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Abstract: Variogram analyses and usages of geosta-
tistical interpolations have been standard analytical
tools in Croatian geology in the last five years. Such
analyses have especially been applied in the mapping
of petroleum geological data. In this paper, spatial mod-
elling of porosity data and, consequently, kriging map-
ping are described for a relatively large dataset ob-
tained at an oil field located in the Croatian part of
Pannonian basin (Sava depression). Analyzed data-
sets included porosity values measured in a sandstone
reservoir of Pannonian age. The original dataset can
be considered as a rare extensive porosity set availa-
ble for Croatian hydrocarbon reservoirs. It made pos-
sible very reliable semivariogram modelling and krig-
ing interpolation of porosity. The obtained results point
out kriging as the most appropriate interpolation ap-
proach for porosity, but also for other geological data
in sandstone reservoirs of Miocene age.

Keywords: porosity, semivariogram, kriging, oil res-
ervoir, Sava depression, Croatia

1. Introduction

Statistics play an important role in geological model-
ling, providing possibilities of applying probability, hypoth-
esis testing, different estimation, simulation techniques,
etc. There are plenty of excellent books dedicated to use
of statistics and geostatistics in geology and geoscienc-
esin general, like those by Journel and Huijbregts (1978),
Isaaks and Srivastava (1989), Deutsch and Journel
(1992), Jensen et al. (2000) and others.

There are several reasons to observe porosity as the
most important reservoir parameter. Pore space defines
fluid volume inside a rock and, consequently, reserves
and very often represent an independent regression var-
iable for saturation or permeability estimation. Sometimes
different porosity correction techniques are applied. For
example, to find a true porosity distribution in sediments
that include hydrated minerals such as smectite, poros-
ity data have to be corrected to account for the H,O re-
siding in smectite interlayers (Brown and Ransom, 1996).
Moreover, porosity is often calculated using different logs
of geophysical measurements in wells (like in this analy-
sis). These measurements almost always need to be
corrected in some way. For example, Thomas and Smith
(1970) described how vugular porosity can be a correc-
tion term in estimation of oil yields and oil-shale reserves
from density logs. Also, the effects of the combination of
pressure and oil-base mud can lead to very large correc-
tions of 5-10 porosity units calculated from compensated
neutron log (Peeters et al., 1999). Generally, clastic sed-
iments may have a strong deterministic component to their
permeability variation what can be observed in the exper-
imental semivariogram (Jensen et al., 1996). Of course,
similar regularity in porosity data collected in clastic sed-
iments of Miocene age in the Croatian part of the Panno-
nian basin can also be recognized from the shapes of
experimental semivariograms (Malvié, 2003a,b).

Geostatistics represents the best interpolation ap-
proach for mapping different geological variables like
porosity, permeability, depth and thickness, especially in
sandstones. Many other rocks, like breccia, tectonized
carbonates, magmatic and metamorphic rocks, include
a significantly larger amount of stochastic components
in porosity distribution. As a result, semivariogram mod-
els include many more uncertainties.
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Sazetak: Variogramske analize te upotreba geostatis-
ticke interpolacije predstavijaju u zadnjih pet godina
standardni alat u hrvatskoj geologiji. Takve analize
posebno su primjenjivane prilikom kartiranja naftno-
geoloskih podataka. U ovome ¢lanku opisani su pros-
forno modeliranje podataka poroznosti te kartiranje s
pomocu krigiranja nacinjeno za relativno veliki ulazni
skup vrijednosti prikupljenim na naftnom polju smjes-
tenom u hrvatskom dijelu Panonskoga bazena, tj. u
podrucju Savske depresije. Analizirani skup podataka
obuhvatio je vrijednosti poroznosti u pjeS¢enjackom
leZiStu panonske starosti. Izvorni podaci, svojom broj-
no8cu, rijetko su obiman skup vrijednosti poroznosti
dostupnih u leZistima ugljikovodika u Hrvatskoj. To je
omogucilo vrlo pouzdano semivariogramsko modelira-
nje te interpolaciju tih podataka krigiranjem. Krigeova
metoda (krigiranje) istaknuta je kao najprimjerenija
interpolacijska tehnika za poroznost, alii druge geoloske
podatke u pjeS¢enjackim leZistima miocenske starosti.

