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The Upper Rotliegend/Weissliegend sandstones in the Zielona Gora Basin are characterized by poorer reservoir properties
than in the central part of the Polish Rotliegend Basin. However, there have been no detailed studies of the reasons for these
differences. The main aim of this paper is to interpret the factors that played a major role in the distribution of reservoir prop-
erties in the Zielona Géra Basin. Analysis of variability in reservoir properties was performed using porosity-depth, perme-
ability-depth, and permeability-porosity plots. The reservoir quality ratio (RQ), calculated by multiplying porosity and
permeability values, was also introduced. The RQ ratio was found to be a useful tool to distinguish six types of reservoir
rocks. Analyses of the variability of reservoir properties, coupled with microscopic observations, were discussed in relation to
the sedimentary setting of each type of rock. These sedimentological and petrographical studies were intended to determine
the variability of reservoir properties with respect to primary depositional or lithofacies effects and secondary diagenetic ef-
fects. The results indicate that cementation was a major factor controlling the distribution of reservoir properties, mainly by
affecting the amounts of carbonate, sulphate, and illite. Compaction had only a minor influence on the reservoir properties

studied here.
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INTRODUCTION

The Upper Rotliegend has been the main target of natural
gas exploration in western Poland for over fifty years (e.g., P.
Karnkowski, 1999; Kwolek and Buniak, 2004; \Wolnowski,
2004; Karnkowski, 2007; Kiersnowski et al., 2010a). Explora-
tion has been focused on two regions: the Zielona Goéra Basin,
located south of Wolsztyn Ridge; and the Poznan Basin, north
of Wolsztyn Ridge (Fig. 1). Currently, exploration is concen-
trated in the Poznan Basin, and the largest numbers of publica-
tions are from the Poznan Basin on the Rotliegend sedimenta-
tion (Karnkowski, 1987, 1994; Buniak, 1999; Buniak et al.,
1999; Pokorski and Kiersnowski, 1999; Szwarc and
Kiersnowski, 1999; Kiersnowski and Buniak, 2006; Kiersnowski
et al., 2010b), on petrography (Rochewicz, 1980; Muszynski
and Rydzewska, 1986; Gregosiewicz and Protas, 1997,
Maliszewska and Kuberska, 2009), reservoir properties and
their relationship to lithofacies (Such, 1996; Such et al., 2000;
Buniak et al., 2009), and exploration of tight gas (Poprawa and
Kiersnowski, 2008, 2010; Such et al., 2010). Several publica-
tions refer to the entire Polish Rotliegend Basin and the Zielona
Gora Basin (Kiersnowski, 1997; Karnkowski, 1999; Jarzyna et
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al., 2009; Papiernik et al., 2010); however, there are no detailed
publications on the Zielona Gora Basin.

The Poznan Basin, located in the central part of the Polish
Rotliegend Basin, is characterized by large thicknesses of the
Upper Rotliegend, exceeding 2 km, and a large contribution of
aeolian sandstones in the section. In the Zielona Géra Basin, lo-
cated in the marginal part of the basin, the thickness of the
Rotliegend does not exceed 1000 m, and the contribution of
aeolianites in the section decreases towards the west in favor of
fluvial sandstones.

Aeolian sandstones are the main reservoir rock for gas ac-
cumulation, but the reservoir properties in the two areas are
considerably different (Poszytek, 2006; Jarzyna et al., 2009;
Papiernik et al., 2010). The reservoir properties in the Poznan
Basin are much better than in the Zielona Géra Basin. In the
Poznan Basin, aeolian sandstones are characterized by very
good reservoir properties (porosity >20% and permeability
>1000 mD) and form a wide zone in the central part of the basin.
Previous studies (Buniak et al., 2009) indicated that the de-
crease in the porosity and permeability values of aeolian sand-
stones to the south and north in the Poznan Basin is linked with
the occurrence of fluvial deposits near Wolsztyn Ridge or with
the larger subsidence of the Rotliegend, which is in turn con-
nected with more intense compaction of aeolian sandstones.

In the Zielona Goéra Basin, aeolian sandstones are less fre-
quent in the succession, and their reservoir properties are often
half those of the aeolian sandstones from the Poznan Basin.
These sandstones are also characterized by a patchy lateral
distribution of porosity and permeability values, which is re-
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Fig. 1. Maps of the Polish Upper Rotliegend Basin

A — map of thickness, B — map of reservoir facies distribution (after Kiersnowski in Doornenbal and Stevenson, 2010)

flected in the close proximity of sections with good reservoir
properties (porosity >15%, permeability >100 mD) and poor
reservoir properties (porosity <5%, permeability <1 mD). In ad-
dition, in sandstones from the Zielona Géra Basin, high porosity
is not necessarily collocated with high permeability, which re-
sults in difficulty in determining the lateral zones with the most
positive reservoir properties.

