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ABSTRACT
The Carpathians may play a significant role as a supplier of greenhouse gases to the
atmosphere. Unfortunately, most of the discovered oil and gas deposits are recently
only historical objects. An example is the Sękowa-Ropica Górna-Siary oil deposit
located in the marginal part of the Magura Nappe where oil had been extracted in
dug wells until the mid XX century. One of such extraction sites is the “Pusty Las”
oilfield. In that area, 10 methane and carbon dioxide emission measurement sites
were located, among which 4 in dried dug wells and 6 in dig wells still filled with oil
and/or water. Dynamics of methane and carbon dioxide concentration changes were
measured with the modified static chambers method. Gas samples were collected
immediately after the installation of the chamber and again, after 5 and 10 minutes.
In the case of reclaimed or dry dug wells, static chamber was installed directly at the
ground surface. In wells still filled with oil and/or water the chamber was equipped
with an “apron” mounted on special sticks. The dynamics of concentrations changes
varied from -0.871 to 119.924 ppm∙min-1 for methane and from -0.005 to 0.053%
obj∙min-1 for carbon dioxide. Average methane emission was 1.9 g∙m-2∙d-1 and that
of carbon dioxide was 26.95 g∙m-2∙d-1. The measurements revealed that an abandoned oil field supplies significant amounts of greenhouse gases to the atmosphere
although the emission of methane is lower than that measured e.g. in mud volcanoes
located in various parts of the world.
Keywords: greenhouse gas, methane, carbon dioxide, Outer Carpathians

INTRODUCTION
The emission of geogenic methane and carbon
dioxide is regarded as one of the reasons of global
climate changes. The results of studies run worldwide indicate that gas emissions from such sources
strongly contribute to the increasing concentrations
of greenhouse gases in the atmosphere, among
which methane and carbon dioxide play crucial
roles [Mazzini et al., 2009; Hong et al., 2009].
The emission of methane sourced by hydrocarbon generation and expulsion in petroleum basins is quoted as one of the two types of methane
100

release to the atmosphere controlled by geological factors. Recently, it shares about 7–14% of
global annual methane emission (from ~40 to 60
Tg CH4/year). In Europe, total methane emission
from seepages reaches about 3 Tg/year [Etiope,
2008]. The soil-to-atmosphere emission of carbon dioxide may result from bacterial oxidation
of CH4 or from migration from endogenic sources
or from CO2 generation under anoxic conditions,
simultaneously with the methane [Waleńczak,
1987]. Other examples of geogenic sources of
gas emissions can be mud volcanoes and/or
geothermal systems.
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Hydrocarbon seepages are the most typical evidences of hydrocarbon potential of petroleum basins. The Outer Carpathians are the area
of significant petroleum potential, as revealed
by both the macro- and microseepages, and gas
exhalations [Kuśmierek et al., 2007; Kuśmierek
and Machowski, 2008; Lipińska 2010]. The hydrocarbon macroseeps are typical of petroleum
basins of complicated tectonics and are observed
mostly in the elevated, axial zones of fold structures, and in dislocation zones. Hydrocarbon
migration from deep accumulations to the nearsurface zone is predominantly controlled by diffusion and effusion [e.g.: Jones and Drozd, 1983;
Matthews, 1996]. Hence, the Carpathians may be
a regional source of supply of greenhouse gases
to the atmosphere.
In the early years of modern petroleum exploration, hydrocarbon seeps were the first prospection premises in many world-famous basins, including the Carpathians. Even before the World
War II most of petroleum wells from which commercial inflows of oils and gas were obtained,
were localized within the zones of natural hydrocarbon seeps [Link, 1952].
In the Carpathians, hydrocarbons have been
commercially exploited since the mid XIXth
century. The peak oil production from the Carpathian fields was obtained in 1909 (over 2 Mt)
[Karnkowski, 1999]. An example of such a field

where oil was worked from shallow dug wells is
the Sękowa-Ropica Górna-Siary deposit, which
operated until the mid XXth century. The deposit is located at the marginal zone of the Magura
Unit. The name of the exploitation site is the
”Pusty Las” (”Empty Forest”) [Pietrzycki, 2013].
The present paper aims to estimate the quantity of methane and carbon dioxide emission to the
atmosphere from old, inactive dug wells located
in the area of the ”Pusty Las” oil site.

