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HR-10000 Zagreb, Croatia
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Abstract: The deep saline aquifer (DSA) Poljana in the Upper Pannonian Poljana Sandstones of Sava
depression, the SW part of the Pannonian basin system, was identified as a potential CO2 storage
object in previous works. Its boundaries have been redefined and its general model further developed,
including the areal distribution of porosity based on analyses of 23 well logs. The sandstones were
deposited in turbiditic and deltaic facies that caused considerable variations of porosity, which
was further influenced by diagenetic processes. A comparison of altogether 355 pairs of porosity
and permeability measurements on core plugs from 16 wells indicated 2 different sets of samples:
impermeable samples with effective porosities reaching 18% and permeable samples which showed
correlation between porosity and permeability. Accordingly, the permeability model was developed
as semi-categorical with two categories: the first category comprising parts of DSA Poljana with
porosity values exceeding 18%, where permeability was correlated with porosity, although with
limited reliability, and the second category comprising model cells with porosity values below the
threshold of 18%, where permeability should not be correlated with porosity due to the appearance of
impermeable values. This approach enabled delineation of areas where permeability can be estimated
with greater certainty, which is of utmost importance for the planning and development of CO2

storage projects and/or energy storage projects with respect to fluid injectivity. This approach can be
used in areas with similar geological settings and limited datasets as an important step from regional
capacity estimations towards the detailed, local-scale investigations.

Keywords: porosity estimate; permeability variability; deep saline aquifer; CO2 storage

1. Introduction

In spite of the strong political support instigated by the international scientific com-
munity (e.g., [1,2]), the energy transition has shown to be rather slow [3], even in the highly
developed countries that have pledged to take the lead. Over the last two decades, it
evolved into a gradual process with multiple learning curves, found to be unavoidable.
One of these involves the roll out of the carbon capture and geological storage (CCS) tech-
nology that is to be piloted, demonstrated, and upscaled until 2030 and fully developed
by 2050, while simultaneously exploring possibilities for underground energy storage,
including hydrogen storage, that are both crucial for effective transition to renewable
energy sources. Planned uptake of CCS technology, as well as underground hydrogen
storage, gravely depends on exploration of the subsurface geological formations that have
regionally extending reservoir properties that are the basic prerequisite for the construction
of the underground storage objects. The CO2 geological storage resource clearly depends
on natural settings—composition and structure of deep rock formations that up to now
used to be studied mostly in petroleum exploration. In this exploration process, various
geological and geophysical data are validated, interpreted, and integrated, and results are
illustrated by the construction of specific subsurface maps. These maps depict various
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characteristics, such as structures, properties of geological formations, or anything else that
is important for the exploration of targeted resources in the deep subsurface.

When investigating the potential for CO2 geological storage on a regional scale, one
of the first and most important steps is to reliably define its static storage capacity. This
capacity is considered “theoretical” according to the concept of the techno-economic re-
source pyramid [4,5], because it includes the estimate of a total pore space in a specific
porous and permeable stratigraphic unit that is deep enough to contain supercritical CO2
and is covered by a regional cap rock formation. Such a unit is usually referred to as a
“deep saline aquifer” (DSA). Since only a fraction of its pores could even theoretically
be filled with injected CO2, the total pore space is further reduced by using the “storage
efficiency factor”, as explained by [5–8]. Techniques of such numerical estimation are fairly
simple, as described in many works (e.g., [9–12]). Their simplicity is because, like any
regional exploration, it all comes to the construction of maps of the effective thickness of
a reservoir, mean depth, temperature, pressure, and its porosity, which is crucial for CO2
storage capacity, yet a rather difficult parameter to estimate. Further exploration is targeted
towards the estimation of permeability, which affects injectivity [13,14] as well as pressure
buildup (e.g., [15]) and is equally as important for CO2 storage as for hydrogen storage or
energy storage. Reconstruction of regional distribution of porosity and permeability are
challenging problems, and this paper provides one approach to their solution.

In the century of petroleum exploration, a standard procedure to characterize reservoir
geometry and properties was developed, but on a scale of a specific hydrocarbon reservoir.
Similar methods would apply to an underground storage object in well-investigated areas,
such as a depleted oil or gas field or a structurally defined aquifer, with the addition
of stability analysis, i.e., the investigation of reservoir geo-mechanical behavior during
CO2/hydrogen injection [16,17]. It is not such a straightforward task for the regionally
extending formations with a lack of data or with a large and inhomogeneous dataset,
which would require extensive preparatory works even before the interpretation aimed at
detailed characterization. It is not particularly demanding to define parameters such as
effective thickness and areal extension of a regional deep saline aquifer, while it is more
difficult to reliably estimate its porosity. Namely, porosity values in sandstone formations
predominantly depend upon the grain size, shape, rounding, and the level of sorting,
as well as upon various diagenetic processes that might have taken place in geological
history. These are the mechanical processes, including compaction, plastic deformation,
brittle deformation, fracture evolution, and geochemical processes, such as dissolution and
reprecipitation [18]. Porosity and permeability in sandstones can be reduced (e.g., [19]) or
preserved, sometimes even enhanced by diagenesis [20,21]. Generally, it is not possible to
directly access to what extent each of these processes influenced the values of porosity and
permeability, nor to establish a correlation between the processes and reservoir properties,
mainly due to the complexity of interconnected processes and the lack of regional data.
Therefore, establishing the porosity model always represents a demanding task, and a
permeability model even more so.

