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different normal populations. Furthermore, sequential simula-
tion does not allow the incorporation of categorical data (e.g.
1 and 0), but this is overcome by introducing an indicator si-
mulation algorithm. The Gaussian sequential simulation ap-
proach is widely used despite these limitations.

Anyone interested in geostatistical theory, both determi-
nistic or stochastic, as applied in the Croatian part of the Pan-
nonian Basin is advised to follow the research presented in
MALVIC (2003,2005,2006) or SMOLJANOVIC & MALVIC
(2005).

4. EXAMPLE 1: COKRIGING OR STOCHASTIC
CO-SIMULATION

The Benicanci field is the largest hydrocarbon reservoir in the
Benicanci oil zone, and the largest oil producing field in the
Croatian part of the Drava Depression (Figure 1). The oil
reservoir is located in breccia of Badenian age, and is overlain
by structurally shallower and smaller gas reservoirs. This field
and the entire zone located in the eastern part of the Drava
Depression, has been studied for decades. The different geolo-
gical and petroleum settings have been published in many
papers. SIMON & BATUSIC (1974) described the lithostra-
tigraphic section of the BeniGanci field. TURAJLIC et al.
(1979) compared the development of the Benicanci, Obod and
Ladislavci-Kucanci fields. HERNITZ et al. (1993, 1995)
described shallow onshore clastics of Miocene age and source
rocks in the wider area of the Benicanci field, as well as in
other parts of the Drava Depression.

The depositional model of Neogene clastics was in detail
described by TISLJAR (1993). Structurally, the field is defi-
ned by brachianticline axes of 8.0 by 1.3 km, faulted mostly
by displacements characterised by a NW-SE strike. However,
the main reverse fault closes the structure in the south (Figu-
re 2). The entire field is an anticlinorium that includes four
smaller anticlines, sinking toward the east.

The stratigraphy includes basements rocks of Permian and
Triassic age and Neogene clastic sediments. Different baseme-
nt schists are determined only in wells deeper than 2500 met-
res. The Miocene stratigraphy is very heterogeneous. The olde-
st rocks are sporadically represented by effusives belonging to
the Miocene magmatic cycle, which have been partially re-de-
posited. Their lateral equivalents are Triassic limy breccia and
quartzites that have also been redeposited. The main sedimen-
tary sequence is of Badenian age, represented by dolomitic and
limestone breccia. Detritus is mostly dolomitic and can reach
metre dimensions. The matrix is also of micro to crypto dolo-
mite, tectonically crushed, petrified and crystallized. Reservoir
carbonate breccias are characterised by relatively low primary
porosity, but secondary processes (including dissolution, faul-
ting and fracturing) resulted in increased secondary porosity.
The shallow part of the reservoir is characterised by a mixture
of breccia and conglomerate, with mixed carbonate and silicic-
lastic detritus. In general, Badenian breccias were deposited in
a shallow marine environment, and consequently could be re-
deposited and weathered by currents and wave fronts. TISLJAR
(1993) described this Badenian sedimentary sequence through
four types of possible reservoirs as follows:
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Figure 1: Location map of the Benicanci and Stari Gradac-Barcs Nyugat fields in Drava Depression
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Figure 2: Palaeorelief map of the Beni¢anci field (after FUTIVIC & PLEIC, 2002)

1. Clinoform bodies of carbonate rockfall and debrite brec-
cias;

2. Nearshore conglomerates;

3. Channel and fan bodies made of breccia-conglomera-
tes and sandstones.

4. Tectonic breccias, generated by crushing and tectoniza-
tion of previously lithified Miocene turbidite sedimeta-
ry rocks.

The observed reservoir mostly belongs to type 4 and par-

tially to type 1.

Badenian sediments were overlain by a typical, younger
sedimentary sequence in the Drava depression. This began
with Lower Pannonian calcitic marls (»Croatica beds«), which
were eroded, on the southern part of the field. Then, Late Pan-
nonian sediments (»Banatica beds«) of similar lithology were
deposited, which are interestingly characterised by greater thic-
knesses in the southern part of the structure. Early Pontian se-
diments (»Abichi beds«) are mostly sandstones (mixture det-
ritus) intercalated with hard marls. Late Pontian (»Rhomboidea
beds«) sediments are mostly weak sandstones and medium to
weak marls, sometimes clayey, including coal. The youngest
sediments of Pliocene age are mostly unconsolidated clay and
sand, as well as Quaternary gravel, sand and clay with limes-
tone concretions.

