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Abstract — Zalecze and Zuchlow are strongly depleted natural gas fields in aeolian sandstones of the
Rotliegend, located in the central part of the Fore-Sudetic Monocline. A set of three static 3D models
was generated to check the possibility of CO; injection for Enhanced Gas Recovery (EGR) and to check
the safety of storage by means of geomechanical modeling: one regional model (ZZ4) and two local
models — the first for Zalecze (ZA) gas field and the second for Zuchlow (ZU) gas field. The regional
model is composed of 12 stratigraphic complexes (zones) from the base of the Rotliegend to the
ground surface. The local models comprise only the three lowermost complexes: fluvial deposits of
the Rotliegend, aeolian sandstones of the Rotliegend (Reservoir 1) and basal Zechstein limestone,
Cal. The key elements of the modeling procedure include: Quality Control (QC) of the data,
interpretation of missing parameters necessary for static modeling and their integration within a
geomodel. The processing workflow was elaborated to produce convergent regional and local
models. The regional static model is a framework for a regional geomechanical model. The local
models are the basis for dynamic simulations and local geomechanical modeling. The presented
workflow could be used with some changes for geomodeling of many mature gas and oil fields.

Résumé — Modeéles structurels et paramétriques de la région des gisements de gaz de Zalecze et
Zuchléw, Région monoclinale des Sudétes, Pologne — un exemple du déroulement d’une
modélisation statique générale dans des zones de pétrole matures dans un but de CCS, EGR ou
d’EOR — Zalecze et Zuchloéw sont des gisements de gaz naturel largement épuisés dans les sables
¢éoliens du Rotliegend, situés au centre de la structure monoclinale des Sudétes. Un ensemble de trois
modeles en 3D statiques a été généré, afin de vérifier la possibilité d’injecter du CO, pour améliorer
la récupération du gaz et de vérifier la sécurité de stockage au moyen d’une modélisation
géomécanique : un modeéle régional (ZZA) et deux modéles locaux — le premier pour le gisement de
gaz de Zalecze (ZA) et le second pour le gisement de gaz de Zuchlow (ZU). Le modéle régional est

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.


http://ogst.ifpenergiesnouvelles.fr/articles/ogst/abs/2015/04/contents/contents.html
http://ogst.ifpenergiesnouvelles.fr/articles/ogst/abs/2015/04/contents/contents.html
http://ogst.ifpenergiesnouvelles.fr/articles/ogst/abs/2015/04/contents/contents.html
http://ogst.ifpenergiesnouvelles.fr/articles/ogst/abs/2015/04/contents/contents.html
http://ogst.ifpenergiesnouvelles.fr/articles/ogst/abs/2015/04/contents/contents.html
http://ogst.ifpenergiesnouvelles.fr/articles/ogst/abs/2015/04/contents/contents.html
http://ogst.ifpenergiesnouvelles.fr/articles/ogst/abs/2015/04/contents/contents.html
http://ogst.ifpenergiesnouvelles.fr/
http://ifpenergiesnouvelles.fr/
http://ifpenergiesnouvelles.fr/

636 Oil & Gas Science and Technology — Rev. IFP Energies nouvelles, Vol. 70 (2015), No. 4

composé de 12 complexes stratigraphiques (zones) depuis la base du Rotliegend jusqu’a la surface du
sol. Les modé¢les locaux comprennent uniquement les trois complexes les plus bas : dépots fluviaux du
Rotliegend, sables éoliens du Rotliegend (Réservoir I) et calcaire basal de Zechstein, Cal. Les éléments
clés de la procédure de modélisation comprennent : le contrdle qualité (CQ) des données, I’ interprétation
des paramétres manquants nécessaires pour la modélisation statique et leur intégration dans un
géomodele. L’approche a été ¢élaborée pour produire des modéles régionaux et locaux convergents.
Le modéle statique régional représente un cadre pour un modele géomécanique régional. Les
modeles locaux permettent des simulations dynamiques et une modélisation géomécanique locale. La
méthodologie présentée pourrait étre utilisée moyennant quelques adaptations a la géomodélisation
de nombreux gisements de gaz et de pétrole matures.

INTRODUCTION

This paper presents an outline of the methodology and work-
flow applied for the creation of three complementary 3D sta-
tic geomodels, for testing the possibility of CO, injection for
underground storage (Carbon Capture and Storage, CCS)
and Enhanced Gas Recovery (EGR), as well as for the
security assessment of these processes by means of geome-
chanical modeling. The models cover an area surrounding
two big depleted gas fields, Zatecze and Zuchlow, and many
minor gas accumulations.

Zatecze and Zuchlow gas fields are located in South-
Western Poland, on the Fore-Sudetic Monocline (FSM).
The aeolian and fluvial sandstones of the Upper Rotliegend
are the major reservoirs in this area. They are covered with
Zechstein Basal Limestones (Cal), which is a reservoir in
the region. Zechstein deposits above the Cal form the
caprock and an effective seal of the Rotliegend reservoir.
The anhydrites and salts of the PZ1 Cyclotheme form the
direct seal (Fig. 1, 2).

Exploration in the Zalgcze and Zuchlow area allowed the
discovery of several gas accumulations. Zalgcze and
Zuchlow were the biggest of them (Fig. 3). Exploration
and development work was finished before 1989, with 231
completed wells. They had relatively good coring of the res-
ervoir section and very abundant but generally poor geo-
physical logging. The region is not covered by 3D seismic
surveys and only partly covered by one 2D survey from
the seventies to nineties. In this situation, the crucial effort
was to combine and optimize the input data both for struc-
tural and property modeling, and then to elaborate modeling
workflows, allowing obtaining concordant regional and
local static models. Generally staying in the mainstream
methodology, modeling was completed with original
tailor-made workflows, fitted to the multipurpose use of
the model and the quantity and quality of the input data.

