
1. Introduction

In the Carpathian Foredeep, intensive exploration 
and exploitation of gas from Miocene strata have 
been carried out since the mid-1950s (Karnkowski, 
1999; Myśliwiec, 2004a). The main reservoir rocks are 
Miocene silty sandstones with numerous interiors 
of silt and shale. In the area of the Carpathian Fore-
deep, 84 gas reservoirs have now been documented, 
containing approximately 27 per cent of Polish gas 
resources (Szuflicki et al., 2020). Although there is a 
good degree of geological and reservoir recognition, 
this particular area is still considered to be prospec-
tive for the discovery of new gas reservoirs.

The main objective of the present paper was a 
statistical analysis of selected reservoir parameters 
of Miocene deposits, such as porosity, effective per-
meability and reservoir water inflow, as determined 
on the basis of interpretations of results of field tests 
(acoustic logs and reservoir tests with tubular bed 
samplers [DST – Drill Stem Test]), which were per-
formed simultaneously. The results of these analy-
ses, in the form of regression equations, can aid in, 
among other things, to forecast reservoir conditions 
and simulations of various gas exploitation meth-
ods in the study area.
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Abstract

In the Polish part of the Carpathian Foredeep, an intensification of gas exploration and exploitation from Miocene strata 
took place in the middle of the twentieth century. In spite of a good degree of geological and reservoir recognition, the 
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dependence of the logarithm of permeability as a function of porosity show a weak correlation. However, in the study 
area, the distribution of porosity values for Miocene strata is close to normal.
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2. Geological setting and occurrence of 
gas reservoirs

The Carpathian Foredeep is a Neogene piedmont 
trough that formed during the fold-thrust move-
ments of the Outer Carpathians (flysch) during the 
last stages of the Carpathian tectogenesis (Stupnic-
ka & Stempień-Sałek, 2016; Mizerski, 2020). In Po-
land, this unit measures about 300 km in length and 
up to 100 km in width, as part of a large sedimen-
tary basin that extends along the outer part of the 
Carpathians. In the west it connects with the Alpine 
molasse basin and in the east with the Balkanides 
piedmont trough. Structurally, this is an asymmet-
rical piedmont trough that shallows towards the 
north and is filled mainly with clastic strata of Mi-
ocene (Badenian-early Sarmatian) age, reaching a 
maximum thickness of up to 3,000 m in the Prze-
myśl-Lubaczów zone (Wielkie Oczy trench). The 
northern boundary of the Carpathian Foredeep has 
an erosive character; the southern one is tectonic, 
routed through the forehead of the Outer Carpathi-
ans, thrusted on Miocene sedimentary units. Some 
of these rocks lie tectonically intact (i.e., are autoch-
thonous strata of Miocene age), while others have 
been uprooted, folded together with Carpathian 
folds and put on indigenous sediments (allochtho-
nous deposits of Miocene age: Stebnik and Zgłobice 
thrust sheets) (Fig. 1) (Oszczypko, 2006; Stupnicka 
& Stempień-Sałek, 2016).

The most important productive series in the 
Miocene sequence of the Carpathian Foredeep are 

the sandstone levels of the autochthonous deposits. 
They occur in the molasse complex of varying thick-
ness in the research area: from 2,000 m in the south-
ern zone (in front of the forehead of the Carpathian 
flysch overthrust) and up to several hundred metres 
in the marginal zones – north and north-east, resting 
on the age-varied Mesozoic-Palaeozoic basement 
of the western European platform. The molasse 
complex consists of Badenian and lower Sarmatian 
sedimentary rocks in the form of fine- and medi-
um-grained sandstones (often scattering), as well 
as silt and shale. Reservoir rocks containing natural 
gas accumulations are the following: Baranów sand-
stones and occasionally evaporatic deposits of Bade-
nian age, as well as turbiditic sediments of the basin 
floor and submarine fans and Dzików sandstones of 
early Sarmatian date (northeastern zone). The best 
and most abundant reservoirs for natural gas are 
sandstones of submarine fans and deltaic deposits. 
These rocks contain the largest natural gas reservoirs 
in the Carpathian Foredeep. Sandy deposits of sub-
marine fans prevail in the southern part of the fore-
deep; towards the north, these pass into fine-grained 
sediments, up to deltaic levels near the top of the se-
quence. The latter are the main reservoir series in the 
northeastern part of the Carpathian Foredeep. Their 
thickness amounts to up to several hundred metres; 
the series is characterised by the occurrence of a se-
quence of very good reservoir rocks interbedded by 
clay levels (Myśliwiec, 2004a, b).