Kljuéne rijeci: poroznost, semivariogram, Krigiranje,
leZiste nafte, Savska depresija, Hrvatska

1. Uvod

Statistika ima vaznu ulogu kod geolo$kog mode-
liranja. Njezini alati omoguéavaju ratunanje vjerojatnosti,
testiranje hipoteza, upotrebu razli¢itih procjena, simulacija
i drugoga. Takoder postoji obilje vrlo kvalitetnih knjiga
posvecenih upotrebi statistike i geostatistike u geologiji
te opcenito geoznanostima, poput onih kojima su autori
Journel i Huijbregts (1978), Isaaks i Srivastava (1989),
Deutsch i Journel (1992), Jensen i dr. (2000), i drugi.

Nekoliko je razloga zasto se poroznost promatra kao
najvazniji leziSni parametar. Porni prostor odreduje
koli¢inu fluida u stijeni, a time i rezerve, te je vrlo ¢esto
nezavisna regresijska varijabla pri raunanju zasicenja
ili propusnosti. Pri raCunanju poroznosti primjenjuju
razli¢ite korekcijske tehnike. Na primjer, raunanje to¢ne
poroznosti u sedimentima koji sadrZe hidratne minerale
poput smektita, ukljuCuje korekciju za koli¢inu H,O koja
preostaje u meduslojevima izmedu smektita (Brown i
Ransom, 1996). Nadalje, poroznost je esto izraCunana
iz razli€itih dijagrama geofizi¢kih mjerenja u buSotinama
(poput vrijednosti dobivenih interpolacijom i opisani u
ovome radu). Cesto takva mjerenja treba prilagoditi za
neki faktor. Na primjer, Thomas i Smith (1970) su opisali
kako sekundarna poroznost moze biti korigirajuci faktor
pri racunanju rezervi te opéenito nafte nakupljene u ma-
tiénim stijenama poput $ejlova. Nadalje, efekt kombinacije
pritiska i isplake na bazi nafte moze zahtjevati vrlo velike
korekcije (od 5 do 10 dijelova jedinica) poroznosti izracu-
nane kompenziranom neutronskom karotazom (Peeters
i dr., 1999). Opcenito, klasti¢ni sedimenti mogu iskazati
snaznu deterministicku komponentu ako se promatraju
varijacije propusnosti, a $to opet moze biti zabiljezeno
na odgovarajuc¢im eksperimentalnim semivariogramima
(Jensen idr., 1996). Naravno, sli¢na pravilnost moze se
opaziti na podacima poroznosti, npr. u klastitima miocen-
ske starosti u hrvatskom dijelu Panonskoga bazena
(Malvi¢, 2003a,b).

Geostatistika je najbolji interpolacijski pristup za
kartiranje razli¢itih geolo$kih varijabli poput poroznosti,
propusnosti, dubine i debljine, posebno u pjes¢enjacima.
Mnoge druge stijene, poput bre¢a, tektoniziranih karbo-
nata, magmatskih i metamorfnih stijena, sadrze znatno
veci iznos stohasticke komponente u razdiobi poroznosti

13



14

Production of a Porosity Map by Kriging in Sandstone Reservoirs, Case Study from the Sava Depression KiG 2008, 9
PANNONIAN BASIN
SLOVENIA PANONSKI BAZEN
SLOVENIJA Lo’
;N HUNGARY
MADARSKA
S:
'?e,éy“;’/ve, :
~ ZAGREB o
- EXAMPLE field /“% %
A A
:,‘.c CROATIA ® JNALZIRANO polje ro P
¢ HRVATSKA Sa,, Northern Croatia 3
~ M Y Karlovac e,,sa - :
Vs Ty e kg, I Sjeverna Hrvatska » vk N
et Kutina 7855, * Nasice I
S o510 SERBIA
iy Q PoZega Vuks
506380\(() L . ok g o %0 Vinkovq‘u ov SRBIJA
. L . ., i §==
FL T e e Y N SN Sla\éonsm Brod o-sriemska, _o? N =t
50630001, & . "t e 2 M DN - :' r‘.". ’,-‘..‘Nd?;rgis:sion/depresijq‘
° ° ) . = AY ]
AR . BOSNIAandHERZEGOVINA o
s062200 * T 1Lt e e, BOSNAiHERCEGOVINA ey
e ., °, ”~
i . e : % ° -"
5061400 |- Lot 0 100 km
° Te® e 4 e
5060600 |- .
6373600 6374400 6375200 6376000 X

