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Geological models play a crucial role in the description and simulation of fluid flow of both hydrocarbon- and water-bearing
strata. Methodology, based on the hydraulic flow unit build on the basis of core plug data combined with rock types deter-
mined from logs and 3D seismic cubes generated on the basis of 2D seismic sections is presented. It works as a possible ex-
ploration tool for the Miocene gas accumulations in the Carpathian Foredeep of Poland. Deterministic and stochastic,
geostatistical methods were used to construct a static reservoir model from 2D seismic sections, lithological data and hy-
draulic flow unit data. A pseudo-3D seismic volume was generated from all of the 2D seismic data available, in order to aid
the modelling of hydraulic flow units. This approach is applicable to other reservoirs, where the availability of seismic data is
limited. This study demonstrates that even without 3D seismic data and with limited well log data, the proposed hydraulic flow
unit approach can be successfully applied to reservoir modelling through the integration of diverse data sets for a wide range
of scales.
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INTRODUCTION

During decades of petroleum exploration in the Carpathian
Foredeep, various methodologies have been applied in seismic
and well log interpretation (Karnkowski, 1999; Mysliwiec,
2004b; Pietsch et al., 2007; Krzywiec et al., 2008). In the majori-
ty of these studies well logging results were used as a basis for
the depth calibration of seismic interpretation and the recogni-
tion of petrophysical parameters. Porosity, permeability and
water saturation have always been the most important proper-
ties for engineers, for making decisions about the reservoirs to
be developed (Bata, 2011). Interpretations of the depositional
environments and facies distribution have been obtained from
seismic imaging and well logging (Porebski, 1996; Mysliwiec et
al., 2004; Krzywiec et al., 2005, 2008; Mysliwiec, 2006a, b).

The present study examines aspects of reservoir charac-
terization where the availability of geological and geophysical
data is limited. The aim is to integrate data from core plugs,
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wireline logs and 2D seismic profiles in order to generate a reli-
able geological model, which can be used for dynamic simula-
tion of media flow in pore space. It is also shown how mathe-
matical modelling, geostatistics and neural networks can help
in characterization of geological objects, especially through
the application of specialized software. It is also important to
point out that the hydraulic flow unit approach can be useful at
various scales, from the micro-scale of core plugs, the meso-
scale of well logs, and the macro-scale of seismic data in dy-
namic data simulation.

The computer modelling has already been applied for 3D
presentation of petrophysical properties variability (for instance
Papiernik et al., 2010), while integrated analyses of parameters
originated from lab measurements and log data have also al-
ready been used in the analysis of hydrocarbon-bearing strata
(for instance Mohammadlou and Mork, 2010) but the case
study presented is unique because it is possible to expand to
the methodology to other gas fields in the Carpathian Foredeep
and other gas fields suffering from lack of complete seismic and
well logging data. The methodology developed is designed to
be reliable and cost-effective for reservoir characterization in
situations of limited data, especially where 3D seismic data are
lacking. The workflow used throughout this study (Fig. 1) illus-
trates a practical approach to handling sparse data for a gas
reservoir characterization in a deltaic setting.
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Fig. 1. Workflow for the integration of static and dynamic models on the basis
of core data, wireline logs and 2D seismic data

BHP — Bottom Hole Pressure, FZI_core — Flow Zone Indicator calculated from core data,
FZI_log — Flow Zone Indicator calculated from logs, HFU_core — Hydraulic Flow Unit cal-
culated from core data = HU, HFU_log — Hydraulic Flow Unit calculated from logs, K —
permeability, Q — volume of gas, PVT — pressure, volume, temperature data measured
during production of hydrocarbons, PHI — total porosity, RT_log — rock type determined

from logs

GEOLOGICAL SETTING

The Carpathian Foredeep is the youngest part of the Alpine
belt in Poland (Oszczypko et al., 2006, 2008), filled with the
Neogene deposits that include the hydrocarbon-bearing, auto-
chthonous Miocene strata. The Miocene strata have a maxi-
mum thickness in the south of the foredeep basin and are thin-
nest in the north. They generally dip to the north.

The Z Gas Field is located in the northeastern part of the
Polish Carpathian Foredeep. It comprises eastern, central and
western parts (Fig. 2). The Z Gas Field and the surrounding
fields are located in the compactional anticlines developed
above morphological highs of the Precambrian basement. In
the NE part of the Carpathian Foredeep the Miocene succes-
sion avoided compressional deformation (Krzywiec, 2006). In
this area faults cross-cut both the Miocene strata and the un-
derlying basement rocks (Fig. 2).

The Miocene succession of the Carpathian Foredeep has
been divided into the Lower Badenian sub-evaporitic series, the
Middle Badenian evaporites, and the Upper Badenian and
Sarmatian supra-evaporitic units. In this study, only the
Sarmatian succession was considered.

The Sarmatian formation was selected for study, because it
hosts dozens of gas accumulations that have been discovered
during intensive hydrocarbon prospecting in the Polish
Carpathians and the Polish part of the Carpathian Foredeep
(Karnkowski, 1999). Gas accumulations in the Z Gas Field (18
gas horizons in the eastern part, 10 in the central part, and 3 in
the western part) are associated with sediments formed in open-

Dynamic
modelling

are observed as differences in gamma-ray
(GR) signature. Reservoir rocks are ob-
served in the upper parts of the strata, identi-
fied as the uppermost parts of deltaic accu-
mulations sealed by estuarine deposits.

In the study area, in the most proximal,
deltaic deposits, the sandstones include lithic
wackes and subarkosic wackes (Smist,
2003); in the more distal strata fine-grained,
well-sorted arenites are observed. Quartz is
the most abundant mineral (up to 80% by
volume). The second main component, in
terms of percentage by volume, comprises
limestone, silicates and shales. The most fre-
quently occurring cement in the sandstones
and mudstones comprises clay and calcite.
The typical porosity of the study deposits is
between 15 and 30%. Where the volume of
the calcite cement increases to ten or more
percent, the porosity decreases to 3-4%.
Beds of the more strongly indurated sand-
stone occur in all of the sedimentary environ-
ments recognized, but most were found in
the more distal parts of the submarine fans
(Smist, 2003; Bosak, 2007).