The basic regional model (ZZA), built for the whole
research area, is composed of 12 units (zones) extending
between the base of the Upper Rotliegend and ground sur-
face. The number and type of layering of zones are linked

to their genesis, thickness, internal variability and further
processing destination. The entire structural regional model
is composed of about 11 x 10° grid cells. The 3D grids of
the Rotliegend zones comprise models of facies, superim-
posing local facies variability on the general sedimentary
pattern reflected by zonation. Property models were based
mainly on log data. They were created for further use in
dynamic modeling and to illustrate the variability of the
basic parameters governing gas field quality: effective poros-
ity (log-based and core-based); shale volume (V,); perme-
ability (log-based and core-based); relative permeability
(K, K-); and water saturation (S,,). For further geomechan-
ical modeling preliminary log-based parametric models were
elaborated, including acoustic impedance, density RHOB
and velocity V.

The ZZA is the framework of the two local models cov-
ering only the three lowermost complexes. The first of the
local models covers the big Zalgecze and marginal Wiewierz
gas field (ZA) area and the second corresponds to the
Zuchlow (ZU) gas field area. The local models were
extracted from the regional one, testing two methodologies
in order to get the best possible concordance with the flow
simulator during dynamic modeling of CO, injection for
EGR (Klimkowski ef al., 2015).

The modeling workflow presented in this paper can be
adopted for EOR, EGR or CCS models in many depleted
oil/gas fields of Poland, and more generally of Eastern
Europe and Russia, where the methodology of exploration
and development was in general very similar before 1990.
Working on these kinds of mature fields, geomodelers face
the problem of unequivocal and effective integration of very
numerous and low-quality data. Lack of high-quality data
focuses the workflow on more traditional modeling methods,
demanding first of all geological expertise.

1 GEOLOGICAL SETTINGS

The Zatecze - Zuchlow area is located in the southern part of
the Fore-Sudetic Monocline (Fig. 1) (Narkiewicz and
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Figure 1

a) Study area on the background of the tectonic map of Central Europe, b) tectonic setting of Poland without the Cenozoic cover (after Jarosinski

et al., 2009).

Dadlez, 2008; Karnkowski, 2008; Zelazniewicz et al.,
2011), which is a tectonic unit comprising the Permo-
Mesozoic and covers the Paleozoic Platform (PP). The PP
in this area contains the pre-Carboniferous basement, over-
lain by the Carboniferous fold-and-thrust Variscan belt
(Zelazniewicz et al., 2011).

Sedimentation of the Permo-Mesozoic rocks covering the
FSM area was in general continuous from the Rotliegend up
to the Upper Cretaceous (Marek and Pajchlowa, 1997).
The interval region was situated at that time on the southern
flank of the Polish Basin, known as the Mid-Polish Trough

(MPT), which in turn was part of the Permian-Mesozoic
system of epicontinental basins of Western and Central
Europe, overlapping to a great extent the area of the South-
ern Permian Basin (SPB). The Polish Basin was the eastern
part of the SPB (Ziegler, 1990; Kiersnowski et al., 1995;
Krzywiec, 2006; Jarosinski et al., 2009; Gast et al., 2010;
Pharaoh et al., 2010). Its development resulted from long-
term thermal subsidence, which started in the Permian and
lasted until the Late Cretaceous. It comprised three major
pulses of extension-related accelerated tectonic subsidence
during Late Permian to Early Triassic times, in the
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Oxfordian to Kimmeridgian, and in the Early Cenomanian
(Dadlez et al., 1995; Stephenson et al., 2003; Krzywiec,
2006; Sowizdzat et al., 2013). Partial inversion, which took
place in the FSM area during the Late Cretaceous under a
NE-SW directed transpressional regime (Deczkowski and
Gajewska, 1980; Lamarche et al., 2002; Jarosinski et al.,
2009) resulted in complete erosion of Cretaceous, partial
to complete erosion of Upper, Middle, Lower Jurassic and
partial erosion of Triassic strata (Fig. 2) (Gorecki, 2006a, b).
Cenozoic strata deposited north of the Sudetes are essentially
undeformed, excluding active salt-induced structures and
narrow grabens, 1-2 km wide, several hundred meters deep
and several kilometers long (Jarosinski et al., 2009).

Tectonics of the ZZA comprise the pre-Permian fault sys-
tems trending NW-SE (e.g. the Middle Odra and Dolsk Fault
Zones), SW-NE and W-E. The W-E system was reactivated
during the Triassic — Early Jurassic tensional regime, result-
ing in the development of negative flower structures within
the Mesozoic cover (Deczkowski and Gajewska, 1980;
Grocholski 1991; Kwolek, 2000, 2003; Jarosinski et al.,
2009). These structures, although rooted at the base of the
Zechstein, create separate Mesozoic fault systems
(Markiewicz, 2007). The youngest fault system is closely
related to Mesozoic tectonics. This Cenozoic graben system
developed during the latest Eocene and Oligocene times.
The grabens propagated northwards into the Polish Low-
lands at the end of the Oligocene and remained active until
Mid-Miocene times (Jarosinski et al., 2009; Pharaoh et al.,
2010).

The ZA and ZU gas fields belong to the Carboniferous
Total Petroleum System (CTPS) (Magoon and Schmoker,
2000), one of the most important European groups of petro-
leum provinces (Glennie, 1998; Karnkowski, 2007; Pletsch
et al., 2010; Botor et al., 2013) which, in the area of the
FSM, is a marginal part of the Southern Permian Basin.
The aeolian and fluvial sandstones of the Upper Rotliegend
form the major reservoirs in this area.