Currently, the Zielona Géra Basin is considered a region of
poor prospects for gas-field discoveries (Wolnowski, 2004).
Among the reasons for this are the poor reservoir properties of
the sandstone and the patchy lateral distribution of reservoir
properties. However, there have been no complex studies that
explained this variability in reservoir properties. It should be
noted that over 100 boreholes were drilled in the Zielona Géra
Basin from the 1970’s to the 1990’s, and huge amounts of geo-
logical information were collected: cores, thin sections, and lab-
oratory measurements of porosity and permeability. Hence, the
Zielona Géra Basin is still an excellent testing ground for analy-
sis of reservoir properties on a regional scale. The main aim of
this paper is to interpret the factors that played a major role in
the distribution of reservoir properties in the Zielona Géra Ba-
sin. The analyses described here are based on reinterpretation
of archival data using modern knowledge.

GEOLOGICAL SETTING

The South Permian Basin system is located in Western and
Central Europe, extending from Great Britain to Poland, and is
one of the main regions for gas exploitation (Glennie, 1990;
Ziegler, 1990; Karnkowski, 1999; Doornenbal and Stevenson,
2010). The gas plays consist of underlying source rock in Car-
boniferous sediments. The South Permian Basin system is di-
vided into several sub-basins, of which one is the Polish Perm-
ian Basin, located in the eastern part of the overall basin sys-
tem. The Polish Permian Basin was developed mostly by
post-Variscan dextral trans-tension (Nikishin et al., 2002;
Lamarche and Scheck-Wenderoth, 2005). The southern Perm-
ian (Rotliegend) Basin is filled with Lower Rotliegend (Autunian)
sedimentary and volcanic rocks, and even in some places affili-
ated with the Rotliegend, Upper Carboniferous (Stefanian in
age) red beds and volcanic rocks, as well as Upper Rotliegend
clastic deposits. Sedimentation of the Upper Rotliegend rocks
took place under arid and semi-arid continental conditions, and
therefore the basin contains aeolian, fluvial, and playa deposits.
Distribution of facies and their thickness in the Upper
Rotliegend Basin was controlled by the Wolsztyn Ridge, a tec-
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tonic horst, which during the sedimentation of the Upper
Rotliegend was the source area for fluvial sediments
(Karnkowski, 1987, 1994; Weihe, 1997; Kiersnowski et al.,
2010b). The Wolsztyn Ridge separated the southern part of the
Rotliegend Basin into two parts: the northern Poznan Basin and
the southern Zielona Géra Basin (Fig. 1). The Poznan Basin is
located in the central part of the Polish Basin and is character-
ized by large thicknesses of the Upper Rotliegend, exceeding
2 km, and a contribution of aeolian sandstones in the section.
The Zielona Goéra Basin is located on the SW margin of the Pol-
ish Basin; the thickness of the Rotliegend does not exceed
1000 m, and the contribution of aeolianites in the section de-
creases towards the west (Fig. 1B). Continental Rotliegend
sedimentation was terminated by the Zechstein transgression,
which caused partial redeposition of poorly consolidated, po-
rous, and permeable aeolian sands and loss of colour in the
topmost part of the section. Bleached Rotliegend aeolian or flu-
vial sandstones and shallow-marine sandstones below the
Kupferschiefer are assigned to the Weissliegend (Jerzykiewicz
et al,, 1976; Nemec and Porebski, 1977; Glennie et Buller,
1983; Karnkowski, 1986; Michalik, 2000, 2001; Kiersnowski,
2007). They are topped with the Zechstein Limestone deposits
(Peryt et al., 2012) and then by the PZ1 evaporites (\Wagner
and Peryt, 1997; Kotarba et al., 2006).

Sandstones of the Zielona Gora Basin belong to the Drawa
and Note¢ formations (Fig. 2) and they are aeolian and fluvial ori-
gin. The Note¢ Formation sandstones are covered by shal-
low-marine Weissliegend sandstones. Numerous conventional
gas reservoirs have been recognized in Poland within the porous
and permeable aeolian sandstones (Fig. 1B) sealed by

Zechstein evaporites and impermeable claystones, both in the
Poznan and Zielona Géra basins (P. Karnkowski, 1999; Kwolek
and Buniak, 2004; Wolnowski, 2004; Karnkowski, 2007;
Kiersnowski et al., 2010a).

METHODOLOGY

The study was performed using data from boreholes drilled
in the Zielona Géra Basin. Boreholes were selected from those
having sufficient geological information: cores, thin sections,
and laboratory measurements of effective porosity and horizon-
tal permeability. In the first stage of the study, a macroscopic
description of the cores was generated: the lithofacies were de-
scribed, and the depositional environment of the rocks under
study was interpreted. Next, a microscopic analysis of 31 thin
sections from different depositional environments was per-
formed. The mineral composition of the grain framework, de-
gree of grain sorting, intergranular contacts, and cements, as
well as the character and value of porosity, were described.
These sedimentological and petrographical studies were in-
tended to determine the variability of reservoir properties with
respect to primary depositional or lithofacies effects and sec-
ondary diagenetic effects. Then an analysis of 1230 porosity
and permeability measurements was carried out. Measure-
ments of porosity and permeability were collected from sand-
stones of different origins, lithologies, and depths of occur-
rence. These investigations aimed to establish relationships be-
tween porosity and depth, permeability and depth, and perme-
ability and porosity. The reservoir quality ratio (RQ), calculated
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Fig. 3. Lithofacies of the Upper Rotliegend sandstones in the Zielona Géra Basin