The Sarmatian deposits show evidence of compaction, but
a clear influence of this process on porosity and permeability
was observable only at depths of more than 900—1000 m. Pri-
mary porosity predominates and only a few percent of porosity
is of secondary origin, resulting from the dissolution of minerals
and bioclasts. Accumulations of kaolinite contribute to decrease
of fluid flow in these strata (Smist, 2003). The mineral composi-
tion and sedimentary conditions controlling the thin-bedded
structure of the Sarmatian sandy-shaly strata are the source of
difficulty in the understanding of porosity-permeability relation-
ships and seismic facies distribution in the reservoir rocks.

History
matching

DATA SET

CORE AND WELL LOG DATA

Core and well log data were available from 10 wells located
in the Z Gas Field (Fig. 2). Laboratory core measurements, in-
cluding effective porosity (®e) and absolute permeability (K),
were available from depths between 478 m (Z-72 well) and
1175 m (Z-76 well), corresponding to the Sarmatian succes-
sion. For the analysis a total number of 570 core samples of the
deltaic sequence from depths of between 500 and 900 m was
selected to make the data set more consistent.

The well log data set included spontaneous potential log
(SP), GR, various resistivity logs (EN16 short normal, EN64 long
normal, EL14 short lateral and EL28 long lateral), neutron poros-
ity logs (NPHI), and sonic logs (DT).
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Fig. 2. Location map of the Z Gas Field

Inset map shows the distribution of wells from which cores were taken for laboratory studies (in red), marked tectonic elements;
modified from Mysliwiec (2006a) and Oszczypko (1998, 2006)

To enable proper depth matching between core data and the
well logs, samples were taken from continuously cored sections
to achieve good correlation between the values measured in the
laboratory (PHI_core — porosity from core samples) and those
determined from the well log (NPHI; Fig. 3). Additionally, the
gamma-ray log was used as an indicator of lithology to facilitate
the adjustment of the laboratory data to the well log results. The
core data were calibrated against the depth scale, since plugs
cut from the cores for laboratory measurements deliver informa-
tion only from a small part of the rock formation. Depth shifts in
the intervals compared were not constant, but were regulated by
two factors considered together — the similarity in value of the pa-
rameters and the sequence of the parameters available from
well logs: apparent resistivity (EN16, EN64, EL14 and EL26
logs), GR, NPHI and DT. The correlation coefficients (R) were
calculated for the NPHI (log data) and PHI (core data) and pro-

vided a measure of the accuracy in depth matching; after depth
matching, the correlation coefficient increased from 0.11 to 0.87
(Fig. 3). Additionally, the constant slopes of regression lines in
selected sections with depth matching reflected correspondence
between NPHI and the PHI. Therefore, depth matching was per-
formed for all of the wells used in the study.

SEISMIC DATA

A total of 25 2D seismic lines were used in the study (Fig. 4).
The seismic data were acquired by Geofizyka Krakéw Ltd. The
majority of the seismic lines was recorded in 2002 (Geofizyka
Krakow, 2002). The oldest data is from 1989 (23A-2-89k), one
is from 1991 (27-2-91k) and several are from 2000 (1-5-20k,
2-5-20k, 3-5-20k). The seismic data were processed using
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Fig. 3. Two approaches for depth matching between the core and log data in well Z-76

Crosses: laboratory porosity (PHI_core) sampled irregularly; continuous curves with triangles: NPHI,
sampled regularly at every 0.25 m; the two horizontal scales of porosity and two vertical scales
of depth relate to the matched data sets; R — regression coefficients

standard procedures for trace balance, correction of amplitude
anomalies, static and kinematic corrections, velocity analysis,
FK filtration, muting, coherent stacking, DMO stacking, RMS
gain, frequency filtration, harmonizer deconvolution, FX migra-
tion, final RMS gain, and programmed gain.

At the first stage, the mis-ties between all lines were cor-
rected. A simple, but effective algorithm, based upon weighting
value assignments with a variance criterion, was used. Mis-tie
values were assumed to be random variables. After correction,
the mis-ties were reduced to a minimum (0—2 ms) after the error
adjustment. After application of the algorithm, a weighting factor
was defined for selected reference lines. These lines were first
well-adjusted to the well logging data using check-shots and
sonic logs. In the next step, a weighting factor was applied to
other lines.

METHODOLOGY

The Z Gas Field was selected for testing the proposed
methodology from among other similar Miocene gas accumu-
lations in the Carpathian Foredeep because of the large
amount of geological and geophysical data and the good un-
derstanding of structural and depositional conditions, as well

as because of the petrological and petrophysical properties of
the rocks (Karnkowski, 1999; Mysliwiec, 2004a, b, 20063, b).
In the present study, different sources of information were
used: geological information, core descriptions, results of lab-
oratory measurements of porosity and permeability and car-
bonate content, mineralogical descriptions, well logging data
especially dipmeter interpretation and the elements of seismic
structural interpretation (Bosak, 2007). A study of all geologi-
cal information revealed the complexity of the structure of the
Sarmatian succession. Laboratory data for ten wells were
used and data were selected for the deltaic sequence from
depths in the range of about 500—900 m. The depth selection
limited the data but made it more coherent and uniform.

HYDRAULIC FLOW UNITS

The hydraulic flow unit (HU) concept provided a method for
classifying rock associations and predicting the flow properties,
based on both geological parameters and the physics of flow at
the pore scale. Amaefule et al. (1993) suggested that the hy-
draulic quality of a rock is controlled by pore geometry. More re-
cently, the concept of the HU has become an important tool for
describing a reservoir in terms of its flow zones (Prasad, 2000;
Corbett et al., 2003). Ebanks (1987) defined a HU as “..a
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mappable part of a reservoir, within which the geological and
petrophysical properties that affect fluid flow were internally
consistent and predictably different from the properties of other
reservoir volumes”. In the framework of that definition, an HU is
represented as a recognizable section on wireline logs and
composes a correlative and mappable unit at the inter-well
scale. The most important feature of the HU selected was com-
munication with other hydraulic units.

