1 (tj. tvrdnji da je 'primarna

poroznost manja od 10 %, a propusnost manja od 10-3

�m2);

3. Meðutim, rješenja su ukazala kako je najmlaði dio

le�išta (badenski klastiti) obilje�en uglavnom

homogenom razdiobom poroznosti, tj. srednja

vrijednost izraèunata iz izmjerenih i simuliranih

vrijednosti nalazi se u relativno uskom intervalu;

4. U takvom sluèaju primjena deterministièko-stohastiè-

kog pristupa u izraèunu POS-a nije donijela promjene

u rezultatu, ali njegova upotreba je dokazala

ispravnost metodologije koja se zatim mo�e

upotrijebiti u starijim litofacijesima (stijenama) u

analiziranom polju ili na drugim poljima sliène

litologije, gdje su oèekivane veæe varijacije u

vrijednostima poroznosti (bilo primarne bilo

sekundarne);

5. Prikazana metodologija mo�e se upotrijebiti u svim

vrstama le�išta ugljikovodika u Dravskoj depresiji,

posebno u klastiènim facijesima (pješèenjacima,

breèama, konglomeratima).
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