Deposits of the Rotliegend group, represented in the
Polish part of the SPB by volcanic and terrigenic series,
are organized into the number of formal lithostratigraphic
or allostratigraphic subdivisions (Pokorski, 1981a, 1988;
Karnkowski, 1994, 1999b; Kiersnowski, 1997, 1998;
Kiersnowski and Buniak, 2006). An attempt was made
recently to unify these subdivisions and correlate them with
those in the German part of the SPB (Gast et al., 2010).
Additionally, simple subdivision of the Rotliegend into
non-reservoir Autunian and reservoir Saxonian, accompa-
nied by paleogeographic division, is commonly accepted
in prospecting practice. The number of paleogeographic
units was distinguished in the Polish part of the
Rotliegend basin. The Central and Silesian basins form the
largest two units (Pokorski, 1981b, 1997; Karnkowski,
1994; Kiersnowski, 1997; Kiersnowski and Buniak, 2006;

Papiernik et al., 2010a, 2012). The ZZA is located
close to the center of the latter. Rotliegend deposits
in the Silesian Basin are developed in 50-60-km-wide
complexes. This zone is bordered from the NE by the
Brandenburg-Wolsztyn-Pogorzela High and from the SW
by the Fore-Sudetic block (Fig. 3). The basin was created
due to tectonic movements during Late Carboniferous and
Permian times, strongly influencing deposit thickness and
facies distribution. The paleo-relief was flat during the
Upper Rotliegend time. This caused facies unification of
overlapped Upper Rotliegend deposits. The Upper
Rotliegend deposit thickness is generally equal within the
Silesian Basin, but locally exceeds more than 400 m in
places of most subsiding tectonic blocks due to still active
tectonic movements. These deposits are represented mostly
by aeolian sands occupying the central part of the Rotliegend
Silesian Basin (called Southern Erg) and by coarser fluvial-
alluvial deposits in the basin margins and the deeper part of
the profile (Fig. 3). Several large dune fields originated in the
central part of the Rotliegend Silesian Basin in the last stage
of deposition. These dune fields were partly preserved dur-
ing transgression of the Zechstein Sea and, as a result,
formed geomorphological traps for gas accumulation, hous-
ing at least 20 gas fields. Zatecze and Zuchlow belong to the
largest among them (Kiersnowski and Tomaszczyk, 2010;
Papiernik et al., 2012).

Rotliegend reservoirs are covered with Zechstein Lime-
stones (Cal), which in the investigated region essentially are
not producing reservoirs, although they produce gas south of
the ZZA. In the Brandenburg-Wolsztyn — Pogorzela Height,
the Basal Limestone (Cal) is developed in reservoir facies.
Zechstein deposits form the caprock and the effective seal of
the Rotliegend reservoir above the Cal. The anhydrites and
salts of the first Zechstein Cyclotheme, PZ1, form the direct
seal ofthe CTPS. They are superimposed by the main dolomite
carbonates of the PZ2 Cyclotheme, gas- and oil-bearing depos-
its being the source rock and the reservoir of the Zechstein
Petroleum System (Karnkowski, 1999a; Pletsch ef al., 2010).
Within the area of the Fore-Sudetic Monocline, Ca2 can be
treated as the secondary reservoir for CCS purposes. Its
caprock is built of anhydrites, salts and shales of PZ2, PZ3,
and partly PZ4 Cyclothemes. In the investigated area,
PZ2-PZ4 Cyclothemes are reduced and they do not contain
all units marked in Table 1 (Peryt et al., 2010).

The stratigraphic column above the Zechstein comprises
clastic deposits of the Lower and Upper Bunsandstein
(Tp1+Tp2), carbonates of the Middle Triassic (Roet — Tp3
and Muschelkalk — Tm) in the ZZA.

Erosional remnants of the Upper Triassic are present
only close to the Northern margin of the ZZA. The Ter-
tiary and Quaternary deposits form the topmost part of
the ZZA profile. Their thickness is up to a few tenths of
meters.
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Gorecki et al., 2011).
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TABLE 1

Lithostratigraphic division of the Zechstein in the Polish part of the SPB
(Units occurring in the ZZA presented on a blue background). (Based on:
Peryt et al., 2010)

Cyclotheme Lithostratigraphic unit

Rewala Formation PZ4d+PZ4e Terygenic formation

Pz4C
Top youngest halite

Upper red pelite (upper part)

PZ4b Intrastratal halite

Upper red pelite (lower part)

Upper youngest clay halite

Upper pegmatite anhydrite
PZ4a

Lower pegmatite anhydrite

Lower red pelite

Younger halite

Main anhydrite
PZ3

Platy dolomite

Gray pelite

Screening anhydrite

Screening older halite

PZ2 Older potash (older halite)

Basal anhydrite

Main dolomite

Upper anhydrite

Oldest halite

PZ1 .
Lower anhydrite

Zechstein limestone

2 METHODOLOGY OF MODELING

Geological reservoir modeling workflows are now com-
monly used in the oil industry, from the construction of com-
plex structural grids to their filling with petrophysical
properties, honoring well data. Geostatistical simulation
methods are classically used at that step as they produce real-
istic images of the geological complexity and internal distri-
bution of reservoir heterogeneities, honoring the data.
Geostatistical approaches also allow the quantification of
the uncertainty associated with the results obtained. As also
already noted by Journel and Alabert (1990), and illustrated

in their paper, data integration provides a major contribution
to reservoir modeling geostatistics. Moreover, this approach
allows the integration of secondary data, such as qualitative
conceptual geological models (Ravenne et al., 2002) or
quantitative seismic data (Lerat ez al., 2006; Doligez et al.,
2007).