Fig. 1. Location map and distribution of porosity samples
Slika 1. PoloZajna karta s rasporedom uzoraka poroznosti

Porosity values used in this study are derived from
geophysical measurements in wells or laboratory analy-
ses of cores, averaged and spatially estimated through
semivariograms and kriging maps. Sandstones are rec-
ognized as a rock-type where degree of homogeneity is
not strongly characterized by stochastic behaviour. It
means that porosity distribution can often clearly indi-
cate on sedimentation environment conditions.

Porosity variations in the observed reservoir are ex-
plained by spatial analyses. The first, simplified semi-
variograms in selected reservoir were published by Her-
nitz et al. (2001). The analysis was performed for verti-
cal porosity values, including a calculation of variance
and a specific correction. In this paper, semivariogram
analysis by program Variowin 2.2. (Pannatier, 1996) is
made in the horizontal plane, including a significant larg-
er number of values.

2. Example Porosity Dataset

The applicability of the proposed kriging interpola-
tion method is tested by means of porosity dataset of 82
values (Fig. 1) obtained at example field located in the
western part of the Sava depression.

Original porosity values are calculated (from logs of
geophysical measurements in wells) for a sandstone oil
reservoir interval. This reservoir is of the Pannonian age

(Late Miocene). Analyzed sandstones dominantly consist
of mica and quartz grains, with minor content of clay min-
erals. The compaction did not have any influence on
porosity values in the analyzed sandstone. Based on this
criterion, this sandstone differs from a similar sandstone
described in the Bjelovar subdepression (located about
100 km to the northeast) where, due to significant differ-
ences in depths of the same reservoir, compaction sig-
nificantly reduced porosity (Malvi¢ et al., 2005).

Distribution of original porosity values selected in
classes is shown in Fig. 2. It could be approximated by
(some kind of) normal distribution curve. The characteris-
tic statistical values of input dataset are shown in Table 1.

Table 1. Statistics of input porosity values

Statistics parameters Input dataset
Average porosity 15.13%
Variance 16.41
Minimum 0.00%
Maximum 21.91%
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Fig. 2. Histogram of input porosity values
Slika 2. Histogram ulaznih vrijednosti poroznosti

te semivariogramsko modeliranje sadrZi znatno vise
nesigurnosti.

Vrijednosti poroznosti upotrijebljene u ovoj interpreta-
ciji izvedene su iz geofizickih mjerenja u busotini ili iz la-
boratorijskih analiza jezgara, osrednjene te prostorno pro-
cijenjene upotrebom semivariograma i krigiranja. Pjes-
Cenjaci su promatrani kao litotip relativno velike homo-
genosti, odnosno stijene u kojima petrofizikalni parametri
nisu obiljeZzeni znaCajnom stohasti¢kom komponentom.
To takoder podrazumijeva da poroznost moZze vrlo ¢esto
jasno ukazati na taloZne uvjete i okolise.

Varijacije poroznosti u analiziranom leZidtu objadnjene
su prostornom analizom. Prva, pojednostavnjena semi-
variogramska analiza na odabranom lezistu objavljena
je u radu Hernitza i dr. (2001). U tom ¢lanku analiza je
nacinjena na ulaznom skupu vertikalnih vrijednosti
poroznosti uz dodatno raunanje varijance te nacinjenu
specifiénu korekciju. U ovome radu semivariogramska
analiza programom Variowin 2.2. (Pannatier, 1996) naci-
njena je u vodoravnoj ravnini uz znatno vecéi broj vrijed-
nosti.

2. Testni ulazni skup vrijednosti
poroznosti

Upotrebljivost predloZene interpolacijske metode
krigiranja testirana je na ulaznom skupu od 82 vrijednosti
poroznosti (slika 1). Podaci su prikupljeni na oglednom
polju, smjeStenom u zapadnom dijelu Savske depresije.