There has been an increase of studies using advanced methods, such as computed
tomography [22–24], to better assess the petrophysical properties of reservoir rocks. The
problem with wider use of this approach is the availability of equipment as well as the
availability of the core samples from deep wells that are usually unattainable for researchers
outside the oil and gas industry. In the case of the absence of a sufficient amount of
core samples, a digital rock sample model could be developed [25]. Development of
a permeability model is particularly problematic, and the novel approach includes a
combination of computational fluid dynamics and hybrid machine learning methods [26].

Regarding the methods to predict the spatial distribution of petrophysical properties of
deep saline aquifers, the proposed approach is based on the traditional correlation between
porosity and permeability, similar to [27] for permeability model A, but also takes into
consideration the influence of grain size (permeability model B) and irreducible water
saturation (permeability model C). There are more novel approaches applying stochastic
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inversion to multiple-source geophysical data, as proposed in [28]. The principal problem
with this approach is data availability. Namely, the mentioned research used synthetic
data. It is not clear how reliable the results would be using the real data if they were
available. Data availability is a pronounced problem for DSA characterization and that fact
is obvious from simulation studies that use synthetic reservoirs [29] or very simplified DSA
characterization, such as in [30]. Therefore, with data availability being a major problem
for the reliable characterization of deep saline aquifers, the use of simplified methods may
be the only solution.

The study area is situated in the western part of Sava depression (SW part of the
Pannonian basin, in continental Croatia). The investigated unit is of Late Pannonian age,
when the thick sandstone-shale sequence developed that contains several medium- to
fine-grained sandstone bodies deposited in a protected environment of a semi-isolated lake
or deep embayment of Paratethys [31,32].

The presented approach to the development of porosity and permeability models of
deep saline aquifers is applicable for the characterization of regional clastic deep saline
aquifers in mature basins where vintage data are available. An overview of three different
yet similar approaches (all are based on the porosity model) to permeability estimation is
provided and their weaknesses discussed. All three methods may seem oversimplified,
but based on the experience of participation in several EC-funded projects on CO2 geolog-
ical storage (mainly limited to estimation of CO2 storage capacity, e.g., EUGeoCapacity,
ECCO-European value chain for CO2, CO2StoP, Strategy CCUS), the authors very often
experienced a lack of data on deep saline aquifers that would enable the development of
petrophysical models, which are crucial for focusing on further exploration and develop-
ment of CO2 storage projects. The porosity model is crucial for meaningful CO2 storage
capacity estimates and the permeability model enables delineation of areas with higher
injectivity. The proposed methods show the possible ways to address this problem even
with the limited dataset consisting of vintage data. In that respect, the suggested approach
could be used for regional estimates of CO2 storage potential in similar geological settings
and with the similar dataset limitations.

2. Geological Setting

Late Miocene in continental Croatia is characterized by the post-rift thermal subsidence
of the Pannonian basin [33,34]. The brackish to freshwater Lake Pannon is characterized
by the onset of sedimentation in shallow to deep open lake environments [35]. The rest
of the Lake Pannon infill is presented with a deltaic progradation basin architecture [36].
Turbidite system sediments, in front of the delta slope, contain sandstones intercalated with
siltstones deposited as sand lobes and channel fill of considerable thickness. Turbiditic
successions are overlain by a shale-prone delta slope and sandy delta front to coastal plain
sediments [37]. The history of petroleum exploration left this up to 3 km-thick sequence of
sandstone, silt, and marl layers, described in an elaborate scheme of lithostratigraphic units
with prevailingly sandstone sections separated by the marl/silty marl sections, all on a rank
of a lithostratigraphic member [38]. These members were grouped in formations based on
their common lithological or depositional characteristics. In this way, defined sandstone
members became units where the largest number of oil and gas reservoirs were discovered.
Since in the beginning they also meant the largest reserves in continental Croatia, they are
usually referred to as the most prolific unit—the “regional petroleum reservoirs”.