In this study, the modeling was performed starting from
typical workflows for the reservoir’s units and its overburden
(Doligez et al., 1999, 2007; Cosentino, 2001; Dubrule,
2003; Labourdette et al., 2005; Zakrevsky, 2011). However,
according to the available data, the stratigraphic framework
was made the focus. The stratigraphic division was defined
in order to allow the optimum representation of reservoir
variability and geomechanical parameter uniformity in the
reservoir as well as in the overburden.

Firstly, a detailed regional model of the reservoir and its
overburden was elaborated for the whole ZZA area. Due
to the different quality and quantity of data, different work-
flows of property modeling were launched for the main res-
ervoirs and their overburden.

The horizontal and vertical variabilities of the reservoirs
were estimated through laboratory data (effective porosity
measurements — PORO, and total permeability — PERM)
as well as log data comprising shale volume (Vj,),
porosity (¢), total permeability (K), water permeability (K,,),
gas permeability (K,) and water saturation (S,,). We modeled
all listed properties using 10 stochastic realizations of
Gaussian Random Function simulations. Finally, base-case
models of properties were estimated as an arithmetical or
geometrical average of these 10 realizations depending on
the distribution type of the parameter.

The models calculated with this workflow used hybrid
(deterministic and stochastic) solutions. They offer smoother
results than individual stochastic realizations; however, they
reflect the uncertainty of results away from data better than
the pure deterministic solutions. This procedure was applied
only to the petrophysical data within the reservoir zones,
where the abundance of data, their spatial distribution and
relatively higher confidence allowed higher control of the
stochastic models by means of (local) shorter-range vario-
grams, variable distribution and conditioning data for the
resulting models.

The property modeling workflow was performed to esti-
mate the facies distribution in the Upper Rotliegend and
Zechstein Limestone (Cal) complexes, as well as the con-
trolling parameters of the overburden such as V;, and .
The process comprised data analysis, variogram construc-
tion and modeling with the use of indicator kriging for facies
and simple kriging, reproducing relatively simplified but
reliable trends of variability for Vg, and ¢.

The study area is relatively large and the spatial well dis-
tribution is very uneven, with clusters of wells within gas
field areas. Such a distribution together with the lack of
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geo-steering data, such as e.g. Al or depth 3D seismic cubes,
implied inevitably huge marginal errors among the regional
and local models calculated for the ZZA separately. To avoid
these discrepancies, it was decided to generate a regional
model that was as detailed as possible and then to extract
the local models from it.

The reservoir models of the ZU and ZA gas fields are thus
parts of the regional model, comprising its three lowermost
zones. Two methods of their extraction were tested. First,
successful tests of populating the local simple grids ZA
and ZU with the variables from the regional grid using a pro-
cess of structural and parametric upscaling were performed.
The quality of these models was satisfying, with some minor
errors of parameter assignment to the zones. However,
finally these models were rejected, mostly due to practical
problems with proper import to external dynamic simulation
software.

The second, more convenient method of extraction is the
procedure of simple copying of selected zones and cells of
the regional model. It allowed us to maintain full concor-
dance of the geometry, and parametric model variability.
This simple procedure is especially useful, as it does not
introduce any geometrical errors, which could impede the
operation of the dynamic simulation software.

3 STRUCTURAL MODELS

3.1 Input Data

The geometrical framework of both the local and regional
models was based on structural maps constructed as 2D
grids. These maps were only partly based on interpretation
of the relatively new 2D seismic data, reprocessed in
2001. At least half of the area of interest, especially the
Zuchléw zone, is not controlled by digital seismic data of
good quality. To fix the problem of lacking control, the
regional 2D grids representing structural and thickness var-
iability were used and corrected locally with abundant well
stratigraphic information, and horizontally refined. To solve
problems of partial coverage of the AOI with seismic data,
we created a set of complex maps leading to a patchwork
of local seismic maps and regional models (Fig. 4) as well
as a series of intermediate surfaces generated as a result of
map operations, refinement and well top corrections.

The most detailed cartographic input data comprised seis-
mic maps (2D grids) of four seismic horizons: the Zechstein
base, the Z2 reflector (the top of the basal anhydrite A2), the
top of the Zechstein and the top of the Upper Bundsandstein,
Tp2. They were fitted to the well tops of the Saxonian, Main
Dolomite (Ca2), Zechstein’s red pelite (IP) and Upper Bund-
sandstein (Tp2). These materials were too sparse to create a
framework ensuring the required resolution.

Area of regional
model

Figure 4

Location of the regional 3D model and input seismic map on
the background of a regional 2D grid of the Zechstein base
(Saxonian top) (Papiernik et al., 2010b in: Doornenbal and
Stevenson, 2010).

To increase the stratigraphic resolution of the model,
regional trend maps in the form of 2D grids were used. These
maps included:

— a structural map of the Zechstein base (Saxonian top)

(Fig. 4),

a thickness map of the Zechstein Limestone — Cal

(Papiernik et al., 2008),

— a thickness map of the Upper Rotliegend (Saxonian)

(Kiersnowski and Papiernik 2008),

a thickness map of the Upper Rotliegend fluvial facies

deposits (Papiernik et al., 2008),

— a thickness map of the Upper Rotliegend aeolian facies
deposits (Papiernik et al., 2008),

— a structural map of the Zechstein top,

— resampled high-resolution topography 2D grids
(Tomaszczyk, 2007) as the topmost surface of regional
structural models.

Stratigraphic depth information from 231 wells, located
within the AOI, was used either to correct seismic/regional
2D grids locally or to generate lacking surface (Ca2 base)
during structural 3D modeling (Fig. 5).