The target, or primary, variable that had been geostatisti-
cally analyzed in the breccia reservoir of Badenian age was
the average reservoir porosity. Fourteeen locations (or wells)
were chosen as the most representative hard-data points, deri-
ved from the newest log-curve analyses. These values are mos-
tly regularly distributed across the reservoir area, and can be
observed on the porosity maps.

Moreover, the analysed reservoir is also covered by 3D
seismic cube and interpreted attributes. Attribute analysis was
targeted for the interval that represents the reservoir defined
by permeable lithology. It begins 20 m from the seal rock in
the youngest Badenian sediments and continues to either the
reservoir base defined by Palacozoic basement rocks, or the
base of the well where the basement rocks were not drilled.
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Seismic attribute analysis encompasses amplitude attributes,
frequency and phase.

The existence of seismic attributes made application of
geostatistical interpolation of the cokriging possible. The co-
kriging requires the determination of an additional, secondary
variable that describes the behaviour of the primary one. Six
attributes were correlated with porosity, searching for a con-
nection. Unfortunately, the values of the Pearson correlation
coefficient did not show any significant correlation, due to the
absence of a Gaussian distribution in the analyzed variables.
It was more appropriate to use the non-parametric Spearman
rank correlation coefficient, based on a median value (instead
of normal distribution parameters like standard deviation and
mean). The highest correlation was calculated for the pair po-
rosity-reflection strength (as a derivative of amplitude) where
the value of 1’ =—0.64.

The relevant variogram model had been defined along fie-
1d structural axes. The direction of the primary variogram ax-
is was 90-270° (E-W), while the secondary spreads occurred
along the direction 0-180°. Due to the low number of data, the
angle tolerance was set at a maximum value of 45°. The ran-
ges are almost isotropic — for the main axis the range is 1750
metres determined from 7 or more data pairs. The range of the
secondary axis is 1500 metres, determined subjectively consi-
dering only 5 or less data pairs, and consequently only 4 exis-
ting points. Experimental variograms had been approximated
by spherical theoretical models.

The cokriging results are presented in Figure 3b. The se-
lected technique was collocated cokriging. The word »colloca-
ted« means that the primary and secondary variables were ob-
served at the same locations, i.e. the secondary variable had
been extrapolated at the same locations where the hard-data exi-
st. The cokriging results were significantly better and more des-
criptive in the inter-well areas than the kriging results (MALVIC
& PUREKOVIC, 2003). This could easily be concluded from
results of the cross-validation method (DAVIS, 1987), where
the cokriging map was characterised by a mean square error of
2.19 and the kriging map by the value of 2.97.
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Figure 3: Kriging (Figure 3a — above) and cokriging (Figure 3b - below) maps of porosity distribution

Although the total difference between the kriging and cok-
riging maps (Figure 3a and 3b), in a numerical sense, is about
25%, this difference is mostly regularly distributed across the
entire reservoir area.

The secondary approach for porosity distribution at the
same reservoir included using Sequential Gaussian Simula-
tions (e.g. DUBRULE, 1998 and KELKAR & PEREZ, 2002),
as an approach that could include the majority of uncertainties
connected to the input data and inter-well area, especially in
zones distant from hard-data. A set of only four stochastical
equally probable realizations were calculated, which were fou-
nd to express the noisy nature of the hard-data. Generally, the-
re must be at least 100-200 realizations for acceptable measu-
rement of the degree of uncertainty. These realizations were
based on a cokriging map as »zero« realization.