Upper Miocene (Pannonian) sediments filling in the Sava depression are the
2000–3000 m-thick sequence of medium- to fine-grained sandstone and marl layers. Their
lithostratigraphic units are shown in Figure 1. In decades of petroleum exploration, the
Upper Pannonian Okoli and Iva Sandstones of Ivanić Grad formation and the Poljana
Sandstones of Kloštar Ivanić formation were found to be the most prolific, and therefore
also called the “regional petroleum reservoirs”. That is why these layers were the most
drilled and the largest number of cores was taken and analyzed, which makes up the
principal, albeit vintage, dataset for this analysis. Elaborate subsurface mapping and
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sedimentological analyses revealed that these layers were deposited in the beginning as
turbidites and transitioned into the pro-delta and deltaic environments. These stacked
sandstone layers are mostly elongated in the direction of paleo-transport, and have variable
thickness, grain size, and porosity. On the other hand, the complex structural setting of the
Sava depression as an elongated, asymmetric half-graben resulted in pronounced variations
of depth, particularly in dip directions along several structures. The Poljana Sandstones
member (green in Figure 1) comprises one to five layers of sandstones, varying in thickness
and granulometry. The sandstones are covered by Graberski marl (Figure 1), the unit that
is continuous within the study area, with thickness exceeding 20 m. This unit is proven to
be efficient cap rock for hydrocarbons, but its sealing properties for carbon dioxide are yet
to be demonstrated. Whereas the influence of depth and thickness variability on geological
storage capacity estimates was investigated in [39], the influence of porosity has not been
considered, and a single average value was used to characterize the whole regional deep
saline aquifer.
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3. Porosity Estimates

When assessing the CO2 geological storage potential of a certain region, the starting
point is to estimate the storage capacity of regionally extending units—deep saline aquifers
(DSA). As mentioned before, it is rather simple to define the values of depth and effective
thickness and to map areal extension of DSA, while it is a more complex task to make a
reliable estimation of porosity.

In the case when sparse data do not enable any detailed modeling, the simple volu-
metric approach developed by NETL and introduced in the US DOE Carbon Sequestration
Atlas of the USA and Canada [40] is usually used. This approach does not consider
porosity variability, but a single average number is used, which can be somewhat prob-
lematic in areas with significant porosity variability. Actually, the reliable estimate of the
average porosity value of a reservoir is one of the classical problems in petroleum develop-
ment geology.

A somewhat different approach to the problem of porosity was presented in [41] in
The Queensland CO2 Geological Storage Atlas. The porosity values were estimated based
on the correlation between the porosity and the depth of sandstones, representing the
deep saline aquifer. The same approach was used in [27] for the purpose of estimating the
capacity of the Mount Simon sandstone aquifer. This approach assumes that porosity is
mainly dependent upon compaction, which is usually true, but for some geological settings
represents an oversimplification. The relationship is dependent upon the reservoir pressure
gradient, with the reservoirs with a hydrostatic pressure gradient generally showing higher
correlation coefficients [42]. As well as the reservoir pressure gradient, the relationship
mostly depends on the extent of other processes that reduce the porosity during diagenesis,
and their contribution is much more complex to assess. It usually requires an ample dataset
of sedimentological analyses to correctly determine the mineralogic composition of grains,
cement, or matrix, and to estimate groundwater flow and mineralization, all of which are
controlling factors of diagenetic processes in the deep subsurface.

Upper Pannonian Poljana Sandstones constituting the DSA Poljana, like all Upper
Miocene sandstones in the Sava depression, are heterogeneous, with porosity values
differing considerably within the same layer. That is why particular attention must be paid
to the problem of defining the areal distribution of this attribute. As previously mentioned,
Upper Miocene sandstones were deposited in turbiditic and deltaic facies, which resulted in
a specific morphology of sandstone bodies, thus possibly influencing the values of porosity.
According to [43], Upper Miocene sandstones of the Western part of Sava depression are
mainly fine-grained to medium-grained (grain diameter ranging from 0.08 to 0.4 mm), and
generally well-sorted.

The most comprehensive study of Upper Miocene sandstones using SEM was con-
ducted in [44]. According to the authors, the grains are angular to sub-rounded, usually
with tangential (point) and rarely concavo-convex and sutured contacts. Sandstones are of
feldspar-litho-quartzose types. They are mostly composed of quartz (monocrystalline and
polycrystalline), sedimentary rock fragments, feldspar, and metamorphic rock fragments,
with variable quantities of micas and heavy minerals. The most dominant rock fragments
are carbonate fragments with the presence of bioclasts. Fragments of siliciclastic sediments,
mostly marls and sandstones, and volcaniclastic sediments (tuffs) were also observed.
Metamorphic rock fragments are numerous and of variable mineral composition, including
mica schists, quartzites, slates, phyllites, as well as metasediments, mostly metapelites, and
rarely metasandstones. Magmatic rock fragments are less common, mostly represented by
plutonic granitoids (granites), and very rarely altered extrusive rocks. Intergranular volume
is filled with carbonate cement (calcite and ankerite), and with fine-grained matrix formed
through alteration and dissolution of the main grains and different types of authigenic clay
minerals (kaolinite, illite, chlorite, and different types of interstratified clays).