3.2 Fault Model

The fault model comprises a very general interpretation of
fault geometry based on 2D seismic and regional maps.
The spatial range of the original fault model reaches the area
outside the regional static model (Fig. 6). Faults in the Zech-
stein substratum run mostly in the SW-NE direction. Some
smaller faults developed in a roughly perpendicular direction
(SW-NE) were observed at the base of the Upper Rotliegend.
Faults developed within the Rotliegend deposits do not
cause compartmentalization of gas fields, as they have very
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Figure 6

Elements of the structural fault model on the background of the
Saxonian base.

low throws accompanied by uniform variability of aeolian
sandstones occurring at the top of the Saxonian.

The faults observed above the Zechstein form the SW-NE
grabens and display throws up to 200 m (Fig. 6, 7). They
were generated in a transpressional regime as a result of
reactivation of the Paleozoic fault system. However, the
two systems’ continuity is disrupted by the plastic salts
and anhydrites of the Zechstein (e.g. Zalgcze gas field).
The geometry of the grabens is very poorly controlled but
correlation of seismic and well data shows that in some

places, e.g. above Zalgcze gas field, local-scale diapirism
can generate some local inversion which is not delineated
by 2D seismic data.

The precision of the fault model is not very high as a con-
sequence of the low quality of the input data. Another prob-
lem concerning fault modeling is the occurrence of the two
independent fault systems.

3.3 Structural Model

The most complete structural regional model was adapted to

geomechanical modeling requirements. It contains 12 hori-

zons whose estimations are based on structural and/or thick-

ness maps and corrected on suitable well top positions:

— topography,

— lower Muschelkalk Top (well pick-based),

— top of the clastic lower Triassic Tp1 + Tp2 (seismic, map
and well tops),

— top of the Zechstein — top of the seal of the secondary res-
ervoir (seismic, map and well tops),

— top of the PZ3 anhydrite, A3 (well pick-based horizon),

— Ca2 Carbonate Top (Reservoir II) — top of the secondary
reservoir (seismic, maps, well tops),

— Ca2 base — base of the secondary reservoir (well pick-
based surface) = top of the PZ1,

— Nal — top of the PZ1 cyclotheme salt Nal (well pick-
based surface),
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Vertical cross-section displaying the zonation of the regional model.

— Cal carbonates (Reservoir I) Top — top of the basal
Zechstein Carbonates, Cal,

— Saxonian-Aeolian (Reservoir I) Top — top of the Upper
Rotliegend deposits, dominated by acolian sandstones
(seismic-, map- and well top-based),

— Saxonian Fluvial Top — top of the lower complex of the
Upper Rotliegend dominated by fluvial deposits,

— Saxonian base — base of the structural model, and base of
the Upper Rotliegend and fluvial complex.

The regional reservoir model and the two reservoir local
models, Zatecze and Zuchlow, have a framework comprising
only the 5 lowermost horizons.

3.3.1 Model Zonation and Layering

Using the listed horizons, the regional model was divided
into 12 complexes or zones according to their geological
genesis, facies or functionality for modeling (Fig. 7).
In the Zechstein part, zones are the equivalents of lithostrati-
graphic units presenting uniform lithologies. The division of
the Zechstein is detailed from the base of the Cal up to

the top of the Ca2. The PZ2, PZ3 and PZ4 cyclothemes were
divided into two zones. More detailed modeling was not
possible due to the low thickness of lithostratigraphic units
and the poor quality of well picking. The zonation in the
reservoir part follows the general vertical lithological
variability.

The three lowermost zones comprise the reservoir section
of the geological profile for further simulation purposes.
Identification of these zones was based on regional sedimen-
tology and rather detailed core and log facies analyses.
Within the crucial reservoir zone, the Saxonian aeolian, an
optimum layer thickness was established as 10 m, based
on the vertical variability of the ¢ logs. A layering following
the base was applied to reflect the internal architecture of the
mega-dunes in the ZZA. The same layering type was also
used for the Cal carbonate zone, where the layer thickness
was set to four meters to account for petrophysical
variability.

The Mesozoic part of the model’s vertical profile has rel-
atively low lithological variability. These zones were intro-
duced into the model to embrace the structural framework



644 Oil & Gas Science and Technology — Rev. IFP Energies nouvelles, Vol. 70 (2015), No. 4

TABLE 2
Zonation and layering of the basic regional model
Name Zone division

Tml1+Q Proportional Number of layers 10

Tp2 Tml Proportional Number of layers 10

Lower Triassic Tpl1+Tp2 Proportional Number of layers 15

Zechstein Seal II (Ca2 OverburdenZ3 Z4) Proportional Number of layers 8

Zechstein Seal II (Ca2 OverburdenZ2 7Z3) Proportional Number of layers 5

Ca2_Carbonate (Reservoir II) Proportional Number of layers 5

Al1G Proportional Number of layers 10

Nal Proportional Number of layers 10

A1D Proportional Number of layers 10
Cal-Carbonate (Reservoir I) Follow base Cell thickness 4.0 m
Saxonian_aeolian (Reservoir I) Follow base Cell thickness 10.0 m

Saxonian_fluvial (Reservoir I) Proportional Number of layers 10

for geomechanical modeling. Each zone includes similar ter-
rigenic lithological successions. Layering of non-reservoir
complexes is not very dense. It was determined with the
trial-and—error method to optimize the model size and to
avoid over-averaging of petrophysical parameters, compared
with log scale variability. For all these zones, proportional
layering starting from the base with minimum thickness
was applied. Table 2 summarizes the zonation and layering
of the regional model.

Finally, the regional static model of the ZZA comprises
294 x 244 x 155 nodes (>11 x 10° cells), 156 layers, grid
cell average 150 m x 160 m. The model comprises 35 faults.

The local reservoir models of the ZA and ZU fields have
the following geometrical statistics:

— the ZA model comprises 114 x 118 x 72 nodes, 72 geo-
logic layers and 21 faults within 3 zones;

— the ZU model comprises 91 x 76 x 72 nodes, 72 geo-
logic layers, 5 faults, and 3 zones.