Due to stochastic theory, data were normalized to Gaus-
sian distributions and their PDF curve was used to sample new
porosity values. The new, data set kept the same statistics cha-
racteristic as the input data set. Each cell has a porosity value
sampled from its own normally shaped PDF defined with
mean and variance values characteristic for the cokriging »ze-
ro« realization (e.g. DEUTSCH, 2002). The order of the simu-
lated cells was random and sequential.
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The »extreme« realization P1 and P99 are shown on Fi-
gure 4. The symbol P1 means that 99 % of all other possible
realizations would describe larger total reservoir porosity. The
meaning of P99 realization is the opposite. The comparison
by cokriging map, or zero »solution«, reveals that the P99 rea-
lization looks very similar to the cokriging map. Furthermore,
it can be concluded that the cokriging map is a very good rep-
resentation of porosity distribution, and the stochastic solution
suggests that mapped uncertainties in the inter-well area can
be considered pretty homogeneous for the entire statistical ran-
ge.

Due to the fact that Gaussian simulation overestimates lo-
cal variability, together with the observed similarity between
the deterministic and stochastic realizations in the case of the
existing seismic attribute and limited dataset (about 15 hard-da-
ta), the cokriging approach is to be recommended rather than
the use of Gaussian simulations.

5.EXAMPLE 2: KRIGING OR STOCHASTIC SIMULATION

The Stari Gradac-Barcs Nyugat gas-condensate field is loca-
ted on the Croatian-Hungarian border, along the Drava River,
approximately 150 km east of Zagreb. The field is situated in
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Figure 4: P1 (Figure 4a - above) and P99 (Figure 4b - below) equiprobable stochastic realizations

the Northwestern part of the Drava depression (Figure 1). A
massive (anticline) reservoir is trapped by a combined structu-
ral-stratigraphic closure (Figure 5). The lithology of the reser-
voir is very complex, divided into four lithofacies: ‘Clastites’
of Badenian age, ‘Dolomites’ of Lower Triassic age, ‘Quartzi-
tes’ of Lower Triassic age and ‘Metavolcanites’ of Permian,
Devonian and (possibly) Carboniferous age.

The results of geostatistical porosity mapping in lithofa-
cies ‘Clastites’ of Badenian age that included mostly carbona-
te breccia are analysed here. These reservoir lithofacies are
lithologically comparable to coarse-grained Badenian lithofa-
cies analysed from the Benicanci field.

The input dataset was relatively small in number, which
consequently excluded the existing arithmetic mean as being
valid for a global mean (i.e. excluded condition of first-order
stationarity necessary for Simple Kriging). Ordinary Kriging
was selected as the most appropriate interpolation technique.
There was no established correlation between seismic attribu-
tes and porosity.

The variogram analysis was done again along the main
structural axes of the field (Figure 5). The principal variogram
axis has a strike of 120-300° and the subordinate strike is 30-
210°. The experimental variograms were calculated for each
lithofacies, and particularly for the ‘Clastites’. The ranges are
3500 metres (principal) and 2000 metres (subordinate axis).
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The principal axis modelling is fairly reliable based on 8 or
more data pairs. The modelling of the secondary axis is highly
subjective. All variograms are again approximate by spherical
theoretical models.

The kriging map shows a significant interpolation impro-
vement compared to those previously produced by Inverse Dis-
tance Weighting (Figure 6). If these two solutions are compared
numerically through cross-validation results, the improvement
is more than 30% — for kriging map 3.91 and for Inverse Distan-
ce Weighting map 5.28.

It is not difficult to explain why the kriging map is more
accurate and acceptable for the geological model. It is clear
that the Inverse Distance Weighting map (Figure 6, left) is un-
realistically too detailed. Based on only 14 hard-data points, the
smoothed kriging map (Figure 6, right) is more realistic and
interpretable. However, the challenge is to try to describe inter-
well area uncertainties by stochastic simulation as well. Using
respected hard-data points, i.e. conditional simulations, 100 si-
mulations were calculated describing reservoir randomness (Fi-
gure 7).