Accessible results of porosity and permeability analyses performed on core sam-
ples from old exploration wells indicate rather high heterogeneity of Poljana Sandstones’
reservoir properties, varying from exceptional (porosity exceeding 35% and horizontal
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permeability of 1000 mD) to fair (porosity is rather high, around 20%, while permeability is
significantly lower, between 0.03 and 112 mD). However, the results of laboratory measure-
ments are too sparse to be used in creating a simple model of areal distribution of porosity.
Only the range of porosity is confirmed for well log analyses.

The heterogeneity of porosity and the permeability of Upper Miocene sandstones in
the Western part of Sava depression arises from depositional conditions and differential
compaction, but also from cementation and later cement dissolution, as reservoir properties
are characteristically dependent upon cementation in turbidite sandstones [45]. It should
be noted that samples with a higher clay content have a higher porosity and permeability
with respect to those with a lower content of clay [43]. It can be concluded that the presence
of clay minerals in the form of coating around grains inhibited cementation [46].

4. Materials and Methods

The boundaries of the Poljana Sandstones together with the positions of wells used
for porosity estimates and porosity/permeability correlation are shown in Figure 2. As
already mentioned, DSA Poljana is in the Sava depression, and its NW boundary is located
only 5 km from the City of Zagreb’s eastern border. The input dataset consisted of well
data including well logs from 23 wells that were used for porosity estimates, as well as
petrophysical data obtained from laboratory analyses coming from 9 of these 23 wells
(marked with black symbols in Figure 2) and from 7 other wells without porosity logs
(marked with red symbols in Figure 2).
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Figure 2. Areal distribution of the DSA Poljana with wells used for porosity upscaling. Figure 2. Areal distribution of the DSA Poljana with wells used for porosity upscaling.

The porosity estimates were performed in Lloyd’s Register Interactive Petrophysics
software. For four wells, all “porosity logs” were available (neutron log, density log, and
sonic log), whereas three estimates were made based on the interpretation of the density
log and sixteen estimates were made based on the interpretation of sonic logs only. For
the four wells with all porosity logs, an “effective porosity” estimate was performed using
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the Mineral Solver tool, while for other wells a simple porosity log interpretation was
conducted. It needs to be emphasized that “effective porosity” in Interactive Petrophysics
software is derived from total porosity and the volume of clay (with the clay porosity value
estimated to 10%), where the porosity of clay is subtracted from the total porosity. Thus,
erroneous estimation of clay porosity may lead to errors in “effective porosity” estimates.
It should be noted that in this way, the calculated effective porosity slightly differs from the
effective porosity calculated based only on the total porosity and the volume of shale, as
suggested in [47].

Top and bottom boundaries of the sandstone layers within the DSA Poljana were
mostly taken from [39], where the authors defined the boundaries of DSA Poljana based
on the interpretation of well logs from 140 wells, with the addition of well data in the SE
area to encompass the whole body of Poljana Sandstones (Figure 2). Two main lithological
categories were defined based on the lithological determination of drill cuttings and core
samples from deep wells: marls interbedded with sandstones. To optimize the level of
detail, porosity upscaling was preceded by layering of the model based on the general
changes in the lithological composition. Building of a simplified lithological model, based
on the upscaled well data, was performed after variogram analysis using sequential indica-
tor simulations. The obtained porosity estimates were than upscaled and incorporated into
a model within the sandstone lithology. Spatial distribution of porosity within the model
was mapped using the Gaussian random function simulations after variogram analysis of
the upscaled porosity data from wells (Figure 3).
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Figure 3. Process sequence of petrophysical model development. Figure 3. Process sequence of petrophysical model development.

All three approaches to the permeability estimate were based on the dependence of
permeability on porosity. The first approach (model A) considered the correlation of the
results of the laboratory measurements on core samples, which were available for 16 wells.
It must be emphasized that the data were not spatially evenly distributed. For 1 well, a
total of 93 pairs of porosity and permeability measurements were available, in contrast
to the 5 wells having only 1 or 2 pairs of data. Distribution of porosity/permeability
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measurements suggested a semi-categorical approach to the permeability model, since
two different types of porosity–permeability pairs were distinguished. This approach is
based on measured values with a clear level of correlation reliability expressed by the
determination factor. On the other hand, the data that are used were taken from the vintage
well reports dating from the 1970s to the 1990s of last century. The reports contain only the
results of the measurements, without information on methods used or any details. It is
not possible to assess the reliability of these vintage data and the results should be taken
with caution.