In spite of having many individual features, nat-
ural gas accumulations in the Carpathian Foredeep 

Fig 1. Tectonic sketch of the Polish portion of the Outer Carpathians and Carpathian Foredeep (modified from Oszczyp-
ko, 2001)
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display several common features, as well as seal-
ing. The pre-Neogene surface of disconformity and 
tectonic folding of the flysch Carpathians performs 
the role of regional sealer (structural closure) on the 
scale of the entire foredeep. Their shape was influ-
enced by tectonic movements that differentiated 
along dislocations, as well as intense erosion.

3. Statistical analysis of reservoir 
parameters of Miocene sandstone 
deposits determined on the basis of 
sampling

Gas-bearing and aquifer reservoirs of autochtho-
nous Miocene strata in the Carpathian Foredeep 
are characterised by significant facies variability, 
both horizontal and vertical. The layer-and-lami-
nate structure of the sandstone-silt-clay sequence 
and frequent thickness reductions led to the occur-
rence of diversified saturation with reservoir fluids 
(reservoir water and natural gas). For this reason, 
results of sampling such occurrences works, ob-
tained during the exploration stage, may be ambig-
uous.

The reservoir properties of Miocene deposits in 
the study area were investigated by acoustic well 
logging and drill stem tests (DST). The results of 
these tests are used in the oil industry to make deci-
sions regarding exploration and technology. Indus-
trial practice has shown that reservoir properties 
and parameters from the interpretation of geophys-
ical well logging (Drabina, 2017) and DST are most 
easily available.

Industrial gas accumulation occurs mainly in 
sandstone levels; however, gas saturation is also 
found in finely laminated sandy-clay or even silt-
shale levels. Correct recognition of reservoir fea-
tures of these sediments is crucial for typifying 
potential zones of gas accumulation in Miocene 
deposits. In order to be able to assess reservoir pa-
rameters, results of technically and technologically 
successful reservoir tests (DST) of water-bearing 
Miocene deposits, obtained in the 1990s (Dubiel et 
al., 1993–1998), have been used.

3.1. Distribution and statistical analysis of 
reservoir parameters

The distribution of selected reservoir parameters, 
i.e., total porosity of rocks (φgeoph.), reservoir water 
inflow (Qw) and effective permeability for water 
(kw), are presented in the form of histograms (Fig. 
2A–C). In addition, basic statistical data are includ-
ed in Table 1.

Total porosity of rocks, determined by geophys-
ical well logging (φgeoph.), is the basic reservoir prop-
erty of liquid resources. The values of porosity of 
Miocene levels in the study area (75 measurements) 
are in the range of 2 to 20 per cent, the mean value is 
9.3 per cent, and the median is 8.0 per cent (Fig. 2A, 
Table 2). The histogram of porosity values is close 
to the normal distribution; it is not a typical distri-
bution of this parameter. For example, Leśniak et al. 
(2007) did not observe such a relationship in Mio-
cene sandstones in the Rzeszów area (Poland).

Water inflow to the sampler (Qw). Analysis of 
industrial data shows that in the largest number 
of cases of Miocene sampling (about 80 per cent), 
an inflow of reservoir water without traces of nat-
ural gas was obtained, with traces of gas or slightly 
gassed. In this water occasionally there were also 
small amounts of mud filtrate or even drilling mud. 
The histogram of values of deposit water inflow 
during tests (DST) is shown in Figure 2B. The av-
erage flow rate of reservoir water to the sampler is 
2.861, the median being 1.100 m3/h (Table 2). The 
distribution of the average flow rate of reservoir 
water in the study area shows a strong right-sided 
asymmetry (skewness: 3.101), which indicates that 
the majority of observed results have values lower 
than the average.