A — schematic profile; B — shallow-marine sandstones; C — aeolian sandstones; D — fluvial sandstones; Sm — massive sandstones,
Sh — sandstones with horizontal bedding, Sx — sandstones with cross-bedding, Sr — sandstones with ripple bedding;
for lithofacies code see Table 1
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Table 1
Lithofacies classifications and descriptions (modified from Miall, 1978)
Litr:;c())fggies Description Interpreted environment
cross-bedded sandstones, medium- to coarse-grained,
Sxs poor sorted, thickness from 2 up to 10 m channel
ripple-laminated silty sandstones, fine- to g .
Sr coarse-grained, poorly sorted, thickness to few metres over-bank fluvial
massive sandstones, medium- to coarse-grained, poor
Sm sorted, with fine pebbles, thickness from 0.5 up to 15 m flood
Sx high-scale cross-bedded sandstones, fine- to me- dune
2 ium-grained, well-sorted, thickness up to 30 m aeolian
plane-bedded sandstones, medium- to coarse-grained, !
Sh well-sorted, thickness from 0.5 up to 10 m interdune or sand sheet
massive sandstones often with bioturbation and rare fos- s . :
Sm, sils, fine- to medium-grained, well-sorted, cemented by redeposﬂgﬂﬁf %nefr?r?:ct)rlgir?stesegseioolrl]an sands
calcite, thickness from 2 up to 15 m 9 9 shallow-
plane-bedded sandstones, fine- to medium-grained, marine
Sh, laminated by thin clay layers, cemented by calcite, shallow-marine
thickness from 0.5t0 2 m

by multiplying porosity and permeability values, was also intro-
duced. The RQ ratio enables classification of reservoir rocks.
Until now, no analysis of reservoir properties had been per-
formed using the RQ ratio.

SEDIMENTOLOGICAL AND PETROGRAPHIC
CHARACTERISTICS

Sandstones were formed in three types of sedimentary set-
tings: fluvial, aeolian and shallow-marine environments were
noted in the study area (Fig. 3). Fluvial rocks occur in the lower
parts of the profiles throughout the study area. They are devel-
oped as sandstones and conglomerates (Fig. 3). In addition, flu-
vial sandstones dominate profiles in the western part of the area
and near Wolsztyn Ridge (up to several hundred metres thick).
Aeolian sandstones occur in the upper parts of the profiles and
dominate in the eastern and southern parts of the area. Their
thickness increases towards the east (up to several hundred
metres). In the central part of the basin, a zone occurs with lateral
alternation of aeolian and fluvial sandstones. These aeolian and
fluvial sandstones are covered with Weissliegend sandstone (to
several metres). Depending on facies and petrography, the
sandstones can be characterized by their particular reservoir
properties. The facies classification was based on a modified
version of the code proposed by Miall (1978; Table 1).

Fluvial sandstones include sandstones formed in the
channel and interchannel parts of the flood plain (Fig. 3 and Ta-
ble 1). Over-bank facies and those formed during floods are
characterized by poor sorting and massive structure of the
sandstone-conglomeratic facies (Sm) and a rippled structure
in the case of sandstone-siltstone facies (Sr). Channel deposits
are characterized by better sorting than over-bank facies and a
distinct horizontal or cross-stratification (Sx4). The thickness of
the fluvial deposits reaches 100 m, and they dominate in the
lower part of the analyzed sections. Fluvial facies have also
been noted as several-meter-thick intercalations within aeolian
deposits in the upper parts of the sections (Fig. 3). In this case,
they are represented by poorly sorted massive sandstones
(Smy) with a distinct erosional lower boundary. These deposits
reflect the development of a wadi-type river network within the
dune field.

According to the classification of Pettijohn et al. (1972), the
fluvial lithofacies include lithic and sublithic arenites (Fig. 4).

The grains are characterized by poor sorting. These lithofacies
are characterized by the presence of much larger quartz grains
in comparison to rock clasts and feldspars (Fig. 5B), which is
linked to the better resistance of quartz grains to disintegration
during fluvial transport. The rock clasts include mainly volcanic
rocks from erosion of the Wolsztyn Ridge. The grains are
densely packed, and the intergranular contacts are point or pla-
nar, indicating physical compaction. The framework often con-
tains matrix and carbonate cement (Fig. 6C), which fills it partly
or completely, resulting in a decrease in effective porosity.
Aeolian sandstones include well-sorted and distinctly bed-
ded sandstones up to several hundred metres thick (Fig. 3 and
Table 1). They contain a several-meter-thick packet of high-an-
gle cross-stratified sandstones (Sx;), evidencing a dune setting.
Dune sandstones also include massive sandstones and silty