The second approach (model B) was based on Slichter’s empirical equation describing
the influence of grain size and packing on permeability [48]:

k = 10.2
dgrain

ap
(1)

where k is the permeability in darcies, dgrain is the diameter of presumably spherical grains
in mm, and ap is a packing constant (dimensionless), which is dependent on porosity (Φ):

ap = 0.97Φ−3.3 (2)

When the packing constant in Equation (1) is substituted into Equation (2), the correla-
tion reads [49]:

k = 10.5dgrainΦ3.3 (3)

Since the results from only 23 granulometry analyses were available (from 4 wells),
and the values did not show significant variation (they were in the range from 0.065 mm
(very fine-grained) to 0.145 mm (fine-grained)), a single value of grain diameter of 0.095 mm
was used, representing a median of average values reported for the 23 samples. This is a
rather rough approximation, obviously having an impact on the reliability of the resulting
permeability model, but the number of analyses was too low to enable any meaningful
assessment of the grain size spatial distribution. The porosity values were taken from the
previously constructed porosity model.

The third approach (model C) considered the influence of porosity and irreducible
water saturation on permeability, and the relationship was investigated by many au-
thors [50–54]. The problem with the application of this approach was the limited knowl-
edge about irreducible water saturation of DSA Poljana Sandstones. Namely, there were
no NMR nor CT measurements conducted (to apply the approach suggested in [55–58]).
Furthermore, the available well log data encompassed only wells where sandstones of
DSA Poljana are water-saturated, not hydrocarbon-saturated, so the irreducible water
saturation could not be estimated in any zone of the DSA, and the bulk volume of water
(BVW), also called the Buckle number (defined in [59]), could not be defined and used to
estimate it in other parts with known porosity. The Buckle number represents the product
of porosity and irreducible water saturation and is almost constant for a given type of rock.
This led to another simplification—the value of the Buckle number was calculated from
porosity and estimated irreducible water saturation values of the hydrocarbon reservoir
in the south-eastern part of DSA Poljana (location of the well not provided) presented
in [60]. The Buckle numbers calculated from nine pairs of values showed rather high
variability, ranging from 0.023 to 0.053. The irreducible water saturation in the above work
was estimated from a limited capillary pressure dataset, the wettability of the samples was
not investigated, and it might play a significant role in values of capillary pressure and
consequently in the estimated values of irreducible water saturation. The highest value
of the Buckle number (0.053) was taken to estimate the irreducible water saturation from
the developed porosity model, due to the very small grain size of the sandstones indicated
by granulometric analyses, as well as the fact that DSA Poljana Sandstones are mainly
water-wet, resulting in increased irreducible water saturation [61]. The value corresponds
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to typical values of Buckle number reported in [62] very fine-grained sandstones (between
0.05 and 0.07) and fine-grained sandstones (between 0.035 and 0.05).

Since the values of the measured permeabilities on the samples with estimated irre-
ducible water saturation and measured porosity were also reported in [60], these values
were used to select the equation best fitting the observed values. The Timur equation often
shows best fitting with the results of permeability measurements on core samples of clastic
rocks in comparison to other equations, e.g., in comparison to equations of the authors
of [50,63] in a study conducted in [64], and also when compared to equations of the authors
of [52,54], as reported in [65]. Results derived from equations developed by the authors
of [50–54], Tixier [50], Wyllie and Rose [51], Morris and Biggs [52], Timur [53], and Coates
and Denoo [54] and values of permeability measured on core samples (Table 1) showed
that application of the equation from [52] was the most appropriate for describing the
permeability of Poljana Sandstones:

k = 6241 ∗ Φ6

s2
wirr

(4)

where k is absolute permeability in millidarcies, Φ is porosity, and Swirr is irreducible water
saturation (fraction). All other equations yielded much higher values of permeability (see
Table 1 for comparison). Equation (4) was then applied to the porosity model to estimate
the permeability.

Table 1. Parameters used to develop permeability model C (from [60]) and permeability values
estimated using empirical equations developed by Tixier [50], Wyllie and Rose [51], Morris and
Biggs [52], Timur [53], and Coates and Denoo [54] (in italic).

Sample Depth
(m)

kmeasured
(mD) Φ

Swirr
Estimated

k after
Wyllie

and Rose
(mD)

k after
Tixier
(mD)

k after
Timur
(mD)

k after
Coates and

Denoo
(mD)

k after
Morris

and Biggs
(mD)

1 1528.9 10.32 0.2013 0.1618 281.4103 158.8494 283.4618 440.6699 15.86207
2 1528.44 14.49 0.2024 0.2642 108.1637 61.557 108.8929 130.1655 6.146836
3 1526.97 15.21 0.2105 0.2178 189.8973 114.6243 190.4287 253.2376 11.44593
4 1526.55 45.53 0.2162 0.1799 313.8978 197.2204 313.9364 454.0399 19.69364
5 1528.55 23.3 0.2189 0.1417 535.0153 342.464 534.4174 842.4062 34.19708
6 1526.86 33.95 0.2206 0.1099 920.9359 596.3726 919.1952 1553.475 59.55138
7 1527.64 34.79 0.2225 0.1282 703.4108 461.4069 701.4794 1133.386 46.07424
8 1528.65 38.07 0.2229 0.102 1120.198 736.7838 1116.922 1913.342 73.57229
9 1528.34 71.5 0.254 0.166 761.2644 609.0685 749.1885 1050.632 60.81914

Figure 3 shows the flowchart of the process sequence. It includes all the important
steps in the assessment of DSA Poljana petrophysical properties, as described above.