Izvorne vrijednosti poroznosti izraCunane su (s
dijagrama geofizi¢kih mjerenja u busotinama) za interval
pjeScenjatkog leZista panonske staroste (gornji miocen).
Analizirani pje$€enjaci dominantno su sastavljeni od
minerala tinjaca i kvarca, s malim udjelom minerala glina.
Utjecaj kompakcije na poroznosti nije zabiljeZen, za
razliku od analize sliénih sedimenata nacinjene u
Bjelovarskoj uleknini (smjeStene oko 100 km sjevero-
istocno) gdje se, zahvaljujuci znagajnim razlikama u dubi-
nama istoga leZista na malome prostoru, opazio utjecaj
kompakcije na zna¢ajno smanjenje poroznosti u poje-
dinim dijelovima (Malvi¢ i dr., 2005).

Raspodjela vrijednosti poroznosti svrstanih u razrede
prikazana je na slici 2. Ona moze (no samo priblizno) biti
aproksimirana krivuljom normalne razdiobe. Karakte-
ristiCne statistiCke vrijednosti ulaznog skupa podataka
prikazane su u tablici 1.

Tablica 1. Statistika ulaznih vrijednosti poroznosti

StatistiCke vrijednosti | Ulazni skup podataka
ProsjeCna poroznost 15,13 %
Varijanca 16,41

Minimum 0,00 %
Maksimum 21,91 %
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Fig. 3. Semivariogram surface map
Slika 3. Karta semivariogramske povrsine

3. Semivariogram Analysis and Kriging
Maps

The semivariogram surface map (Fig. 3), calculated
for original porosity values, indicates two existing semi-
variogram axes that correspond to field structural trends.
The primary semivariogram axis has the NW-SE trend
(135°-315°) and the secondary one is characterized by
the NE-SW trend (45°-225°).

The parameters for experimental semivariogram were
tested several times and finally the primary semivario-
gram axis (Fig. 4) was calculated using 15 lags, lag length
of 400 meters, direction of 135° and angle tolerance of
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45°. The same procedure was done for the secondary
semivariogram axis in the direction of 225° (Fig. 5). Semi-
variogram parameters for both axes are shown in Table
2. The kriging map is shown in Fig. 6.

4. Conclusions

There is no doubt that kriging interpolation, including
82 available point-data, is the best mapping approach for
porosity interpolation in the selected sandstone reservoir.
In such a case, exact interpolators (methods appreciat-
ing hard-data values as constant) are a much better se-
lection for interpolation than methods of simple matrix-
smoothing (like moving average) or simple assignment
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Fig. 4. Experimental semivariogram and spherical theoretical model of input dataset (primary axis)
Slika 4. Eksperimentalni semivariogram i sferni teorijski model za ulazni skup mjerenja (primarna 0s)
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Table 2. Semivariogram parameters for the input values
Tablica 2. Semivariogramski parametri ulaznog skupa vrijednosti

Primary semivariogram axis (135°)

Primarna semivariogramska os (135°)

Secondary semivariogram axis (225°)

Sekundarna semivariogramska os (225°)

15 lags, lag length 400 m, angle tolerance 45°
15 razreda, Sirina pojedinaénog razreda 400 m, kutna tolerancija 45

Nugget / Odstupanje 4,76 7,63
Sill / Prag 11,56 9,11
Range / Doseg 2318 1312

Theoretical model

Teorijski model Spherical / Sferni

Spherical / Sferni

3. Semivariogramska analiza i karte
dobivene krigiranjem

Karta semivariogramske povrsine (slika 3) izradena
je na temelju ulaznog skupa vrijednosti poroznosti. Na
njoj se jasno uo¢avaju dvije postojece semivariogramske
osi koje ujedno odgovaraju strukturnim osima polja.
Primarna semivariogramska os ima trend pruzanja SZ-
JI (135°-315°), a sekundarna SI-JZ (45°-225°).

Parametri eksperimentalnog semivariograma pro-
vjereni su nekoliko puta te ja na kraju primarna semi-
variogramska os (slika 4) izraéunana na temelju 15 raz-
reda, uz Sirinu od 400 metara, pravac pruzanja od 135°
te kutnu toleranciju od 45°. Jednaki postupak nacinjen je
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na sekundarnoj semivariogramskoj 0si, no na pravcu
pruzanja od 225° (slika 5). Semivariogramski parametri
za obje osi prikazani su u tablici 2, dok je karta izradena
s pomocu interpolacije krigiranjem prikazana na slici 6.