Subarkose

Arkose arenite

50 50

Feldspars Lithoclasts

Sedimentary environment of sandstones:

€ shallow-marine

Odune

Q inter-dune or sand sheet
A channel

A ober-bank

Fig. 4. The mineral composition of skeletal grains of sandstones
in the classification diagram QFL of Pettijohn et al. (1972)
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Fig. 5. Microscopic images of sandstones

A — aeolian, B — fluvial, C — shallow-marine; Ca — carbonate cements, F — feldspars, Fe — haematite coatings, L — lithoclasts, Q — quartz

2 nicol

Fig. 6. Microscopic images of cement filling intergranular space

A — quartz coatings and carbonate cements; B — ferruginous coatings and illite cements; C — carbonate
cements; D — quartz coatings and anhydryte cements; An — anhydrite, Ca — carbonates,
Fe — haematite coatings, Il - illite, Q — quartz coatings
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sandstones with horizontal bedding (Sh+), from 0.5 m to several
metres thick, which were formed in depressions between the
dunes. Horizontally bedded sandstones with thicknesses ex-
ceeding several metres have been interpreted as sandstones
formed within sand sheets.

According to the classification of Pettijohn et al. (1972), ae-
olian sandstones include quartz and sublithic and subarkosic
arenites (Fig. 4). The presence of sublithic and subarkosic
arenites in aeolian facies may be caused by interfingering of ae-
olian and fluvial environments, which could have caused the
redeposition of non-consolidated particles of fluvial origin (feld-
spars and rock fragments) into aeolian sands during arid peri-
ods (Kiersnowski, 1997; Sweet, 1999). Aeolian lithofacies are
characterized by the best grain sorting and the highest porosity
among all Rotliegend sandstone lithofacies (Fig. 5A). High po-
rosity is accompanied by low cement content, mainly in the form
of clay-haematite grain coatings and rare quartz coatings on the
quartz grains (Fig. 6A, B). However, a large part of the aeolian
sandstones is characterized by intense cementation by carbon-
ate and sulphate minerals as well as ilite (meshwork illite;
Gaupp, 1997), which considerably decreases primary porosity
and permeability (Fig. 6B). Based on studies in the Zielona
Gora Basin (Michalik, 1996) and in the Poznan Basin
(Maliszewska, 1997; Maliszewska and Kuberska, 2009), it is
assumed that illite crystallisation took place in the Jurassic,
probably during hydrothermal events related to tectonic activity
(Maliszewska and Kuberska, 2009). Isotopic studies from Ger-
many (Gaupp et al., 1993; Zwingmann et al., 1998), the Nether-
lands (Gaupp and Okkerman, 2011), and the North Sea
(Gluyas and Leonard, 1995) show results similar to those from
Poland (Maliszewska and Kuberska, 2009). This indicates that
the illite cementation process was a regional hydrothermal phe-
nomenon. Therefore, at least until that time, the deposits were
characterized by high permeability. In turn, the carbonate and
sulphate cements could be early as well as late diagenetic
(Kuberska, 2004). However, the late diagenetic carbonate and
sulphate cements occurring in the deeper parts of the sections
did not restrict porosity to the same extent as the early
diagenetic cements occurring in the topmost parts of the sec-
tions (Fig. 6D).

Dissolution of unstable framework grains (feldspars and
volcanic rock fragments) was found in the rocks under study.
This phenomenon, however, is not common. In place of the dis-
solved particles, low secondary porosity occurs within the clay
residue. However, secondary porosity is low and does not im-
pact overall porosity.

Shallow-marine sandstones include massive and hori-
zontally bedded sandstones, often with bioturbations and
siltstone intercalations, which occur in the topmost parts of the
sections (Fig. 3 and Table 1). Massive sandstones (Sm,) were
formed due to redeposition of non-consolidated, primarily ae-
olian sandstones during the initial phases of the Zechstein
transgression. These massive, transitional sandstones pass
gradually into typical shallow-marine sandstones: laminated
(Shy) and massive with bioturbations (Smj). Microscopic stud-
ies have shown that according to the classification of Pettijohn
etal. (1972), the sandstones represent quartz and sublithic and
subarkosic arenites, similarly to the aeolian deposits (Fig. 4).
They are characterized by a high content of carbonates and sul-
phate cements, which restrict the high primary porosity
(Fig. 5C). Sandstones with a large content of carbonates and
sulphate cements are characterized by the prevalence of point
types of intergranular contacts, which suggests an insignificant
contribution from compaction and the early diagenetic charac-
ter of the cement, which actually prevented compaction. In
sandstones with low carbonate and sulphate cement contents,

the intergranular contacts are point and planar, indicating physi-
cal compaction during burial of these rocks.