Fig. 4A — location of seismic lines and wells in the study
area; names of the seismic profiles are included; B —location
of 25 lines 2D seismic lines and 10 wells in 3D image, num-
bers have been adjusted to seismic lines by the authors

The concept of the hydraulic flow unit combines porosity
and permeability. However, permeability depends not only on
porosity, but also on pore space geometry, grain size distribu-
tion, specific surface area of pore space, tortuosity, fluid satura-
tion and other properties. The Kozeny-Carman equation [1] is
the most appropriate formula for the calculation of permeability
that includes the above parameters (Kozeny, 1927; Carman,
1937). However, this equation is difficult to apply from parame-
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ters which are either unknown or difficult to calculate, namely
specific surface area of pore space (Sg,) and tortuosity (t).

_ 1 @] (1]
20°S2 (1- o, )’

where: K — permeability; ®. — effective porosity.

Amaefule et al. (1993) reorganized equation [1] in the form
presented as formula [2]:

FZI = 00314 K/ @, - 1:;’6 [2]

which means that the Flow Zone Indicator (FZI) is defined only
on the basis of porosity and permeability. On the basis of equa-
tion [2], the relationship between permeability and porosity
could be plotted on a log-log plot as a straight line, with the
slope dependent on FZI. Such a representation of laboratory
data is useful because unit slope lines could be easily distin-
guished (Jarzyna and Ha Quang, 2009). In equation [2], FZI
was correlated to wireline log responses for known core perme-
ability and porosity data. Thus, FZI was the parameter which
had an assigned numerical value and was the basis for defining
the HU as a part of a reservoir which has determined perme-
ability and porosity enabling fluid flow in pore space (Table 1).

GEOLOGICAL MODEL AND RESERVOIR
PROPERTIES MODEL

Several new methods have been presented in the litera-
ture as regards to the use of 3D seismic data to improve facies
modelling. However, only a few papers have discussed the ap-
plication of 2D seismic data for the determination of facies dis-
tribution. Shuguang et al. (1999) presented a conditional 3D
lithofacies simulation with 2D seismic data by integrating 2D
vertically averaged lithofacies proportions into 3D lithofacies
distributions. 2D seismic information was used in the co-
kriging of the 2D average lithofacies proportions. The results
showed that even with limited well data, the input of vertical
lithofacies proportions (which carry the seismic information)
were represented quasi-exactly.

In the study presented, facies modelling based only on log
data led to unsatisfactory results. Accordingly, the integrated

well log information and the 2D seismic data were included to
improve the modelling. The results were used as input for 3D
HU modelling and 3D property modelling. The main steps used
in this study are shown in the workflow (Fig. 5).

The workflow starts from 2D seismics (the lowest rectangle
at the left hand side). Next, following the arrows, one can trace
the procedures applied to 2D seismic data, i.e. mis-tie correc-
tion, horizon picking and others, up to amplitude modelling. Af-
ter using the SGS statistical procedure, the AMPLITUDE
MODEL is completed. Next, the 3D seismic cube (“3D Seis-
mics”) is constructed on the basis of previous data. Now, follow-
ing the arrows the procedures applied to the seismic data can
be tracked. First, selected attributes are calculated, then seis-
mic facies are determined, using the Unsupervised Neural Net-
work. To improve the seismic origin facies, additional data from
well logging are included. Procedures applied to well logging
are presented on the right hand side of the workflow and those
applied to core data are listed in the part on the far right. The
rock types are determined on the basis of well logs, using the
K-mean procedure, and are incorporated into seismic facies
modelling by the statistical procedure SIS. Three-dimensional
reservoir modelling is a broad field of expertise, in which
geostatistics is one of several key components. The aim of 3D
modelling is to provide one or more alternative 3D numerical
models to represent those geological, geophysical, and reser-
voir engineering aspects of the rock succession that help in
achievement of the study goal. These numerical models are
used to estimate the main reservoir parameters, for example,
original oil in place, to predict production performance and to
provide uncertainty statements, when needed (Caers, 2005).

Bohling (2005) explained the use SGS and SIS in stochastic
simulation. In this study, SGS method was used for conversion of
2D seismic results to a pseudo-3D seismic cube, i.e. to interpo-
late seismic amplitudes and times in three directions, and for esti-
mating continuous variables such as porosity from logs. How-
ever, SIS method was applied for determining categorical vari-
ables like rock type. Stochastic classification, using SIS, was also
applied to obtain seismic facies distribution results in agreement
with the well data at each well location, and improved the hori-
zontal resolution, related to the uneven, spatial distribution of the
wells. As a result, the Facies UNN_SIS are determined and
used in the next step, which is hydraulic unit modelling. To get an
appropriate HU_MODEL, the well log data are combined with
core data in the form of the HU_log. The hydraulic unit model and
porosity model (PHI_MODEL) are combined to obtain the per-
meability model (K_MODEL). All of the procedures included in
the workflow in Figure 5 are described below.

Table 1

Simple statistics of K_core, @, FZI and the determination coefficients (R?) for the permeability calculated
from the FZI_mean (K_pre) in 6 hydraulic units

No of data K_core [mD] ® Fzl
HU | i HU : : - R
min mean max min mean max min mean max

HU1 28 0.02 0.72 2.82 | 0.070 0.160 0.233 0.095 0.283 0.400 0.728
HU2 58 0.17 9.15 2433 | 0.078 0.210 0.251 0.466 0.734 0.791 0.888
HU3 89 9.78 50.75 | 120.04 | 0.150 0.240 0.292 0.977 1.379 0.687 0.645
HU4 117 40.47 | 144.72 | 35855 | 0.203 0.257 0.315 1.733 2.100 2.563 0.743
HU5 214 79.79 | 44577 | 1461.70 | 0.189 0.260 0.320 2.587 3.510 4512 0.603
HU6 64 430.07 | 1458.96 | 3631.10 | 0.229 0.270 0.306 4.555 5.850 8.833 0.411
Al 0.970