5. Results

The relationship between the porosity and permeability is shown in Figure 4. It
can be observed that the porosity and permeability of the investigated DSA show high
variability, with porosities ranging from 2% to 34% and permeabilities ranging from 0
to 1454 mD. As already mentioned, the available data indicated the existence of two
different types of samples: impermeable samples with effective porosities reaching 18%
and permeable samples which showed a correlation between porosity and permeability.
Thus, a permeability model consisting of two categories was developed: The first category
comprised parts of DSA Poljana with porosity values exceeding 18%, where permeability
was correlated with porosity using the expression in Figure 4 obtained for permeable
samples, although with limited reliability (determination coefficient 0.5748). The second
category comprised model cells with porosity values below the threshold of 18%, where
permeability was not estimated due to the appearance of impermeable values.
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Figure 4. Relationship between porosity and permeability based on the results of laboratory mea-
surements on core samples (blue dots represent porosity–permeability values showing correlation,
and orange dots represent the group of porosity–permeability values of samples that were reported
as impermeable).

It should be noted that all impermeable pairs of values were attributed a permeability
value of 0.001 mD due to the lack of knowledge regarding the measurement limit. Some
were originally reported to have a permeability of 0 mD, while others were simply assigned
as “impermeable”.

Figure 5 shows the result of the process that consists primarily of the porosity estimate,
which is then associated with upscaled lithological composition followed by the permeabil-
ity estimate: permeability model A based on the porosity–permeability relationship with a
cut-off at an 18% porosity value, permeability model B based on porosity and mean grain
size, and permeability model C developed from the empirical equation of [52]. It should
be noted that the porosity values were upscaled only within the reservoir units, while the
intervals of interbedded marlstones were excluded from the porosity upscaling process. It
can be observed that porosity values show large variability that cannot be associated with
the depth or thickness of the respective sandstone. Namely, both the lowest and highest
porosity values are associated with the shallowest sandstone layers. This indicates the
necessity of grain size analysis as well as detailed sedimentological analysis to assess the
effect of diagenetic processes on petrophysical parameters.

The well log analyses resulted in estimates of porosity values ranging from 0.01%
to 35%, which is in accordance with the available results of laboratory measurements on
core plugs (see Figure 4). The model of porosity distribution is shown in Figure 5. It can
be observed that lower porosity values are associated with the deepest sandstone layers,
which can be attributed to the effect of compaction. However, the model is not affected
solely by compaction as it can be noticed that smaller areas characterized by low porosity
are also found in the NW part of the DSA Poljana, where it is situated at rather shallow
depths. Further, it can be noticed that the SE part is also situated rather shallow and is
characterized by increased porosity values. It should be emphasized that the data are very
scarce in the SE part and that the reliability of the model is decreased accordingly.
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Figure 5. Selected well log from the porosity and permeability model of the DSA Poljana for three
permeability cases: A—calculated from the relationship shown in Figure 4 with an 18% porosity
cut-off, B—calculated based on the Slichter equation in [61], and C—calculated based on the Timur
equation in [61].

Generally, with respect to the frequency plot on Figure 6, it can be noted that most of
the upscaled cells of DSA Poljana have porosity in the range from 5% to 24%, with a mean
value of 15%. Porosity values above 15% can be observed in the NW and in the central
part of the model. Higher porosity values are present in the SE part as well, although this
is supposed to be the most distal depositional environment for these turbidite sandstone
bodies. It is between these two regions that the layers are at a greater depth and are
therefore exhibiting lower effective porosity values.

A semi-categorical permeability model (model A) is shown in Figure 7A. Areas with-
out permeability estimates are scarce in the NW part of the DSA, while they are more
represented in the central part, and partly in SE part of DSA Poljana. On the other hand, the
areas with favorable permeability are limited to the northern, central, and southernmost
parts of the DSA Poljana. Notably, the permeability model does not imply that the areas
where the permeability was not assessed have lower permeability and should be avoided in
case of planning injection in this reservoir unit. In these areas, permeability is more difficult
to assess since it is practically impossible to correlate it with porosity. Additionally, the
presence of impermeable samples associated with this category could be arguably related
to the greater influence of diagenetic processes, especially cementation.
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Figure 7. Permeability models of the DSA Poljana: (A) calculated from the relationship shown
in Figure 4 with an 18% porosity cut-off, (B) calculated based on the Slichter equation in [61],
and (C) calculated based on the Timur equation in [61].