VARIABILITY OF RESERVOIR PROPERTIES

The variability of porosity and permeability has been de-
scribed by the relationships of porosity and permeability to
depth and the relationship of permeability to porosity. The dete-
rioration of the reservoir properties of clastic rocks with depth is
caused by sediment compaction and reduction of pore space,
which restricts porosity and decreases permeability (Tiab and
Donaldson, 2004). However, the magnitude of compaction in
sandstone depends not only on the burial history, but also on
the mineral composition of the grain framework, its sorting and
rounding, and the presence of matrix and early diagenetic ce-
ments (Beard and Weyl, 1973; Houseknecht, 1987; Bjarlykke et
al., 1989; Hogg et al., 1996; Amthor and Okkerman, 1998). The
influence of the remaining factors is very clearly visible in the
Rotliegend sandstones from the Zielona Géra Basin, where
there is no direct relationship between porosity and permeability
reduction and depth within the described sedimentary settings
(Fig. 7).

No distinct trends of porosity and permeability decrease
with depth were found within the fluvial deposits (Fig. 7). Most
probably, local factors influencing the lithology of these depos-
its, such as sorting or the presence of matrix, exerted more con-
trol over the reservoir properties of fluvial sandstones than did
burial processes.

In aeolian sandstones, porosity and permeability change
abruptly with depth, a phenomenon which is particularly distinct
in dune deposits (Fig. 7). This is probably linked with local vari-
ability in sample lithology (e.g., content of illite cements in the
pore space).

The shallow-marine Weissliegend sandstones generally
show a decrease of porosity and permeability with depth. How-
ever, the same sandstones are characterized by higher reser-
voir properties than the samples collected as described above
(Fig. 7). The maximum values of porosity and permeability are
found in sandstones that did not undergo full cementation by
carbonate and sulphate minerals, which made their poros-
ity/permeability and hence reservoir quality similar to those of
aeolian sandstones. The lack of early diagenetic cement re-
sulted in a susceptibility to compaction that restricted primary
porosity.

The next stage of the study was to analyse the charts show-
ing the relationships of permeability to porosity (Fig. 8), which
made it possible to trace the relationships of porosity and per-
meability changes and to discuss which factors besides com-
paction could have caused deviations from the general trend
(Either and King, 1991; Cade et al., 1994; Evans et al., 1997).

In the case of aeolian deposits, the dune sandstones, which
are potentially the most favorable reservoir rocks with the best
qualities, do not form isolated fields, but are mixed with sand-
stones from the interdune areas and sand sheets (Fig. 8). The
reservoir properties of aeolian sandstones from the Zielona
Gora Basin are highly variable. Sandstones with porosity below
15% and permeability of 1 mD (Fig. 8A, type A) occur in the top-
most parts of the sections, where during the Zechstein trans-
gression, infiltration and cementation of the pore space by car-
bonate and sulphate minerals took place. In contrast, aeolian
sandstones with porosity >15% and permeability <1 mD
(Fig. 8A, type B) represent sandstones in which the pore space
is completely filled with meshwork illite or silty sandstones from
the interdune areas. Most measurements in the aeolian sand-
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Fig. 7. Graphs showing the relationship of porosity and permeability with depth
for the Rotliegend and Weissliegend sandstones from the Zielona Goéra Basin

A — relationship of porosity with depth; B — relationship of permeability with depth

stones point to a permeability from 0.1 mD to almost 100 mD at
a very wide range of porosities (from 3 to 20%; Fig. 8A, type C).
This phenomenon can be caused by a number of factors, which
often act independently, such as sorting, compaction, and type
of cements and how they fill the pore space (Either and King,
1991; Cade et al., 1994; Evans et al., 1997). The last group of
dune sandstones is characterized by very good reservoir prop-
erties (porosity >15%, permeability >100 mD; Fig. 8A, type D)
and include well-sorted sandstones with a small contribution of
cement in the pore space.

Fluvial sandstones are characterized by less favorable res-
ervoir properties than aeolian sandstones (Fig. 8). Sandstones
with very poor reservoir properties (porosity <10% and perme-
ability <0.01 mD — Fig. 8B, type A) are dominant. They are rep-
resented by poorly sorted sandstones, often conglomeratic,
with a high content of matrix in the pore space. The next group
of fluvial sandstones is characterized by permeability within the
0.0110 mD range and a very wide dispersion of porosities,
2-20% (Fig. 8B, type B). This can be caused by a number of
factors, such as grain sorting, matrix content, and compaction
intensity (Either and King, 1991; Cade et al., 1994; Evans et al.,
1997). High reservoir properties with porosity >15% and perme-
ability >10 mD (Fig. 8B, type C) occur in well-sorted sandstones
with a small contribution of matrix in the pore space, which were
derived from the redeposition of aeolian sandstones during the
development of wadis in the dune fields.