The reservoir space is always characterised by uncertain-
ties. The permanent problem is how to express these »hidden«
characteristics in the mapped variable. This is especially em-
phasised in the case of a very limited input dataset. In this ca-
se, for the ‘Clastites’ lithofacies at the Stari Gradac-Barcs Nyu-
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Figure 6: Schematic porosity maps interpolated by Inverse Distance Weighting (left) and kriging (right)

gat field, the standard deviation of input porosity dataset was
higher than 0.5 of the possible maximum. The statistical uncer-
tainty is mostly included in the variogram model, forcing the
large primary range and estimated range of the subordinate
axis from the ratio of the structural axes. These facts just indi-
cate a stochastic approach as the most favourable for inter-we-
1l area description. The differences in the set of simulated rea-
lizations (difference between P1 and P99) were about 14% (or
minimum volume of ‘Clastites’ was 5,241,097 and maximum
5,973,280 m?). Moreover, it is important to emphasis that bo-
th kriging and stochastic realizations led to a decrease in reser-

2GACESA, S., FUTIVIC, I, FERENCZ, G. & HORVATH, Z. (2001):
Barcs Nyugat-Stari Gradac field; Geological evaluation-summary
study. Unpublished report, company internal files, INA Naftaplin,
Sektor za razradu, 27 p.

voir volume, over that previously calculated by Inverse Distan-
ce Weighting. In any case, where the input dataset is very
limited, with the absence of an additional, significantly corre-
lated seismic variable, the stochastic approach is preferred.
The Stari Gradac-Barcs Nyugat dataset is very limited
and it is hard to describe local variability. A stochastic approa-
ch is more descriptive and allows geologist to speculate about
features that influence porosity distribution. Finally it led to
better characterisation of porosity in the inter-well area.

6. CONCLUSIONS

Porosity interpolation results were compared at two similar
reservoirs from the Benicanci and Stari Gradac-Barcs Nyugat
fields. Both are located in the Drava Depression, and occur in
coarse-grained sediments (carbonate breccia) of Badenian age.
The research goal was to establish qualitative criteria to aid the
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selection of either deterministic or stochastic geostatistical
approaches for porosity interpolation in analyzed reservoirs.

The first case included use of an additional seismic variab-
le and consequently the cokriging method. The second exam-
ple was oriented only on a primary variable interpolated by
kriging and comparison of stochastical realizations using the
kriging map.

In the first case, i.e. porosity analysis at the Benic¢anci
field, seismic data led to a lower estimation error (cokriging
variance error) and fortunately this advantage was regularly
distributed across the entire reservoir. Moreover, the seismic
attribute attenuated the ‘bull-eye-effect’, so obviously present
on the kriging map. The cokriging map can be considered as
a very reliable representation of the distribution of porosity in
the breccia reservoir in the Benic¢anci field. The set of stochas-
tic realization results only confirmed that the cokriging map
can be used as a ‘definite’ porosity solution, very optimistical-
ly describing the reservoir, (the cokriging map is very similar
to the stochastic map obtained by P99 realization). Moreover,
the cokriging realization will not tend to over-emphasis local
variability, which could be characteristic of co-simulation.

The second case, analysis at the Stari Gradac-Barcs
Nyugat field, was different because it was not possible to se-
lect a secondary seismic source of information. Many of the
uncertainties were again incorporated in a variogram model,
in a similar way to the Benicanci reservoir. However, the Sta-
ri Gradac-Barcs Nyugat dataset was characterised by a very
high standard deviation, although there were only 14 hard-da-
ta points. It means that the mean and variance can not be con-
sidered as representative, and randomness is one of the most
obvious reservoir characteristics. It strongly indicates a stoc-
hastic approach for testing and calculation of a relatively wide
set of realizations (100 maps were calculated). Both approac-
hes, the kriging and Sequential Gaussian Simulations, yielded
better solutions than those obtained by the Inverse Distance
Weighting method. Moreover, the stochastic approach led to
better reservoir characterization, because it depicted much mo-
re variation in the zones distant from hard-data than was visib-
le on the kriging map. Comparing P1, P50 and P99 realizatio-
ns only the border of zone of low porosity (red zone shown at
Figure 7) and consequently of high porosity (light blue area
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at Figure 7) can be predicted. This zone also indicates the
boundary between better and poorer parts of the reservoir, i.e.
at the boundary between proximal and distal parts of the allu-
vial fan, where coarse-grained clastics of Badenian age were
deposited (MALVIC, 2006).