4. Zakljuéci

Nema sumnje kako je interpolacija krigiranjem, na-
¢injena na 82 ulazne vrijednosti, najbolji moguci pristup
pri kartiranju poroznosti u analiziranom pjeséenjackom
lezistu. U takvim slu€ajevima, to¢ni interpolatori poput
krigiranja (odnosno metode koje postuju ulazne vri-
jednosti kao nepromjenjive) uvijek ¢e dati znatno bolja
rieSenja nego li ih je moguce posti¢i s metodama poput

¥(Ihl) Direction 225

0 L L 1 L L L L | .
0 300 600 900 1200 1500 1800 2100 2400 2700
Ihi

Fig. 5. Experimental semivariogram and spherical theoretical model of input dataset (secondary axis)
Slika 5. Eksperimentalni semivariogram i sferni teorijski model za ulazni skup mjerenja (sekundarna os)
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Fig. 6. The kriging porosity map of input values
Slika 6: Karta vrijednosti poroznosti dobivena interpolacijom krigiranjem

of point value to zones (like nearest neighbourhood). In
this particular case the following results are obtained:

U The analysis was successfully applied in a homog-
enous sandstone of Pannonian age (Late Miocene).

U The kriging porosity map very clearly indicates sev-
eral porosity maximums, mostly located along the di-
rection NW-SE, which corresponds to the structural
maximum.

U It could be interesting to interpret depositional history
of such maximums. The sandstone depositions, es-
pecially of coarse-grained material, were active in the
deepest part of the basin. Strong uplifting, along mar-
ginal field faults in Late Miocene and Pliocene, inverted
such structure in anticline, with higher porosities in
central parts.

O The ratio of semivariogram ranges mostly follow the
ratio between geological structural axes. The range
of primary axis is 2318 meters and of secondary axis
1312 meters (ratio 1.77:1.00).

U Due to a huge nugget effect, but also small number of
data pairs in the first class, the interpretation of the
secondary semivariogram needs to be done carefully.
Generally, porosity values change much faster across

secondary axis than along the main structural axis.
The nugget effect of 50% will practically cut the range
value at secondary axis in half.

U The obtained kriging map represents the best poros-
ity interpolation, one can make for the analyzed res-
ervoir.
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pokretne sredine ili najblizeg susjedstva (koja i nije
metoda procjene, ve¢ dodjeljivanja postojecih vrijednosti
zoni). U prikazanoj analizi postignuti su sljedeci rezultati:

U Analiza je uspjesno primijenjena u homogenom pjes-
¢enjackom leZistu panonske starosti (gornji miocen).

U Karta nastala primjenom krigiranja vrlo jasno prikazuje
nekoliko maksimuma poroznosti koji su najve¢im dije-
lom smjesteni na pravcu pruZanja SZ-JI, §to odgovara
strukturnom maksimumu, tj. vr$nom dijelu strukture.

U Stoga je zanimljivo uvesti u interpretaciju i taloZznu
povijest takvih maksimuma. U skladu s prihvacenom
taloznom slikom, sedimentacija pjeS€enjaka, posebno
krupnozrnastog materijala, odvijala se u najdubljim
dijelovima bazena. Naknadno je u gornjem miocenu i
pliocenu doslo do snaznog izdizanja uzduz rubnih
rasjeda polja, §to je rezultiralo u inverziji taloznog
prostora (stvaranje antiklinale) u kojem su najvece
vrijednosti poroznosti ostale vezane uz sredisnji dio
strukture.

U Dosezi semivariograma uglavnom se medusobno
odnose poput veli¢ina geolokih strukturnih osi. Doseg
primarne osi je 2318 metara, a sekundarne 1312 metra
(odnos je 1,77:1,00).

U Zahvaljujuci velikom odstupanju semivariograma, te
malom broju parova podataka izraunanom u prvom
semivariogramskom razredu, veli¢ine na sekundarnoj
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