Effective permeability of Miocene deposits for 
reservoir water (kw). In order to determine the ef-
fective permeability of Miocene deposits for water 
based on the results of short-term DST tests, the 
Horner method was most often used as the most 
useful interpretation of bottom-pressure reconstruc-
tion curves recorded about 60 to 90 minutes. The 
log-log method (Dubiel et al., 2003) was also often 
used to interpret bottom-pressure restoration tests 
that lasted more than 90 minutes. The histogram of 

Table 1. Descriptive statistics

Parameter Number of measurements Arithmetic mean Median Minimum Maximum Standard deviation
φ geoph.[%] 75 19.30 18.00 12.00 120.00 153.833

kw × 10−15[m2] 70 73.10 11.00 0.010 669.00 152.994
Qw[m3/h] 67 12.86 1.100 0.010 125.30 154.446
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the effective permeability determined on the basis 
of DST tests is shown in Figure 2C. The average ef-
fective permeability is 73.099 × 10−15 m2(74.068 mD) 
(Table 2). The distribution of permeability values in 
the study area shows a strong right-sided asymme-
try (skewness: 2.673), which means that the major-
ity of measurements showed values lower than the 
average.

3.2. Prediction of reservoir parameters 
of Miocene rocks in the Carpathian 
Foredeep 

3.2.1. Effective permeability as a function of total 
porosity

The clastic reservoir rocks (sandstones, siltstones) 
are characterised by a general proportionality of 

Table 2. List of statistics parameters for studied dependencies of two variables concerning Miocene strata in the Car-
pathian Foredeep

Tested
dependence

Number of 
measurements Regression equation

Correlation coefficient
Range of values of the tested 

parameterscalculated 
value

critical 
value

log(kw) = f(φ) 69 log(kw) = 0.629 + 0.070φ 0.4625 0.2500 kw ϵ (0,1–700) × 10−15 [m2]
φ ϵ (2–20) [%]

pz = f(Hm) 66 pz = −0.10905 + 0.0095Hm 0.9926 0.2500 pz ϵ (5–26) [MPa]
Hm ϵ (500–2800) [m]

Qw = f(Kd) 66 Qw = 5.691 + 3.161lnKd 0.1902 0.2500 Qw ϵ (0.01–25.3)[m3/h]

1 [mD] = 0.986923 × 10−15 [m2].

Fig. 2. Distribution of values: A – Porosity; B – Expense of reservoir water inflow; C – Effective permeability for reser-
voir water
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effective permeability to porosity. This proportion-
ality is diversified and depends on the mineralogi-
cal type of sandstone, their texture and the course 
of the diagenetic process during geological time. 
In depth profiles, these parameters are most easily 
available from quantitative assessments of drilling 
geophysics and results of field tests carried out in 
the course of oil exploration at the stage of drilling 
exploration (Zubrzycki & Dubiel, 2010).

The relationship between:

log k w.DST = a + b · φgeoph.

was studied using statistical methods (where: 
kw.DST – effective coefficient of rock permeability for 
water, [mD]; φgeoph. – rock porosity coefficient [%]). 
The values of kw.DST were determined on the basis 
of field tests by the methods: Horner and log-log 
(Dubiel et al., 2003), while the values φgeoph. and the 
intervals studied were obtained by geophysical 
well logging. The following regression equation 
was obtained by us (determined for a confidence 
interval of 95 per cent, at a significance level of 0.05 
[Zieliński, 1972]):

 logkw.DST = 0.629+ 0.070φgeoph. [mD] (1)

Statistical analysis conducted for the present pa-
per of a large set of data (69 measurements) showed 
a weak correlation between the variables analysed. 
For a confidence interval of 0.95, the correlation co-
efficient R is 0.4625 (Table 2).

However, literature data (Zubrzycki & Dubiel, 
2010) show a significant relationship between per-
meability and porosity for autochthonous Miocene 
sandstone formations of the Carpathian Foredeep 
(i.e., southern and northeastern zones). Zubrzycki 
& Dubiel (2010) analysed 32 samples and presented 
the following results:

 log kw.DST = 0.174 + 0.101φgeoph.[mD] (2)

and

 log kw.DST = 0.242 + 0.0882φgeoph.[mD] (3)

with the correlation coefficient R = 0.814 for a 
depth of 168–2,273 m (equation 2) and R=0.699 for a 
depth of 103–1,082 m (equation 3).

The lower correlation coefficient obtained by 
us most probably results from the fact that the in-
dustrial data set concerns a much larger area of 

the Carpathian Foredeep than the area included in 
the above-mentioned paper (Zubrzycki & Dubiel, 
2010).