4 PROPERTY MODEL

Property and facies modeling was performed within the
regional structural framework and then the results were
transferred into the local reservoir ZA and ZU models.
Modeling of the overburden of the Rotliegend was very
simplified, due to the lower resolution of geomechanical
models, and the amount of available data (only logs) in this
interval.

Figure 8

Location of wells with the facies logs providing input data for
the facies model in the ZZA.

4.1 Input Data

4.1.1 Input Data for Facies Modeling

In the investigated region, facies logs from joint geophysical
logs and core descriptions were relatively sparse and avail-
able for only six wells in the field area and four wells close
to the grid boundary (Fig. 8). Despite the small quantity of
logs, the facies model of the Saxonian aeolian reservoirs
seems to be highly reliable as the variability of sandstones
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in this complex is rather low. On the other hand, the lower-
most fluvial zone of the Saxonian is to some extent concep-
tual due to the smaller number of data.

Regional facies interpretation was based on complex core
and log interpretation (Kiersnowski in: Papiernik et al.,
2008) and was supplemented with some additional GR log
interpretation within the ZZA. Both interpretations resulted
in discrete lithofacies logs comprising aeolian (1), fluvial
(2) and marginal playa (3) facies. The latter occurs only at
the outskirts of the ZZA and is negligible.

4.1.2 Input Data for Property Modeling

Input data consisted only of laboratory data and log interpre-

tations and comprised:

— laboratory measurements of porosity and permeability
(191 wells);

— geophysical logs of shale volume (7, ), porosity (¢), total
permeability (K), water saturation (S,,), permeability for
the water phase (K,,), and permeability for the gas phase
of the Upper Rotliegend and Zechstein Limestone,
Cal (K) (45 wells);

— logs of shale volume (Vy,), porosity (¢), water satura-
tion (S,,), sand volume (V,,,q), halite volume (V,4i10),
anhydrite  volume  (V,uuyarire), limestone  volume
(Viimesione) and dolomite volume (Vyyiomie) as well as
Velocity (V), density (RHOB), and Acoustic Impedance
(Al) logs of the reservoir and its overburden
(26 wells located at the ZZA and close to its margins).

4.2 Facies and Property Model

The result of facies and property modeling is basic parameter
models. Their spatial variability was approximated in the
regional ZZA model, using a mixed methodology of estima-
tion, individually fitted to data variability in the individual
zones of the model. Table 3 summarizes the methods and
parameters used to populate the regional model with these
properties.

In addition, some preliminary properties suitable for the
next phases of modeling were estimated, including bulk den-
sity (RHOB) and Acoustic Impedance (AI). These models
were later improved and/or replaced with more sophisticated
ones elaborated by geomechanical modelers.

4.2.1 Facies Models

Facies models were created for reservoir zones, as only there
were suitable data available. In general, the stratigraphic
zonation of the overburden was considered as lithologically
uniform stratigraphic complexes.

Within the reservoirs, the facies model is also simple as a
consequence of the genetic zonation and rather low resolu-
tion of input data. Four basic facies systems were defined:
aeolian sandstones (code 0); fluvial and alluvial deposits
(code 1); marginal playa deposits (code 2); and undivided
carbonates (code 3) (Fig. 9).

The procedure of facies modeling of the three potential
reservoir zones is summarized in Table 4. Carbonates of
the topmost Cal — Carbonates (Reservoir I) zone in the
ZZA area represent open basin deposits displaying low
thickness and very poor reservoir properties (Peryt et al.,
2010). As a result of such uniformity, the whole zone was
assigned as carbonate facies (code 3).

The sandstones of the Upper Rotliegend building the
Saxonian aeolian zone (Reservoir I) are productive rocks
within the ZZA. According to data analysis, this complex
is dominated by aeolian sandstone at 95.5% (code 0).
The intercalations of fluvial deposits (code 1) were recorded
within data only in its basal parts, close to the ZZA margins
(Tab. 4). Facies in this zone were modeled using indicator
kriging with isotropic exponential variograms with a range
of 5 000 m. These values were adopted arbitrarily as data
analysis does not work properly with such a homogeneous
input data set.

The Saxonian fluvial zone remains in hydraulic contact
with the aeolian reservoir but is very distant from the
gas/water contacts of the fields existing in the ZZA. So, it
can be treated as a substratum of the effective reservoir
complex. For this reason, its layers display relatively high
thickness. The investigated complex is composed mostly
of fluvial deposits (63%) with a large admixture of aeolian
sandstones (~33%). Marginal playa deposits (code 2)
observed in input data (3.5%) (Tab. 4, Fig. 10) are located
outside the ZZA and in practice they are negligible in
the modeled area. The poor data control can be a consider-
able problem influencing modeling quality, as most of the
wells used for facies modeling in the ZZA do not reach
the base of the Saxonian. As a result of data analysis, mod-
eling was achieved using spherical variograms strongly
anisotropic for aeolian intercalations and practically isotro-
pic for fluvial deposits. The variogram for playa deposits
is in practice meaningless. The applied variograms have
large ranges, as they were designed to disclose regional fea-
tures of facies variability, matching sparse data and paleo-
environmental variability.