Finally, both examples represent very limited datasets of
14 hard-data values. The results indicated that if a secondary
source of information (like seismic) is available then the deter-
ministic cokriging approach is recommended. However, if the
secondary variable is not available the stochastic Gaussian si-
mulation is a more descriptive tool.
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sion of the manuscript.

The title should be informative, but short, and should be followed by the complete First Names and Surnames of all authors. The
full postal and e-mail addresses of the author(s) should be given at the bottom of the first page. A brief informative abstract of 50-300
words should be included, as well as carefully chosen Key words proposed by the author(s).

Text

The text should be in wordprocessing file. We cannot accept text and figures in pdf format. We accept most wordprocessing formats,
but Word is preferred. Always keep a backup copy of the electronic file for reference and safety. Save your files using the default
extension of the program used.

It is important that the file be saved in the native format of the wordprocessor used. The text should be in single-column format.
Keep the layout of the text as simple as possible — most formatting codes will be removed and replaced on processing the article. In
particular, do not use the wordprocessor’s options to justify text or to hyphenate words. However, do use bold face, italics, subscripts,
superscripts etc. Do not embed ‘graphically designed’ equations or tables, but prepare these using the wordprocessor’s facility. The
electronic text should be prepared in a way very similar to that of conventional manuscripts.

To avoid unnecessary errors you are strongly advised to use the ‘spellchecker’ function of your wordprocessor.

Figure captions and tables

Present figure captions and tables at the end of the article. When preparing tables, if you are using a table grid, use only one grid for
each individual table and not a grid for each row. If no grid is used, use tabs, not spaces, to align columns. Number tables consecuti-
vely in accordance with their appearance in the text. Place footnotes to tables below the table body and indicate them with superscript
lowercase letters. Avoid vertical rules. Be sparing in the use of tables and ensure that the data presented in tables do not duplicate
results described elsewhere in the article (including figures).

Graphics

A high standard of illustration quality is desired. Each illustration must have a caption, which is relevant and explanatory. Captions
should be typed on separate sheets. Bar scales are preferred. All illustrations should be numbered and the author’s name should be
written on the back of paper copy in pencil. The approximate position in the text may be indicated in the margin of the manuscript.
The maximum size of plates is 175 x 255 mm. The maximum width of illustrations in the text (photographs, tables and drawings) is
80 mm (for one column) or 165 mm (for two columns). For more than three plates, please contact the editors!

High-resolution graphics files must always be provided separate from the main text file. Do not import the figures into the text
file, just indicate their approximate locations directly in the electronic text and on the manuscript.

General points

» Make sure you use uniform lettering and sizing of all your original artwork.

* Save text in illustrations as »curves« or enclose the font.

* Only use the following fonts in your illustrations: Arial, Helvetica, Times, Symbol.

* Number the illustrations according to their sequence in the text.

* Use a logical naming convention for your artwork files, and supply a separate listing of the files and the software used.

* Provide captions to illustrations separately.

* Produce images near to the desired size of the printed version.

Formats

Regardless of the application used, when your electronic artwork is finalised, please »save as« or convert the images to one of
the following formats (Note the resolution requirements for line drawings, halftones, and line/halftone combinations given below.):

EPS: Vector drawings. Embed the font or save the text as »graphics«.

TIFF or highest-quality JPEG — Colour or greyscale photographs (halftones): figure in the final size should have a minimum reso-
lution of 300 dpi.
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TIFF or highest-quality JPEG — Bitmapped line drawings: figure in the final size should have a minimum resolution of 1000 dpi.

TIFF or highest-quality JPEG — Combinations bitmapped line/half-tone (colour or greyscale): figure in the final size should have
a minimum resolution of 500 dpi.

DOC, XLS or PPT: If your electronic artwork is created in any of these Microsoft Office applications please supply »as is«.

Please do not

* Supply embedded graphics in your wordprocessor (spreadsheet, presentation) document when submitting the final version of

the accepted article;

* Supply files that are optimised for screen use (like GIF, BMP, PICT, WPG); the resolution is too low;

* Supply files that are too low in resolution;

* Submit graphics that are disproportionately large for the content.