3.2.2. Reservoir pressure pz as a function of depth 
of reservoir rocks

For the Upper Jurassic-Lower Cretaceous in the 
central part of the Carpathian Foredeep, based on 
68 reservoir tests, Dubiel & Uliasz-Misiak (2012) 
analysed the dependence of reservoir pressure as 
a function of depth of measurement using a tube 
sampler. For the dependence studied, a linear mod-
el was chosen: y = ax + b. The following linear re-
gression equation was obtained:

 pz = 0,00992 Hm − 0.1522 [MPa] (4)

 – Hm – the depth of placement of recording depth 
gauge, [m].
When comparing the calculated value of the 

correlation coefficient R = 0.9900 with the critical 
value of this coefficient Rα = 0.2387, for a signifi-
cance level α = 0.05 and confidence interval 0.95, it 
can be concluded that this model is very well suit-
ed for predicting the value of reservoir pressure 
(pz, MPa) at a given depth (Hm, m). For example, 
at a depth Hm = 400–3,000 m (Dubiel & Uliasz-Mi-
siak, 2012).

The analysis of dependence of reservoir pres-
sure as a function of depth of measurement for Mi-
ocene strata of the Carpathian Foredeep analysed in 
the present paper (for 66 reservoir tests performed 
by a tube sampler) showed, similar to the Upper Ju-
rassic-Lower Cretaceous, a very good correlation of 
these variables, R = 0.9945. The determined linear 
regression equation is shown below:

 pz= −0.10905 + 0.0095Hm [m]. (5)

This equation is suitable for predicting the value 
of reservoir pressure for a given value of the depth 
of measurement.

Water flow (Qw) depending on the initial pres-
sure depression coefficient (Kd) produced during 
the DST test.

This dependence enables the selection of a min-
imum value of the differential pressure in order to 
obtain the flow of reservoir fluid to a sampler with a 
representative volume in a given time of waiting for 
the inflow. At the same time, the ratio of pressure 
depression Kd is understood as the ratio of hydro-
static pressure transfer fluid (php) in the test column 
to the reservoir pressure (pz). It should be noted that 
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the smaller the value of this quotient, the higher the 
value of the differential pressure. At the same time, 
creating a pressure difference that is too large can 
cause instability of the Miocene strata and lead to 
blockage of the perimeter zone with sand grains 
and clay particles.

Based on an analysis of the results of the select-
ed 22 reservoir tests (DST) obtained from the holes 
located north of Tarnów, a satisfactory correlation 
was obtained, determining the following regression 
equation (Dubiel & Uliasz-Misiak, 2012):

 Qw = −6,255h Kd −3,8357 [m3/h]. (6)

The calculated value of the correlation coeffi-
cient R = 0.5596, the critical value Rα= 0.4143 at a 
significance level α = 0.05 and confidence level 0.95.

Statistical analysis of the data studied here, un-
fortunately, did not indicate a correlation of varia-
bles such as water expenditure (Qw) depending on 
the initial pressure depression coefficient (Kd) pro-
duced during the reservoir test (DST) (Table 2). This 
is probably due to the fact that the industrial data 
set concerns a much larger area of the Carpathian 
Foredeep than the area included in the paper by 
Dubiel & Uliasz-Misiak (2012).

The reasons for the lack of correlation of the en-
tire area of the Carpathian Foredeep can be variable 
geological conditions (e.g., significant lithological 
and facies heterogeneity of Miocene strata, two-
phase flow of reservoir fluid – water with gas), as 
well as technological sampling in the area studied.

4. Conclusions

The distribution of porosity values of Miocene stra-
ta is close to normal, while the distribution of water 
efficiency and rock permeability in the study area 
show a strong right-sided asymmetry.

The regression equation determined for the de-
pendence of reservoir pressure as a function of the 
depth of its measurement is suitable for forecast-
ing (R = 0.9945). The dependence of the logarithm 
of effective permeability as a function of total po-
rosity shows a weak correlation. However, some 
literature data document a significant relationship 
between these two parameters in Miocene reservoir 
rocks of the Carpathian Foredeep.

The significant spread of measured data may 
be caused by the fact that too large area of the 
Carpathian Foredeep, characterised by significant 
variability of reservoir parameters, was chosen for 
analysis.
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