* — determination coefficient for relationship of K_FZI_mean vs. K_core; K_pre — predicted permeability; for other explanations see

the text
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Fig. 5. Workflow for reservoir modelling used in this study

SGS - Sequential Gaussian Simulation; SIS — Sequential Indicator Simulation; UNN —
Unsupervised Neural Network; ACE — Alternating Conditional Expectation; for other ex-

planations see the text and Figure 1

INTEGRATION OF CORE
AND WELL LOG DATA

CLASSIFICATION OF HYDRAULIC
FLOW UNITS FROM CORE DATA

Several techniques have been proposed for the recognition
of hydraulic flow units, on the basis of the identification of rock
types and the analysis of porosity-permeability plots (Kolodziej,
1980; Gunter et al., 1997; Corbett et al., 2003). In our hydraulic
units were recognized on the basis of FZI (Jarzyna and Ha
Quang, 2009). Each HU was associated with a particular FZI
value, but units typically exhibited a variation around each
mean FZI, caused by random measurement errors in the core
analysis. Multiple hydraulic unit data created difficulties for the
identification of each mean FZI and corresponding HU. The fol-
lowing cluster analysis techniques were applied to break down
the overall FZI distribution into its constituent elements: use of
histograms, the Ward clustering algorithm and probability plots.

Histogram: The FZI distribution was treated as a superpo-
sition of multiple log-normal distributions and a histogram of FZI
(with the log scale on the x-axis) showed 6 normal distributions
for 6 hydraulic units. The clusters were separated and the histo-
gram delineated the HUs and provided their corresponding FZI
values (Fig. 6A). However, the cluster classification was not ob-
vious, since significant overlap was observed. Mean FZI values
characteristic for each HU were determined on the basis of

plots of RQl = K/ ®,_ vs 1:;)9 (Fig. 6B).

e

where: RQI — reservoir quality index.

Ward clustering algorithm: according to the Ward algo-
rithm theory, in a hierarchical cluster analysis each cluster attains
a minimum spread around its mean value, while having maxi-
mum separation from other clusters (\Ward, 1963). Three black
dashed lines and a red line show the cut-offs for the proposed di-

s
K_MODEL

ognizable and the six clusters, corresponding
to six appropriate hydraulic units, were in agre-
ement the results from the histogram method.

Clustering methods (histogram, probabil-
ity plot and Ward algorithm) were used to im-
prove the classification of formation into six
hydraulic units. The mean FZI values, char-
acteristic for each HU, were determined and
used for K_core vs. @_core calculations (Fig.
6E). The mean FZI values were then used to
construct the porosity-permeability relation-
ship within each HU, using separate empiri-
cal relationships that combined K_core and
®_core for each HU (Fig. 6F).

Simple statistics of permeability, porosity
and FZI (from cores) showed that the uniform
separate groups were unambiguously described by the mean
value of FZI (Table 1). Finally, permeability was calculated on
the basis of mean values of FZI for each HU. A determination
coefficient (R?) of 0.97 for the relationship between the calcu-
lated permeability (K_pre) and the actual permeability, mea-
sured on core plugs (K_core), indicated very good correlation
(Fig. 6F).

HU PREDICTION FROM CORE
AND WELL LOG DATA

Linear Multiple Regression (LMR) and ACE methods were
used to predict FZI in the uncored parts of wells with well log
data (Fig. 5). LMR was selected as an efficient statistical proce-
dure for determining the linear relationship between a depend-
ent variable, In(FZI_core), and independent variables, well logs
or combination of well logs. Before applying the LMR methods,
the ranking correlations between In(FZI_core) and individual
well logs were calculated, but no simple correlations existed to
predict FZI from well log data. In Table 2 the regression coeffi-
cients (R) between the independent variables (logs) and the de-
pendent variable In(FZI) are presented. The results showed
that the correlations were not high enough to predict
In(FZI_core), on the basis of data from eight different well logs.

In the next step, to improve the correlations analysed, four
groups of wells were selected, on the basis of their location in the
study area (Fig. 2): G1 (Z-72, Z-74, Z-77), G2 (Z-75, Z-84), G3
(Z-76, Z-81, Z-82), and G4 (Z-78, Z-79). All of the data belong to
the deltaic facies, but the sandy-shaly thinly-bedded sequence is
complicated in lithology. According to results of the comprehen-
sive interpretation of well logs it was assumed that the data in the
selected clusters were more self-consistent, by comparison with
the entire data set (Mysliwiec, 2006a; Matyasik et al., 2007). Cal-
culation of the LMR prediction of In(FZI_core) in each group
yielded increased correlation coefficients (R), with the best result
of R =0.78 for G4. To improve the multiple regression between
In(FZI_core) and the well log data, min-max standardization and
extra added variables (A1-A6) as combinations of well logs were
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introduced (Ha Quang Man, 2011). The min-max standardiza-
tion was done according to equation [5]:

Vst = (VX = Vinin)/(Vinax — Vimin) [5]

where: Vx — current value of the variable, Viin, Vinax — minimum and
maximum values of the variable, respectively, in the depth section
selected for research (500-900 m).

Clustering the data, using the standardization procedure
and including additional variables improved the results of the
estimation of In(FZI_core) on the basis of the logs (Table 3).
However, the correlation coefficients remained relatively low
and the ACE algorithm of Breiman and Friedman (1985) was
employed to improve the estimation of In(FZI_core).