Similar to the porosity model, permeability model A is also burdened by the lack
of data and the consequently questionable reliability in the southernmost part of the
investigated area. Further research is needed to characterize this part of the DSA Poljana.

The permeability model based on the relationship between the permeability, porosity,
and grain size (model B) is shown in Figure 7B. It is obvious that the model strongly
resembles the porosity model (Figure 6), which was expected given the fact that the single
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median value of the grain diameter was considered. Most of the estimated values fall in
the range between 1 and 10 mD. The arrangement of the highest values corresponds with
the model A, although the values are overall lower in model B. Additionally, the lowest
values found within the central, deepest part of DSA Poljana somewhat correspond to the
areas without permeability assessment in model A.

Permeability model C, developed based on the equation provided by Morris and
Biggs [52], shows the lowest values of permeability (Figure 7C). As expected, it shows
similarities with permeability model B, since both are dominated by the porosity spatial
distribution. However, permeability model C shows the overall largest range of perme-
abilities in comparison with the other two models. In the deepest part of DSA Poljana, it
predicts very low values of permeability, while moderate to high permeability values are
predicted in the NW and SE parts of the DSA.

6. Discussion

The reliability of the porosity model is limited due to the small number of wells
with appropriate well logs (23) that were used as input data. It can be argued that with
differently spaced wells, a different porosity distribution would have been mapped with
more than significant implications for the static CO2 storage capacity estimates or spatial
planning as far as this regional unit is concerned. In other words, it is questionable to
which extent the proposed model relates to the regional variability that comes from the
complexity of any geological unit in such an extensive area. On the other hand, there is no
approach that could overcome the mentioned problem of geological complexity. Turbiditic
sandstones are very complex, and the mechanisms of their sedimentation that have a direct
implication on their geometry, grain size distribution, and petrophysical properties are still
being studied [66], not to mention the complexity of diagenetic processes. These sandstones
are often interlayered with marls, which can also be noted in our case (Figure 5). In the case
of Poljana Sandstones, with respect to the proximal or distal area of the turbidite body, there
can be one to five sandstone layers (five layers on Figure 5). Within the sandstone layers,
there are occasionally interbedded marls, but of a much smaller thickness. The upscaling of
the lithological composition led to a reduction of marl interlayers in the topmost sandstone
layer; initially, there were six marl interlayers interpreted, and after the upscaling, there
were only three (Figure 5). It should be noted that the presence of marl interlayers will
affect the vertical permeability, which should be addressed when developing a detailed
model for injection simulation.

The proposed approach is neither a time-saving nor a cost-effective solution for the
problem of areal distribution of petrophysical properties of reservoir rocks. Even if there
are many wells with ample measurements, data homogenization and quantitative interpre-
tation of well logs may prove demanding for a regional estimate of a CO2 geological storage
potential that is inevitably burdened with other geological and mapping uncertainties,
the efficiency of the caprock being one of them. On the other hand, there is no simple
satisfactory solution to this problem. The authors tried to establish the connection between
the regional geological complexity and areal distribution of porosity through the correlation
of porosity with the thickness of sandstone layers and the depth (after [67]), thinking that
it might significantly facilitate and enhance estimates. That simplified approach did not
yield satisfying results and there was not enough data to test the approach of intergranular
volume compaction curve construction, as suggested in [68]. Therefore, it was decided to
use porosity estimates using well logs to obtain reliable results and then try to establish the
relationship with permeability. The significance of permeability in operations including in-
jection of fluids into the reservoir and possibly withdrawal of fluids from the reservoir was
evident. Injectivity and the dynamics of pressure increase upon fluid injection will depend
strongly upon the permeability of reservoir rocks. According to the analysis conducted
in [69], absolute permeability was the petrophysical parameter that had the greatest impact
on the calculated CO2 injection costs. The study did not consider relative permeabilities
of reservoir rock to CO2, the petrophysical parameter that is expected to influence the
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injection process the most. However, given the specificity of the measurements, they are
not widely conducted, nor are their results published, and thus they are seldomly used.

One thing must be particularly emphasized: the proposed semi-categorical model
of permeability (permeability model A) was established due to the existence of samples
with varying effective porosity but lacking permeability. The authors are skeptical about
the complete lack of permeability of the samples. The problem of reliable permeability
measurements of low permeable samples was addressed in [70]. The low flow rate of
injected gas and the measurement time limitation do not allow registration of slow flow
through the poorly permeable samples. However, this problem is only partially relevant
for samples encompassed in this study. More pronounced is the problem of inadequate
knowledge regarding the characteristics of carbonate cementation, especially its intensity
and extent. As previously mentioned, SEM studies conducted in [44] suggest that calcite
and ankerite cement are filling intergranular pores, which is expected to significantly
reduce effective porosity and permeability, but the extent of the reduction cannot be fully
comprehended. The effect of cementation on the petrophysical properties is somewhat
evident from the comparison of available granulometric and petrophysical properties of
samples. Namely, a core sample showing a median grain size of 0.096 mm, and a sorting
coefficient, So (after [71]), of 1.67, indicating well-sorted sediment, has an effective porosity
of 4.2% and is reported as impermeable. Another sample from the same core (2.4 m deeper)
has the same median grain size of 0.096 mm, and a similar sorting coefficient, So, of 1.59,
but a significantly higher effective porosity of 12.6%. Despite its higher effective porosity, it
is also registered as impermeable. This arguably implies a strong influence of cementation
on petrophysical properties, with the reliability of this comparison being questionable due
to the limited reliability of the Trask sorting coefficient with respect to the sorting coefficient
developed in [72–74].