4.2.2 Seftings of Petrophysical Modeling

Modeling of the overburden zone properties was based on
rather sparse but evenly distributed data, spread over the
modeled area and close to its margins. This, together with
dense and precise zonation, allowed the data analysis to
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TABLE 3
Methods and parameters used to populate the regional model with properties
Property Zone Method Data (No. wells)
Facies 2 Rotliegend reservoir zones Indicator kriging 10
Cal — Carbonate (Reservoir I) Assign value
zone
Ven 3 Reservoir zones Smoothed arithmetic average of 10 stochastic 68
SGS simulations, constrained with the
facies model
Overburden zones Simple kriging 26
¢ (log-based porosity) 3 Reservoir zones Smoothed arithmetic average of 10 stochastic 71
SGS simulations, indirectly constrained
with the facies model by collocated
co-kriging with V, as secondary parameter
Overburden zones Collocated co-kriging with V7, as secondary 26
parameter
Ko (log-based porosity) 3 Reservoir zones Average of 10 SGS realizations, conditioned 43
with the facies model and co-kriged with
the ¢ model
S, — (log-based 3 Reservoir zones Hybrid model — regional background from simple kriging, 69
water saturation) and very small range variograms; local models on gas field
areas average of 10 SGS realizations estimated using
collocated co-kriging with the geometrical parameter
height above the contact
Height above the contact 3 Reservoir zones Geometrical modeling — within small regions covering 4 gas fields
gas field area — feature related to GWC and the top
of the reservoir
K,, (log-based water 3 Reservoir zones Smoothed geometric average of 10 collocated co-kriging 31
phase permeability) with the ¢ final mode l-indirectly conditioned with the
facies model
PORO (core-based 3 Reservoir zones Smoothed arithmetic average of 10 stochastic SGS 191
effective) porosity simulations co-kriged with ¢ final model, indirectly
conditioned with the facies model

show uni-modal data distribution. For these sets of proper-
ties long-range distance variography was applied to disclose
regional constituent variability.

According to the data number, quantity and quality, the
overburden models were designated as the best case models
represented by the kriging model. Figure 11 displays an
example of data analysis and the variogram for RHOB in
the Lower Triassic Tpl+Tp2 zone.

The well spatial definition of salt- or anhydrite-dominated
zones of the Zechstein allowed us to assume a uniform
distribution of properties and arbitrary (high) range of
variograms as the best matching data variability for kriging.

The properties in the reservoir units, for which the
number of data allowed more detailed data analyses and

parameters, were simulated with Sequential Gaussian
Simulation (SGS) in order to reflect local variability.
Figure 12 gives an example of representative settings of
parameters used in modeling of reservoir zones, displaying
the data distribution and related variogram for the major axis
direction.

4.2.3 Regional Model Examples

A direct facies control was applied to estimate the shale
content distribution (V) in reservoir zones. This 3D vol-
ume of ¥V, was in turn used in collocated co-kriging to
improve the quality of porosity distribution (¢, Fig. 13)
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Facies model of the Upper Rotliegend displayed in the W-E section through the ZZA.
TABLE 4
Characterization of basic facies modeling variables and methods for the three zones forming hydraulically continuous zones building Reservoir I
Cal-carbonates (Reservoir I) — assign values
Assign from: constant Facies: 3: carbonates
Saxonian aeolian (Reservoir I) — indicator kriging
Facies Fraction Azimuth Dip Nugget Type Major Minor Vertical Sill
0:aeolian 95.29 | Logs derived 0 0 0.0001 Exponential 5000 5000 10 0.9999
1:fluvial 4.71 Upscaled 0 0 0.0001 Exponential 5000 5000 10 0.9999
Saxonian-fluvial (Reservoir I) — indicator kriging
Facies Fraction Azimuth Dip Nugget Type Major Minor Vertical Sill
0:aeolian 3333 Upscaled 313 0 0 Spherical 11 640.3 82125 55.2 1
1:fluvial 63.10 Upscaled 84 0 0 Spherical 21 815.6 217237 48.8 1
2:playa 3.57 Upscaled 0 0 0 Spherical 18 603 13 211.8 533 1

and indirectly ensure a strong facies influence on the model-

ing results.

The water saturation (S,) model is an example of a
hybrid model incorporating stochastic and deterministic
solutions (Fig. 14). Its background displaying high S,

was estimated from low-range kriging, but regions
covering gas field areas were calculated separately as an
average of 10 SGS realizations, co-kriged with the
height over the contact, and integrated into the background

model.



648

Layer

Probability

Semivariance

Oil & Gas Science and Technology — Rev. IFP Energies nouvelles, Vol. 70 (2015), No. 4

54

55

56

57

58

59

60

61

62

63

0.2 0.4 0.6 0.8

Figure 10
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zone.
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An enormous quantity of input data and output results
does not allow for a brief summary. Table 5 summarizes
the set of averaged modeled parameters collected for the
Saxonian Aeolian (Reservoir I) as an illustration of petro-
physical parameters.

4.2.4 Local Models

In order to keep a full concordance between the regional and
local static models, selected zones, columns and rows were
extracted by a simple copying procedure to the local models.
Some minor discrepancies between the regional and local
scales can arise when an upscaling technique is applied,
and local updates were made. The potentially weak point
of this workflow is the need for using a rather powerful
CPU to generate a high-resolution regional model to reflect
local variability accurately.

Regardless of the extraction method, the model can be
locally updated in the presented workflow.
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An example of the modeling settings in the overburden in the case of RHOB in the Lower Triassic Tpl + Tp2 zone. a) Input data distribution;
b) final distribution after normal distribution transformation; ¢) major axis variogram for transformed data (range approx. 17 km).
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Figure 15 illustrates reservoir variability in the ZA gas field
area, and Figure 16 in the area of the ZU gas field. Both of the
models are restricted to the three owermost zones of the regional

model: Cal-Carbonate (Reservoir I), Saxonian_aeolian (Reser-
voir I) and Saxonian_fluvial (Reservoir I), preserving the ZZA’s
internal architecture, facies and petrophysical variability.
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TABLE 5 TABLE 6
Illustration of averaged results of modeling for the zone Saxonian Aeolian — Ilustration of averaged results of modeling for the Saxonian Aeolian —
ZZA model. No. samples 611 155 Zalecze (ZA) model. No. samples 237 130