Alternating conditional expectations: the non-linear re-
gression technique ACE was considered as an efficient variable
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Table 2

Correlation coefficients (R) between In(FZI) and logs

o loge Log R

2 E16N, SP 0.33
3 E16N, SP, DT 0.38
4 E16N, SP, DT,GR 0.38
5 E16N, SP, DT,GR, NPHI 0.44
6 E16N, SP, DT,GR, NPHI, E64N 0.44
7 E16N, SP, DT, GR, NPHI, E64N, EL14 0.45
8 E16N, SP, DT,GR, NPHI, E64N, EL14, EL28 0.45

For explanations see the text

selection method for reducing the subset of significant predic-
tors for a considered dependent variable response (Breiman
and Friedman, 1985; Xue et al., 1996; Darabos et al., 2001).
The ACE algorithm estimated transformations of variables,
used in a multiple regression, without any a priori assumption of
a functional relationship between the dependent and independ-
ent variables. Using ACE, arbitrary measurable mean-zero
transformations were defined, which yielded a maximum corre-
lation between the primary variables and their transformations
in the transformed space. Although ACE provided a fully auto-
mated approach for estimating optimal transformations, it also
was decided to use heuristic reasoning in selecting logs, based
on petrophysical considerations. An optimal function (f) be-
tween the transformed FZI_tr and the transformed logs using
equation [6] was estimated. Finally, FZI was predicted through
the reverse transformation, F-1(8):

FZI_tr = f()'log; _tr) [6]
FZI_tr = F'[f(Slog, _tr)] [7]

where: FZ|_tr was an ACE transformed FZI, and logi_tr was an ACE
transformed log;.

On the basis of the experience of Xue et al. (1996), who per-
formed a permeability determination from well log data, a selec-
tion was made of the best transforms of the dependent variable
[In(FZI_core)] and the independent variables (well logs and
combinations of well logs). The Grace program (Xue et al.,
1996), based on the ACE algorithm, was used to generate an

optimal correlation between a dependent variable In(FZI_tr)
and multiple independent variables E(Iog,_tr + A_tr)

i

INFZI_tr =) (log; _tr + A, _tr)] [8]

Selected variables used in the ACE procedure are shown in
Figure 7 and in Table 3. Selection was made according to the
high correlation coefficient between the ACE transformed vari-
able and the basal variable. The final correlation was deter-
mined by plotting the transformed dependent variable against
the sum of the transformed independent variables. In(FZI_tr),
obtained using the ACE algorithm, showed a higher correlation
with In(FZI_core) than did the results from LMR (Table 3). The
decision was made to use the ACE algorithm to obtain a contin-
uous curve of the FZI_log vs. depth

The ACE procedure was applied to determine FZI, on the
basis of well logs in those parts of wells where no cores were
available.

CLASSIFICATION OF ROCK TYPES

Lithofacies classification involved grouping of the reservoir
rocks with similar mineral composition, type and range of poros-
ity and permeability, grain size and sorting, shaliness value and
type and series of anomalies observed in the SP (spontaneous
potential) log and resistivity logs. Each lithofacies corresponds
to a particular depositional environment. The petrophysical
grouping was based on porosity, permeability, capillary pres-
sure and the distribution of pore-throat sizes. Both of these clas-
sifications are combined in the definition of the reservoir rock
type (Varavur et al., 2005). Rushing et al. (2008) developed a
classification of rock associations on the basis of the hydraulic
abilities of reservoir rocks. Rock type identification was useful in
well-correlation and was also important in the 3D facies model-
ling of the reservoir. In this study, the modelling of hydraulic
units was realized using the rock type model for a better under-
standing of the geological basis for each hydraulic flow unit. Be-
cause of the lack of core descriptions, K-means clustering was
applied for the classification of similar rock types.

K-MEANS CLUSTERING FOR ROCK TYPE
CLASSIFICATION

MacQueen (1967) developed the K-means clustering algo-
rithm, which assigned a specific number of centres (K) to repre-

Table 3

Correlation coefficients (R) between In(FZI_core) and the results of LMR and ACE
on the basis of logs and combination of logs (A1-A6)

LMR ACE

Groups Wells Numbesfaor;ggg"a“zed eight logs eﬂff‘_’fjg :ﬂfff’ﬁs&
raw data | standardized data | standardized data

G1 Z-72, Z-74, Z-77 89 0.627 0.762 0.899
G2 Z-75, Z-84 103 0.735 0.838 0.906
G3 Z-76, Z-81, Z-82 76 0.627 0.747 0.889
G4 Z-78, Z-79 45 0.783 0.884 0.982
All data (10 wells) 313 0.446 0.507 0.643

A1-A6 — additional variables in LMR being combinations of logs for other explanations see text
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Fig. 7. Examples of ACE transformations
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D — dispersion plot and correlation of In FZI_ trvs. Z (log,_tr + A_tr)

sent the clustering of N points (K < N). These points were
iteratively adjusted, so that each point was assigned to one
cluster and the centroid of each cluster was the mean of its as-
signed points. In general, the K means technique produced ex-
actly K different clusters of the greatest possible differentiation.

Logs from all wells were used for the classification of rock
types in the study area. After testing, five logs were selected for
the K-means clustering: GR, DT, NPHI, EN16 and EN64. The
data was chosen between the top (H1 = ~500 m) and base (H2
= ~900 m) of the reservoir selected for testing.

Two stages were applied for K-means clustering (Michael,
1999). Firstly, the data were divided into fourteen clusters to
cover all the different data ranges visible in the well logs (Fig.
8A). Finally, six clusters, corresponding to six rock types (RT),
were selected. The crossplot of GR and EN64 clearly showed
six rock types in the reservoir (Fig. 8B).

Six clusters, related to six rock types, were obtained as
combinations of the primary division into fourteen groups. The
rock types, shown in colours (Fig. 8B), were correlated with the
GR curves and the hydraulic units (Fig. 9). An increase in the
deflection for the GR curve means an increase in shaliness and
a corresponding decrease in the potential for fluid flow. A good
visual relationship was observed between the GR deflections,
rock types and hydraulic units (Fig. 9). The best hydraulic prop-
erties were related to the facies in light blue; the rock type in
light blue corresponds to the lowest intensity of natural radioac-
tivity (Fig. 8B).

RELATIONSHIP BETWEEN HYDRAULIC FLOW UNITS
AND ROCK TYPES

To understand the geological and petrophysical control for
rock types, Svirsky et al. (2004) investigated available results of
sieve analysis, thin sections and other special core analyses,
giving information about grain size, sorting, pore geometry and
mineral composition. This geological and petrophysical back-
ground demonstrated vital links between micro-characteristics
of pores and the commonly available well log data used for HU
prediction in uncored wells. Rock types were used to link
depositional facies and wireline log responses. They were also
used (Mikes et al., 2006) to connect the static models (geologi-
cal models or reservoir models) and dynamic models (flow unit
models).