Two groups of rocks can be distinguished in the shal-
low-marine sandstones. The first has very poor reservoir prop-
erties (permeability <1 mD and porosity of only a few percent;
Fig. 8C, type A). The second group exhibits a distinct trend in
the permeability-to-porosity relationship (Fig. 8C, type B). The
first group includes clayey sandstones formed under shal-
low-marine conditions, in which compaction and cementation
have significantly restricted the reservoir properties. The sec-
ond group includes sandstones formed due to redeposition of
dune sands. Their reservoir properties have been influenced by
cementation by carbonate and sulphate minerals. Therefore,
depending on the contribution of cement in the pore space, their
porosity and permeability values change proportionally: poros-
ity within 218% and permeability within 0.11000 mD. Note that
the highest porosity values in the shallow-marine deposits are
lower than the highest porosity values in the aeolian sand-
stones. The reason for this lies in partial cementation, compac-
tion, or both, in which lack of cement can cause reduction of po-
rosity. This fact is also evidenced by charts showing the rela-
tionships of porosity and permeability to depth.

These characteristics indicate that the Rotliegend and
Weissliegend sandstones from the Zielona Gdéra Basin exhibit
wide variability in reservoir properties which is not correlated
with sedimentary conditions. There is also no correlation be-
tween permeability and porosity, which causes difficulty in de-
termining the zones with the highest reservoir quality. There-
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fore, an attempt was made to classify the reservoir properties
and to describe the most important factors influencing the pres-
ence of zones with highest and lowest reservoir quality.

CLASSIFICATION OF RESERVOIR PROPERTIES

In practice, a commonly used coefficient is the FZI (Flow
Zone Indicator; Corbett and Potter, 2004; Bata and Jarzyna,
2004) that uses the Kozeny-Carman formula (Tiab and
Donaldson, 2004) based on the relationship of permeability to
porosity. This indicator makes it possible to recognize rocks
with similarly developed pore space, as determined by their ori-
gin and similar diagenetic processes. However, in the case of
the Rotliegend and Weissliegend sandstones from the Zielona
Gora Basin, this task is very difficult due to the complex origin
(aeolian, fluvial, and shallow-marine sandstones) and
diagenesis of the rocks under study (compaction, cementation
by ferritic illite, carbonate, and sulphate minerals, where each of
these processes took place at a different time and with different
intensity). Therefore, to classify the reservoir rocks, the reser-
voir quality ratio (RQ) has been introduced here, which is calcu-
lated by multiplying the measured porosity in a given sample
[%] by the permeability [mD]:

RQ ratio = porosity [%] x permeability [mD]

The RQ ratio does not characterize any physical property of
the rock, but is the value of its reservoir quality and is used to
characterize, not the pore space, but the reservoir properties,
i.e., the capability of the deposits under study to collect and con-
duct fluids.

Following the classification of Levorsen (1967), who subdi-
vided reservoir rocks using porosity and permeability values,
six types of reservoir rocks based on the RQ ratio have been
distinguished in this research (Fig. 9). The boundaries between
the rock types are oblique to the general trend of the permeabil-
ity-porosity relationship and change logarithmically, similarly to
the values of the permeability coefficient, which largely deter-
mines the RQ ratio:

1. Type |: RQ (porosity x permeability) 1—"“tight” rocks;
2. Type II: RQ (1-10) — rocks with very low reservoir
quality;

3. Type lll: RQ (10-100) — rocks with low reservoir qual-
ity;

4. Type IV: RQ (100-1000) — rocks with medium reser-
voir quality;

5. Type V: RQ (1000-10,000) — rocks with high reser-
voir quality;

6. Type VI: RQ > 10,000 — rocks with very high reservoir
quality.

The distribution of the RQ ratio is presented in the chart
showing the relationship between porosity and permeability for
all Rotliegend and Weissliegend sandstones from the Zielona
Gora Basin. It makes it possible to distinguish rocks with high
and very high reservoir quality — classes 5 and 6 (rocks with po-
rosity above 15% and permeability above 100 mD), linked with

>
»

Fig. 8. Graphs showing the relationship of permeability
to porosity with regard to particular sedimentary conditions

A — relationship of permeability to porosity for aeolian sandstones;
B — relationship of permeability to porosity for fluvial sandstones;
C — relationship of permeability to porosity for shallow-marine sandstones
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Fig. 9. Chart showing the relationship between permeability and porosity with: A — borders of classes of reservoir rocks
distinguished by the RQ ratio; B — sample divided into classes based on reservoir quality ratio (RQ)

aeolian sedimentation or redeposition of dune sands, charac-
terized by good sorting and low cement content in the pore
space. On the opposite side are rocks of class 1 — “tight” rocks,
for which permeability falls below 0.11 mD and porosity is
slightly above 10%. These are sandstones with a high content
of cement, matrix, or both in the pore space, which significantly
restricts permeability. In the remaining classes (2, 3 and 4), po-
rosity values are widely dispersed. This phenomenon is caused
by a number of factors which depend on the origin of rocks and
the diagenetic processes to which they have been subjected.
This is reflected as grain sorting, matrix and cement content,
and compaction intensity (Either and King, 1991; Cade et al.,
1994; Evans et al., 1997). The various factors affecting porosity
and permeability are difficult to separate from each other and
represent the dominant factors affecting reservoir properties.
However, it can be assumed that a porosity of less than 10%
and a permeability >10 mD is related to an increase in grain
size. A porosity >10% and a permeability <10 mD can be asso-
ciated with the occurrence of microporosity associated with the
presence of illite in the intergranular pore space.