Genera and Species names

Genera and Species names should be written in Italics, e.g. Chrysalidina gradata D’ORBIGNY.

Abbreviations and units

ST units are preferred. All measurements should always be given in figures, e.g. 12 m, except where the number be-gins the sentence.
The word »figure« should be shortened to »Fig.« unless at the beginning of a sentence.

References

References in text should be listed by giving the author’s surname (in capital letters) followed by the year of publication in parenthe-
ses, e.g. VELIC (2007) or KOROLIJA & JAMICIC (1988). When reference is made to work by more than two authors, the first name
should be followed by »et al.«, e.g. REIMANN et al. (2008). If several papers by the same author and from the same year are cited,
a, b, ¢, etc. should be put after the year of publication, e.g. VRSALJKO (2003b). Complete references should be listed in alphabeti-
cal order at the end of the paper (authors must provide English translations of article titles written in other languages), as in the
following examples:

FUCEK, L., JELASKA, V., GUSIC, I, PRTOLJAN, B. & OSTRIC, N. (1991): Padinski turonski sedimenti uvale Brbignica na Dugom
otoku (Turonian slope deposits in the Brbisnica cove, Dugi Otok island, Croatia — in Croatian). — Geol. vjesnik, 44, 55-67.
VELIC, I. (2007): Stratigraphy and Palacobiogeography of Mesozoic Benthic Foraminifera of the Karst Dinarides (SE Europe). —

Geol. Croat., 60, 1-113.

KOROLIJA, B. & JAMICIC, D. (1988): Osnovna geoloska karta SFRJ 1:100000, list Nasice (Basic geological map of SFRJ 1:100000,
Nasice Sheet). — Inst. za geol. istraz., Zagreb, Sav. geol. zavod, Beograd.

PALMER, A.N. (2006): Digital modeling of karst aquifers — Successes, failures, and promisses.— In: HARMON, R.S. & WICKS,
C.M. (eds.): Perspectives on karst geomorphology, hydrology, and geochemistry — A tribute volume to Derek C. Ford and William
B. White. The Geological Society of America, Spec. Paper 404, 243-250.

REIMANN, C., FILZMOSER, P., GARRETT, R. & DUTTER, R. (2008): Statistical Data Analysis Explained: Applied Environmen-
tal Statistics with R. — John Wiley & Sons, New York, London, 362 p.

VRSALJKO, D. (2003): Biostratigrafija miocenskih naslaga Zumberackog i Samoborskog gorja na temelju mekusaca (Biostratig-
raphy of Miocene deposits from Zumberagko and Samoborsko gorje Mts. on the basis of Molluscs — in Croatian, with an English
Abstract). — Unpubl. PhD Thesis, Faculty of Science, University of Zagreb, 147 p.

Unpublished reports from institution archives should be cited in text as e.g. (ANDRIC, 20012) and refered as footnote.

2ANDRIC, M. (2001): Robinson-Duboka Ljuta, seizmitka tomografska mjerenja [Robinzon-Duboka Ljuta tomographic measurements
—in Croatian]. — Unpublished report, Archive of Civil Engineering Institute of Croatia, Zagreb, 30 p.

International Review

Editors firstly check each manuscript for compliance with the journal standards. All original scientific papers which might be publis-
hed in Geologia Croatica are then reviewed internationally. The duration of the reviewing process is variable, depending on numerous
factors. We will do our best do reduce it as much as possible. However, typically the entire process from submission of the first version
of the manuscript to publication takes 5 to 10 months, and careful following of this guide for contributors will usually significantly
decrease duration of this process.

After revision and correction of the manuscript has been completed the author should prepare the final version of the manuscript,
only in electronic form. This version will be sent to the United Kingdom to our language editor, and only after this correction is done
the manuscript is ready for publication.

Page proofs

Page proofs will be sent to the authors. They should be read carefully and returned within a week.

Offprints

Twenty five offprints of each paper and one volume of the journal are supplied free of charge. Additional offprints may be ordered.

05 Malvic.indd 50 26.6.2008 9:23:58