The transformation of facies into hydraulic units, that is, the
geological model into a reservoir model, was not a simple task.
The value of this approach was that the reservoir model pre-
serves the spatial distribution of facies which controls flow on a
regional scale. This made the method an efficient tool for the
rapid modelling of fluid flow through a reservoir, permitting also
sensitivity analysis (Mikes et al., 2006). Hydraulic units were re-
lated to lithological facies (rock types), but their boundaries did
not necessarily coincide with facies boundaries (Abbaszadeh et
al., 1995). The results of rock type classification and hydraulic
unit determination for the data of well group G3 are shown in
Figure 9. Anomalies observed in Figure 9 lead to the following
conclusions:

— rock type (facies) distribution could serve as a basis for

reservoir models;
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Fig. 8. Results of K-means clustering for the well group G3

A — six clusters shown on the dendrogram; B — crossplot of GR vs. EN64 responding to six rock types (RT)

— hydraulic flow units and facies were key elements of the
reservoir model and geological model, respectively;

— reservoir models could be based on a small number of
units, with reference to all levels of lithologic heterogene-
ity, the spatial distribution of facies/flow units and their
hydraulic flow properties.

GEOSTATISTICAL MODELLING

Geostatistical modelling is an essential part of the main
modelling workflows (Figs. 1 and 5). To create the fluid flow
simulation, the hydraulic flow units were modelled with refer-
ence to the rock type model. In the next step, the porosity model
and permeability model were formulated within the limits im-
posed by the HU model.

Structural modelling: the mis-tie correction was applied for
2D seismic. Four horizons: H1, H2, H3 and H4 — were mapped at
depths from 544-938 m, constituting the reservoir base volume
(RBV; Fig. 10) corresponding to the identified tops of the four ho-
rizons: Top_7, Top_12, Top_15 and Top_17 (Fig. 10A). The
depths of the tops (Table 4) were taken from the PGNIG
Warszawa, Branch in Sanok, Jasto Office according to the veloc-
ity model adopted in the interpretation (Bosak, 2007). Four sur-
faces, corresponding to the tops of the four horizons, were
mapped (Fig. 10B). In the next step, 3D grid blocks within the
reservoir base volume (RBV), and four surfaces were created
(Fig. 11A) dividing RBV into 3 zones: Zone 1, Zone 2 and Zone 3.

Initially, in order to capture all the reservoir properties in de-
tail, a model was created based on a horizontal grid having
50 m cell size. In the vertical direction (Z), a grid size of about
1 metre was used as the layer scale. The RBV was divided in
this way into 189 layers. This led to a grid that was 170 x 168 x

198 units in size and contained 8,934,354 grid cells in total.
Since it was assumed that there were no faults in the reservoir,
the gridding process was simplified and faults were not taken
into account.

Converting 2D seismics to pseudo-3D seismics: in the
study area, the 2D seismic survey comprises 25 lines (Fig. 4). As
a first step, the 2D seismic results were converted to a pseudo-
3D seismic cube, using the SGS method. The main steps for
converting the 2D seismic survey to a pseudo-3D seismic cube
are shown in the workflow (Fig. 5, left column). The volume of the
pseudo-3D seismic cube was limited to the RBV — study interval,
between the top of horizon H1 and the bottom of horizon H4 (Fig.
10A). The SGS technique was applied to interpolate seismic am-
plitudes and times in three directions. The result outcome is
termed the “3D seismic” cube and the amplitude model is shown
in Figure 11A.

The seismic amplitudes in both models, the pseudo-3D
seismic cube and the 2D seismic lines, were compared for the
purpose of validation (Fig. 11B). The comparison of amplitude
for points, common to both models (wells), indicated clearly that
the pseudo-3D seismic data was well matched to the 2D seis-
mic data. The next step involved using the pseudo-3D seismics
for seismic facies classification.

SEISMIC FACIES CLASSIFICATION

Seismic signatures of geological facies are related to the li-
thology, fluid content, porosity and geometry of the geological
body. Depositional processes and environments of deposition
are also considered (Roksandic¢, 2006). In the study presented,
seismic facies classification was carried out on the basis of cor-
relations between the seismic attributes and well log records.
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Table 4

Depths of the tops of the horizons defined in the Z Gas Field
(according to Bosak, 2007)
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Fig. 10. Results of structural interpretation

A — part of seismic section along line 24-5-02k, four horizons pre-
sented on the basis of interpreted well-tops: Top_7 — H1, Top_12 —
H2, Top_15-H3 and Top_17 — H4; B — depth of 3D structure model
in the study area; four surfaces were created for the four horizons
H1-H4 (according to Bosak, 2007)

Because of the small number of wells in the study area and their
irregular distribution, the UNN method was applied to improve
the results for seismic facies distribution in the reservoir body
volume. The seismic attributes selected, i.e. relative acoustic
impedance and sweetness and envelope (Chopra and Marfurt,
2005), and amplitude (measured data) were input for UNN pro-
cessing and the output resulted in seismic facies classes. The
relative acoustic impedance as a simplified inversion result was
used for lithology discrimination and as a thickness variation in-
dicator (Suarez and Marfurt, 2008). Sweetness was useful for
channel detection in deep-water clastic settings (Hart, 2008).
The main issue in choosing the number of facies classes
was to find the balance between the statistical outcomes and
real geological units. The assumption was made that different
facies have distinctive petrophysical properties and spatial fea-
tures that could provide a basis for modelling (Deutsch, 2002).
Initially, ten facies were used in the UNN processing, in order to
distinguish all possible facies in the data. The number of facies
and the percentage of data for each facies were considered in
the process of the facies selection. Ultimately, six facies corre-
sponding to six rock types from the well log data and six HUs
from the laboratory data, were selected. The difference be-
tween ten and six seismic facies is shown in Figure 12. In the
upper panel (Fig. 12A), a great diversity of facies was difficult to
explain in terms of geology and petrophysics. The result giving

Top_7 (H1) | Top_12 (H2) | Top_15 (H3) | Top_17 (H4)

Well

[m] [m] [m] [m]
Z-72 547 764 882 938
Z-74 548 762 879 933
Z-75 540 656 698 777
Z-76 550 657 701 773
Z-77 550 767 884 936
Z-78 566 682 727 805
Z-79 576 698 740 823
Z-81 552 657 701 776
Z-82 567 670 717 794
Z-84 544 663 701 783

six facies revealed a more consistent facies image, in terms of
the corresponding seismic reflections (Fig. 12B).