The variability of the RQ ratio has also been shown on the
map with the mean value of the RQ ratio in the topmost (50 m)
interval of the Rotliegend and Weissliegend (Fig. 10). This inter-
val contains most of the gas reservoirs in the area, and there-
fore it is usually almost fully cored and very well-recognized.
The map was compiled based on cores with sedimentological
and petrographic analyses as well as data from other boreholes
in the study area available in the PGNIiG archives. The mean
value of the RQ ratio was determined for each borehole for the
topmost 50 m of the Rotliegend interval, and a map of its distri-
bution was compiled.

The map shows that the central part of the Zielona Géra Ba-
sin contains rocks of medium reservoir quality linked with ae-
olian rocks, which to the north, south, and west pass into rocks
of very low reservoir quality and into “tight” rocks. To the north
and west, reduction of reservoir properties is linked to the ap-
pearance of fluvial sandstones with high matrix content in the
pore space. The decrease of reservoir properties to the south is
linked to intense cementation of aeolian sandstones with mesh-

work illite. Within the zone with medium reservoir properties
(prevalence of aeolian facies) occur isolated, small areas with
high reservoir quality which often lie adjacent to areas with low
reservoir properties. The reason for this may be the presence of
numerous synsedimentary faults in the Rotliegend deposits
(Fig. 10), which could provide a path for fluid migration and ce-
mentation of aeolian sandstones. However, there is no clear ev-
idence for a link between the structural position of sandstones
and the RQ ratio (Fig. 10). So far, detailed study of this problem
has not been carried out in Poland.

To explain this patchy distribution of reservoir quality, the
RQ ratio was interpreted with regard to sedimentary conditions
and microscopic observations. The triangle graph representing
the percentage contribution of particular sedimentary condi-
tions in the sections under study (Fig. 11) indicates that the
value of the RQ ratio is not strictly linked with rock origin. How-
ever, analysis of the RQ ratio in relation to microscopic observa-
tions gave a clearer correlation. The chart showing the percent-
age content of clay (matrix and/or meshwork illite), chemical ce-
ments (carbonates and sulphates), and pores not filled with ce-
ment indicates that cementation was the main factor determin-
ing reservoir properties (Fig. 12). Early diagenetic cementation
by carbonate and sulphate minerals, which drastically de-
creases the reservoir quality of the sandstones under study,
was particularly important. Late diagenetic cementation by illite
or the presence of matrix in the pore space caused porosity and
permeability to decrease, but did not cause an extreme reduc-
tion, as indicated by relatively high reservoir classifications of 2
and 3.

The presence of illite in the pore space is mostly affected by
the RQ ratio of aeolian sandstones. The fact that not all aeolian
sandstones are cemented by illite is an important issue. More-
over, cementation intensity varies from a few percent to several
percent. This indicates that the illite cementation process could
be selective, multistage, or both. Studies of illite in Rotliegend
aeolian sandstones in Germany indicated that illite
crystallisation is multistage and dependent on the presence of
tectonic horst and trough (Zwingmann et al., 1998). Previous
mineralogical studies of illites in the Polish Rotliegend Basin in-
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Fig. 10. Map showing the distribution of the mean value of the RQ ratio for the topmost part (50 m) of the Upper Rotliegend and
Weissliegend and distribution of synsedimentary Rotliegend faults

dicated that crystallisation of illite could be related to tectonic
activity during the Jurassic period (Maliszewska and Kuberska,
2009). However, the effects of tectonic activity in the multistage
crystallisation of illite have not been investigated in the Polish
Rotliegend Basin, and this remains a topic for future research.

DISCUSSION

Sandstones from the Zielona Géra Basin and the Poznan
Basin are characterized by different reservoir properties and
different distributions. This is due to the different sedimentary
conditions and diagenetic processes during burial in the two ar-
eas. Therefore, results from the Poznan Basin cannot be di-
rectly used in the Zielona Géra Basin.

The results obtained did not confirm that burial processes
were the main factor differentiating reservoir properties in the
Zielona Gora Basin. Probably, local factors influencing sand-
stone lithology, such as mineral composition of the grain frame-
work, grain sorting, or presence of matrix, exerted more control
over the reservoir properties of sandstones than burial pro-
cesses.

Often sandstones occurring in the lower parts of the profiles
were more compacted. It should be noted that the sandstone li-
thology of the lower parts of the profiles is different from that of
the sandstones occurring above them. This applies to both ae-
olian and fluvial sandstones.

Aeolian sandstones occurring in the lower parts of the pro-
fles were formed in the initial stage of erg formation
(Kiersnowski, 1997). These sandstones are characterized by

lower mineral maturity of the grain framework (quartz grains are
fewer, lithoclasts and feldspar more abundant) than the aeolian
sandstones present in the upper parts of the profiles, which
were created during maximum erg development. Differentiation
of grain mineral composition and the degree of sorting resulted
in varying sandstone resistance to compaction. Hence, sand-
stones occurring deeper were more strongly compacted than
sandstones located higher in the profile, but this does not indi-
cate depth of burial.