Property Minimum | Maximum Average Variance Property Minimum | Maximum Average Variance
Vyr (m*/m?) 0.0106 02034 | 0.07588 0.0027 Vo (m/m’) 0.0335 0.6846 0.217 0.0027
¢ (m¥m’) 0.0001 0.1580 0.025 0.0004 @ (m*/m*) 0.0001 0.0215 0.1320 0.0023
Koras (mD) 0.0001 166.12 24.2102 146.556 Krora (mD) 0.0001 64.72 18.9 37.11
8, (m*/m?) 0.1098 1 0.9718 0.0049 S, (m’/m’) 0.115 ! 0.96 0.0068
PORO (m’/m®) 0 03146 013 0.0016 PORO (m’*/m®) 0 0.3146 0.13 0.0019

PERM (mD) 0 11475 4.3694 95.4729
TABLE 7

Tllustration of averaged results of modeling for the Saxonian Aeolian —

The average variability of the reservoir parameters Zuchléw (ZU) model. No. samples 156 768

within the most importa.nt producing Ps-aeolian zone are di.s— Property Minimum | Maximum | Average Variance
played for the ZA area in Table 6 and for the ZU gas field in
Table 7. Vg (m/m’) 0.01 0.758 0.243 0.01

The two local models were extracted and transferred to @ (m¥/m®) 0.0001 0214 0.13 0.002
geomechanical and reservoir engineering teams. They were
prepared with the use of the first of the extraction Ktorat (mD) 0 166.12 2589 3303
methods described. Testing revealed that it ascertains better S, (m*m?) 0 1 0.96 0.009
compatibility with modeling software of other brands than T s

PORO (m”/m”) 0 0.243 0.143 0.0016

Schlumberger.

“.__ 5732000

Figure 16

Facies model in the ZU area.
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CONCLUSIONS

The work presented allows us to draw a set of conclusions and
recapitulations related to the specific results of modeling in the
Zatecze-Zuchlow Area and some general conclusions on the
workflow presented. Regarding the specific results for the
ZZA, the following aspects of the work can be highlighted:

— the models presented in this paper are based on a very
extensive input database covering:

e very rich stratigraphic identification in wells (up to 231
wells);

e seismic identification based on low-quality 2D seismic
data, and covering only part of the project area. There
are no 3D surveys and no seismic inversion results in
the ZZA,

e good well log characterization of the reservoir section
of the area (up to 71 wells) and considerably worse log
control of the overburden (up to 26 wells). The quality
of interpretation is in each case limited, due to the
quality of the logs acquired during the years 1970 to
1990;

e good but uneven control of core measured porosity and
permeability within the Cal and the topmost 50 m of
the Rotliegend,;

e relatively general quantitative facies identification
based on core and log data;

e good regional trend map coverage;

— the variability of the data involved a first basic step to inte-
grate all these data into a common digital format, allowing
the unification, quality check and finally improvement of
the models. A great quantity of data does not correspond to
their quality. Especially, lack of 3D seismic and poor cover-
age with 2D surveys dramatically increase the structural
and tectonic uncertainty of the ZZA models. The consider-
able age of the geophysical log data and shortage of modern
petrophysical and geomechanical core data considerably con-
fine the methodology of 3D modeling. No sophisticated anal-
yses based on seismic inversion and advanced log
interpretation could be applied;

— in spite of the considerable problems, the models elabo-
rated allowed the successful restoration of geological real-
ism, on the regional and local scales. Following this work,
the potential CO, storage capacity has been estimated for
the Zalecze and Zuchlow sites. The possible trapping
mechanisms in these reservoir sites were also evaluated.
Geomechanical modeling studies were also carried out
to evaluate the geomechanical effects associated with
gas extraction and potential future CO, injection into
the two depleted gas fields Zatecze and Zuchlow.
Regarding the general features of the workflow presented,

the following aspects may be discussed:

— the key component of the procedure was to elaborate work-
flows of modeling allowing us to preserve concordance

between the regional and local reservoir models and a regio-

nal model suitable for further modeling;

— the high stratigraphic resolution of the structural frame-
work plays a crucial role in the proposed workflow.
Well-defined stratigraphic identification guided by geo-
logical expertise can improve the quality of property mod-
eling and leads to a better spatial definition of the input
that should be modeled as individual complexes (zones).
To some extent, in areas of poor data quality, well-defined
zones are used for data subset extraction as simple facies
models. In other cases, well-defined zonation improves
the model identification;

— data analysis and model populating schemes were
designed in a way allowing low time consumption and
unambiguous delineation of parameter variability in the
form of the best guess model for overburden zones;

— the proposed methodology of modeling is matched to the
expected resolution of individual zones as well as to data
quantity and quality. Generally, for the reservoir zones
where data control is good, the procedures of data analy-
sis and modeling aimed to express both regional and local
variability. Modeling was performed in the form of a
smoothed average of 10 stochastic property models for
each parameter, being a kind of hybrid between stochastic
and deterministic solutions. The resulting models display
some variability in the property distribution better than
typical deterministic models and they are not as “noisy”
as individual stochastic realizations, but the procedure is
more time- and computer memory-consuming;

— concerning the overburden zones where input data control
is bad or moderate and where an extremely high resolu-
tion of the model is not necessary, kriging-based models
were used and display a smooth regional variability of pe-
trophysical parameters.

The workflows presented can be used as a starting point
for geomodeling of many mature petroleum areas such as
the ZZA. This example seems to represent many hydrocar-
bon producing areas in Poland quite well, as well as in the
former Soviet Block countries, where the methodology of
exploration and development applied before 1990 was very
similar. Certainly, in specific sites the problems encountered
will be slightly different, but in each case the geological
expertise will be crucial for data integration and optimum
stratification of the model.
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