The six seismic facies F5—F10 (Fig. 12B) were marked with
the same colours as the six rock types (Fig. 8B). The light blue
signified the parts with the best reservoir properties. The black
colour was used to specify facies with low potential for fluid flow.
The original seismic display is shown in Figure 10A.

The pseudo-3D seismic cube permitted the interactive blen-
ding of multiple seismic volumes representing various attributes
to isolate areas of interest and conceptualize them as 3D ob-
jects (geobodies). In the next step, 3D objects were assigned to
geological structures and provided with geological interpreta-
tions. The geobodies were included directly in the 3D geological
model, bridging the gap between geophysics and geology.

The envelope attribute was applied to extract the probable
geobodies for the deltaic sedimentary environment in the study
area (Fig. 13). The main trend of the channel system in this in-
terval from south to east and the delta lobe were clearly defined
in the eastern part. The G3 group of wells (Z-76, Z-81, Z-82)
and the G4 group of wells (Z-78, Z-79) were drilled in the west-
ern part of the study area, where a complex distribution of facies
was observed (Fig. 13).

Wells of the G2 group (Z-75, Z-84) were drilled in the chan-
nel system (middle part) and wells of the G1 group (Z-72, Z-74,
Z-77) were drilled in the eastern part of study area, where the
delta lobe facies was recognized. Because of the low (10 m),
vertical resolution of the pseudo-3D seismics the outcomes
gave only a generalized picture of facies distribution (geo-
bodies) in the study area. The six facies, marked by colours,
corresponding to the core data and well log records (six hydrau-
lic units), were not clearly visible. In the next step, rock types
were incorporated in the classification of seismic facies to im-
prove facies modelling.

ROCK TYPE MODELLING

Lithology within the reservoir could be interpreted from raw
seismic data (amplitudes) due to the relationship between the
seismic wavelength and geometrical size of sandy-shaly layers.
Similarly, geological features could be directly derived from the
seismic attributes. The UNN result for six facies (Fig. 14A)
showed the distribution of facies on the surfaces (recurrent on
horizons H1-H4), which could be explained on the basis of geo-
logical knowledge, well log data and seismic data. The lateral
facies distribution obtained was accepted on the basis of the
similarity between facies distribution and the occurrence of vari-
ous seismic attributes. The vertical facies distributions from the
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Fig. 11. Pseudo-3D seismic cube

A — block average data of 2D seismics after upscaling into 3D grid;
B — comparison between 2D seismic profiles and pseudo-3D seismic cube
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Fig. 12. Cross-section of seismic facies classification results (H1-H4 section) from the UNN method

A - 10 facies; B — 6 facies

boreholes were not entirely confirmed by the lithological types
distinguished on the basis of well logging, because of the poor
vertical resolution of the seismic data for the thin-bedded,
sandy-shaly strata (Fig. 14B).

The thickness of the facies was small (tens of centimetres),
relative to the seismic vertical resolution (10 m) and so the facies
distribution could not have been obtained using seismic data
only. In Figure 14B the result of the 6RT_log (result of the division
of the formation into six rock types on the basis of logs) was in-
cluded in wells Z-81, Z-76 and Z-82. Colours related to facies
were not in agreement. In the next step, the 6RT_log results and
the 6Facies_UNN results were combined (Fig. 14C, D). Sto-
chastic classification, using SIS, was applied to obtain results in
agreement with the well data at each well location, and improved

the horizontal resolution, related to the uneven, spatial distribu-
tion of the wells. The resulting model of facies distribution
6RT_SIS in the reservoir body volume is shown in Figure 14C.
The seismic facies section in Figure 14D shows a good match
between the 6RT_SIS model and the 6RT_log model in wells
Z-81, Z-76 and Z-82.

HYDRAULIC FLOW UNITS
AND RESERVOIR PROPERTIES

The six hydraulic flow units (6HU) defined were entered into
the 3D grid (referring to workflow shown in Fig. 5). In order to con-
trol the distribution of HU, the 6RT_UNN_SIS (resulting division
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channel system

delta lobe

Fig. 13. Channel system and delta lobe facies from
pseudo-3D seismic extraction in the study area

of formation, by the statistical method SIS, into seismic facies by
using the Unsupervised Neural Network controlled by results of
well logging) was used. The resulting model 3D 6HU_SIS (final
3D division of the formation into hydraulic units) is shown in Fig-
ure 15A. To make a comparison to the seismic facies distribu-

tion, the 3D 6Facies_UNN_SIS distribution (six seismic facies
distribution resulting from the Unsupervised Neural Netwok im-
proved by rock types from well logging) was included.

The final step of the static modelling was properties model-
ling. Owing to the complex variation in permeability within the res-
ervoir model, the porosity from the well logging interpretation
(PHI) was first established and then the permeability was calcu-
lated. Generally, permeability modelling was done using SGS
and co-kriging with a porosity model. Permeability was calculated
from the porosity model using the Kozeny-Carman equation [1].

The SGS method was applied to interpolate porosity into the
3D grid, corresponding to the six facies model (6Fa-
cies_UNN_SIS) and six hydraulic flow units model, 6HU_SIS (Fig.
15B). High porosity values correlated with HU6s, HU5s and
HU4s and low porosities with HU1s, HU2s and HU3s.