Fluvial sandstones can also be analysed. The lower parts of
the fluvial sandstone profiles are associated with the source ar-
eas. These sandstones are characterized by high matrix con-
tent in the pore space and poor grain sorting. However, in the
upper part of the profile, fluvial sandstones often formed in alter-
nation with aeolian sandstones (fluvial redeposition of aeolian
sands). Therefore, the matrix content is lower and increases the
degree of grain sorting, and the fluvial sandstones in the upper
part of the profile are characterized by a higher resistance to
compaction than those located below.

Differentiation of compaction intensity probably took place
in the early stages of burial. Maximum burial of Rotliegend in the
Zielona Goéra Basin was approximately 3 km (Karnkowski,
1999). The largest subsidence took place in the Late Permian
and Early Triassic (Karnkowski, 1999; Lamarche and Scheck-
Wenderoth, 2005), when Rotliegend sandstones were rapidly
buried to approximately 2 km depth. This step could have led to
a different character of compaction in the sandstone profiles,
which depended on sandstone lithology, but also on the content
of early diagenetic cements. Therefore, Weissliegend sand-
stones with sulphate and carbonate cements are characterized
by much lower compaction intensity than other sandstones.


https://gq.pgi.gov.pl/article/view/8221

204 Anna Poszytek

Aeolian

90
10

ININININININININ/N,

700 90 80 70 60 50 40 30 20 10
Shallow-marine

Fluvial
Types of reservoir rock based on
RQ parameter:
O Type V (RQ 1000-10,000)
Type IV (RQ 100-1000)
Type Il (RQ 10-100)
Type Il (RQ 1-10)

@ @ 0 O

Type | (RQ < 1)

Fig. 11. Distribution of the RQ ratio with regard to percentage
content of fluvial, aeolian and shallow-marine deposits in the
sections for the topmost part (50 m) of the Upper Rotliegend
and Weissliegend

The Poznan Basin is characterized by much greater thick-
nesses of aeolian sandstones and less diversity of aeolian sand-
stones (dominated by dune sandstones). There is an observed
upward trend in the depth of burial of sediments towards the
north, which is clearly associated with an increase in sandstone
compaction intensity and a deterioration of reservoir properties.
However, it should not be ignored that in the central part of the
Rotliegend Basin, aeolian sedimentation had a different charac-
ter than near Wolsztyn Ridge. This difference could lead to differ-
ing sandstone petrology and lower compaction resistance. How-
ever, this problem has not been previously studied.

CONCLUSIONS

Gas reservoirs in the Zielona Géra Basin are located within
a wide area dominated by aeolian sandstones, which to the
west pass into an area dominated by fluvial sandstones. Analy-
sis of the variability of reservoir properties with regard to sedi-
mentary conditions and microscopic observations made it pos-
sible to state that cementation was the most important process
influencing the reservoir properties of sandstones. The varying
compaction intensity in sandstones was found to be more
strongly related with sandstone lithology and the presence of
early diagenetic cements in sandstones than the depth of sand-
stone occurrence.

Carbonates and sulphates

100 9 8 70 60 5 40 30 20 10

lllite and matrix Empty pore space
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Fig. 12. Distribution of the RQ ratio with regard to the type of
the pore space filling in sandstones

Other explanations as in Figure 11

Cementation took place in several stages, of which the most
important was early diagenetic cementation by carbonate and
sulphate minerals, which were formed due to infiltration during
the Zechstein transgression. Infiltration by Zechstein marine
waters caused partial or complete restriction of the naturally
good porosity and permeability of the sandstones under study.
Later stages of diagenesis were probably linked with selective
or multistage cementation of meshwork illite, which caused the
patchy distribution of the currently observed reservoir quality of
the rocks. It should be pointed out that illite cementation did not
cause extreme reductions of porosity and permeability, but only
reduced their values. Interpretation of the distribution of the RQ
ratio (porosity and permeability ratio) made it possible to distin-
guish areas with best and worst reservoir quality in the topmost
50 m of the Zielona Géra Basin, which in turn enabled designa-
tion of potential prospecting areas and may serve to interpret
the variability of reservoir properties within presently exploited
reservoirs. Parts of the gas reservoirs in the Zielona Goéra Basin
lie within two or even three reservoir classes (Fig. 10), as evi-
denced by the complex diagenetic processes in the sand-
stones. This indicates that gas also occurs in rocks with poor
reservoir properties. This is an important clue for future re-
search, not only in the Zielona Géra Basin, but also in the whole
Polish Rotliegend Basin.

One advantage of the RQ ratio is that it does not require
analysis of two independent maps of porosity and permeability.
The RQ ratio is not restricted to the search for conventional hy-
drocarbons. It may also be helpful in determining the presence
of tight rocks, identifying migration routes for gases and fluids,
or searching for reservoir rocks as geothermal water sources
and for underground storage of CO,.
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