The above-stated comparison led to a similar conclusion as that presented by the
authors of [75], who reported that North American sandstones (coming from one unnamed
reservoir) with less than 13% porosity are strongly influenced by carbonate cement, which
controls porosity and permeability, independently of grain size and sorting.

Regarding the permeability model B, it is heavily burdened by the use of the simple
value of the grain diameter. This resulted in the model closely resembling the porosity
model. Additionally, this approach is simplified to start with, since it does not address
the influence of diagenetic processes on permeability. It considers only the effect of well
log-derived porosity and grain diameter. This model is of no significance, even in the
early phase of planning a future investigation, since the porosity model, from which it was
derived, can be used to focus further research towards more promising areas.

Permeability model C is based on an empirical equation that was developed for
reservoirs in Miocene sands, from the zones that were above the gas–water transition
zone and therefore were at irreducible water saturation. The authors emphasized that
permeability estimations are particularly sensitive to errors in the estimates of porosity
and water saturation values. They also emphasized the problem of heterogeneity of
reservoir properties influencing the problem of estimating the bulk volume of water (BVW,
i.e., Buckle number). Namely, the Buckle number should be constant within a fairly
homogenous reservoir. However, changes in lithological composition and grain size will
inevitably lead to variation of the Buckle number value. In this work, a single value of the
Buckle number was used to estimate irreducible water saturation, and this is problematic
because the studied object is of regional extent and characterized by the heterogeneity of
petrophysical properties resulting from the initial packing, sorting, and grain diameter,
but also strongly influenced by diagenesis, as suggested by laboratory measurements of
porosity and permeability on core samples. Although, based on reasonable assumptions,
the lack of data decreases the reliability of the permeability model C and the effect of these
uncertainties cannot be quantified.

As already mentioned, the weakest part of the porosity model, and permeability
model A that was derived from it, is its decreased reliability in the SE part of the study
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area, due to the lack of well data. This is emphatically problematic since the increased
porosity values in this part of the model resulted in the area being characterized as better
assessed in permeability model A, i.e., having a higher readiness level to be considered
for geological storage as well as other possibilities for subsurface use. Nevertheless, from
Figure 7A, it is obvious where the greatest uncertainties of the porosity model A are. It
is also obvious that permeability model B shows too-strong matching with the porosity
model as a consequence of the use of a single grain diameter. On the other hand, the
shortcomings of the permeability model C are not obvious, yet the model is influenced by
the same problem as the permeability model B—it does not adequately address the DSA
Poljana heterogeneity. Permeability models B and C are presented as possible solutions for
similar geological settings and availability of vintage datasets. In case more values of the
mean grain size were available, the Slichter method could prove useful. The values of the
mean grain size could also be used to better assess the irreducible water saturation, thus
improving the reliability of the permeability model C.

7. Conclusions

There are several conclusions emerging from the presented work:

• The most obvious conclusion that can be drawn at this stage would be that further
research is needed to reliably assess the DSA Poljana, including sedimentological anal-
yses as well as micro-computed tomography, with the novel petrophysical analyses
primarily focused on impermeable samples showing fair porosity.

• Additional analyses of cap rock petrophysical properties are needed, including CO2/brine
relative permeability and capillary threshold pressure.

• The presented approach is suitable for DSAs characterized by variability of petro-
physical properties and can be used in the rather early stage of investigation to direct
further research towards more promising areas of clastic DSAs.

• Despite showing a significant drawback concerning the inability to adequately de-
scribe the permeability of the whole DSA Poljana, the permeability model A can be
regarded as the most reliable, since it is based on a greater number of laboratory
measurements and it indicates the zones where the diagenetic processes might have
played a significant role, strongly influencing the permeability values.

• Using the Slichter equation to develop the meaningful permeability model B is prac-
tically impossible without a large dataset that would enable to assess the spatial
distribution of the mean grain size.

• Attempts to make use of the Timur equation (model C) have run into a similar
problem—the lack of reliable input data prohibits any estimate of the reliability of
the results.

• Seismic data should be included to enable identification of structures suitable for
underground storage of CO2 or energy and development of their structural models as
a start point for site characterization and project development.
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