In the final stage, the permeability modelling was carried out
(Fig. 5). Equation [4] was applied to calculate the 3D permeabil-
ity model (K_HU), on the basis of 3D 6HU_SIS and 3D PHI_HU
and FZI_mean (Fig. 15C).

The distribution of HUs from static modelling (Fig. 15A) was
in agreement with the distribution of seismic facies (Fig. 14C;
3D 6RT_UNN_SIS). Seismic facies colored in black corre-
spond to hydraulic unit one, HU1, in dark blue. Hydraulic unit
HU1 has the lowest potential for fluid flow (Table 1 and Fig. 9).
The facies in light blue corresponded to the rock type in light
blue (Fig. 14). The facies in black were related to rock types rep-

Not matching
with RT_log

,..l
f

6Facies_ UNN_SIS ™

F5
F6
F7

)\..

71

Fig. 14. Facies distribution in the reservoir body volume

A — deterministic results — 3D 6Facies_UNN model; B — 6Facies_UNN seismic section with included 6RT_logs in wells Z-81, Z-76, Z-82;
C — stochastic result — 3D 6RT_UNN_SIS model; D — stochastic result — 3D 6RT_UNN_SIS model with included 6RT_logs
in wells Z-81, Z-76, Z-82
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Fig. 15. Results of static modeling

A — distribution of 3D 6HU_SIS obtained on the basis of
6Facies_UNN_SIS; B — results of static modelling; distribution of 3D
PHI_HU obtained on the basis of 6HU_SIS; C —results of static mod-
elling; distribution of 3D K_HU obtained on the basis of PHI_HU

resented in black (Fig. 8). The cross-plot of 3D K_HU vs. 3D
PHI_HU shows a clear relationship between K and PHI in each
HU (Fig. 16A). A correlation was noted between the permeabil-
ity from logs (K_log) and the permeability, calculated for the 3-D

model (Fig. 16B). The permeability, calculated for the first hy-
draulic unit, HU1, was slightly smaller than the K_log value, but
in other hydraulic units the correlation is good.

CONCLUSIONS

A case study was performed in the Z gas accumulation re-
ferable to a group of Miocene gas reservoirs in part of the
Carpathian Foredeep of Poland. In the section of the Z Gas
Field examined, the depositional environment of the reservoir
strata is deltaic. The reservoir rocks were a sandy-shaly, thin-
bedded succession, which varied not only in thickness, but also
in lateral extent. Despite the challenges presented by the com-
plicated lithology and their petrophysical properties, a range of
geophysical, geological, and geostatistical modelling tech-
niques were used to reach the following conclusions:

— The hydraulic flow unit technique, developed by oil-indus-
try researchers and routinely applied to problems of identifying
reservoir characteristics in a wide range of deposits, proved to
be effective in the gas field studied. In this study, the data from
570 core plugs (PHI_core and K_core) from ten wells were clas-
sified into six hydraulic flow units (6HUs) by applying conven-
tional cluster analysis techniques.

— Statistical methods proved to be useful, flexible and effec-
tive. LMR and ACE were tested and yielded acceptable results.
Both methods were used to integrate core and log data in calcu-
lations of the FZI and to divide the reservoir, penetrated by each
well, into hydraulic flow units (HU). In the study, the optimal ACE
transformations of dependent (FZI) and independent (logs) val-
ues were derived to improve the correlation of the FZI from core
and well log data.

— In the absence of core descriptions, the six rock types were
classified by the K mean clustering method, applied to well log
data. The resulting classification was used as a reference frame-
work in the determination of the distribution of hydraulic units.

— A pseudo-3D seismic cube was created from a high-den-
sity grid of 25 2D seismic profiles, using the Sequential Gaussi-
an Simulation technique. This facilitated the process of map-
ping the deltaic facies and revealed a channel system.

— A UNN was used to classify the pseudo-3D seismic attrib-
utes, amplitude (raw data) and relative acoustic impedance and
envelope and sweetness, into six seismic facies
(6Facies_UNN). Rock type modelling, using the Sequential In-
dicator Simulation technique, helped to overcome the limitation
of the seismic scale by combining well log (RT) and seismic fa-
cies (6Facies_UNN).

— Six hydraulic flow units were modelled, using the Sequen-
tial Indicator Simulation technique, and were controlled by the
six rock types model. Since the method incorporated the facies
distribution, extracted from the pseudo-3D cube, the resulting
3D HU model was not only dependent on petrophysical proper-
ties (K, PHI), but also was controlled by stratigraphy.

— To reduce uncertainty in the applied geostatistical meth-
ods and to maximize the advantages of applying the hydraulic
flow unit technique, the 3D permeability model was calculated
directly from the 3D porosity model, constrained by the HU
model (using the Kozeny-Carman equation). The results
showed a good correlation between the permeability, deter-
mined from well log data, and the calculated 3D permeability.

— Static models of seismic facies, rock type, hydraulic flow
units and reservoir properties, i.e. porosity and permeability,
were the basis for fluid flow modelling. The methodology can be
applied to other reservoirs in the Miocene succession of the
Polish part of the Carpathian Foredeep and at other locations
where a dense network of 2D seismic data is available.



Integration of core, well logging and 2D seismic data to improve a reservoir rock model: a case study of gas accumulation...

305

1000 1 1 1000 5
100 A /% . 100 T E
J— / _ — -
2 = — - |B -
E 10 e E 10
o) SRy - o)
2 A E
X I - !l
| o= -
g o / g Q 0.1
6 HUs
0.0/ o 0.01 .
; I Hu2 HIE T r
0.001 I HU3 0.001}—1-* - U3 |
e e T e ) HU4 - I Hu4
. HUS5 = A = I HU5
0.0001 DL mmm HUe || 0.0001 o ——1!
0 004 008 012 016 020 024 028 0.0001 0001  0.01 0.1 1 10 100
3D_PHI_HU K_log [mD]

Fig. 16. Cross plot of permeability

A — corresponding to each HU (3D K_HU) vs. porosity from modelling (3D PHI_HU);
B — permeability from logs (K_log) vs. permeability from 3D modelling (3D K_HU)
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