STUDY AREA
The study area is located in the Sękowa Commune, in the Gorlice County of the Małopolska
District. From geological point of view, this
area belongs to the Outer Carpathians, precisely, to the marginal zone of the Magura Unit
(the Siary Sub-unit) (Fig. 1).
Geological setting
The Magura Unit is the structurally highest
and southwardmost tectonic unit of the Outer
Carpathians. From the south, it borders the Pieniny Klippen Belt and from the north it is thrusted over the Fore-Magura and the Silesian units
[Oszczypko, 2004].

Figure. 1. Geological sketch of research area (Żytko et al., 1989; Świerczewska, 2005; modificated)
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The Magura Unit comprises four sub-units
(from the south): Krynica, Bystrica, Raca and
Siary [Birkenmajer, 1977]. The rocks observed at
the surface are mostly the Paleogene sediments.
In the Siary Sub-unit, the oldest member is named
the Ropianka Beds (=Inoceramus Beds) followed
by the Łabowa Shales Formation [Ryłko, 2004],
in which the two members were distinguished:
the Skawce Sandstones and the Pasierbiec Sandstones [Oszczypko-Clowes, 2001, Ryłko, 2004].
Within the Siary zone, the Magura Beds directly
cover the variegated shales of the Łabowa Formation. Lithologically, these are sandstones and
shales [Książkiewicz, 1972; Oszczypko-Clowes, 1999]. The Magura beds are overlain by the
Gładyszów beds (uppermost Lower Oligocene)
[Kopciowski and Garecka, 1996].
Generally, the Magura Unit is less hydrocarbon-prone unit in the whole Outer Carpathians
[Karnkowski, 1999].
The Sękowa-Ropica Górna-Siary oil deposit
In the area of the Sękowa-Ropica Górna-Siary
deposit, three oil exploitation sites (traditionally named ”oil mines”) are known: “Pusty Las”,
”Sękowa” and ”Ropica Górna”. Totally, 785 wells
were completed here. Hydrocarbon exploration
had continued until 1939. The oil was reservoired
in sandstones of the Inoceramus Beds, at depth
interval from 11 to 700 meters. Estimated total
production was about 208000 metric tons from
assessed area of 1.77 km2 [Karnkowski, 1999].

METHODOLOGY OF FIELD AND
LABORATORY WORKS

water, the chamber rested over the open space
on two transversal levers. The chamber itself is a
vessel of the volume of 48 dm3, made of stainless
steel and it is provided with a sealed opening to
allow a sample of gas from the interior volume
of the chamber. The area directly covered by the
chamber is 28.27 dm2.
For gas sampling, 10 sites were selected
(Table 1) from which 4 sites were filled-up
(closed) dug wells (sites Nos. 1, 2, 3 and 4) and
next 6 were open dug wells (sites Nos. 5, 6, 7,
8, 9 and 10). The earlier experiments [Sechman
and Dzieniewicz, 2009] demonstrated that the
highest dynamics of changes in gas concentrations occur in time intervals from 0 to 10 minutes
since chamber installation. Hence, at each site,
gas was sampled immediately after chamber setting, then after 5 and after 10 minutes. Overall,
during the tests 30 samples of gas from chambers
were collected. During the sampling, the atmospheric pressure was measured together with soil
temperature at 10 cm depth. Gas samples were
pumped to special glass vessels filled with brine
[Dzieniewicz and Sechman, 2002]. Totally, 30
gas samples were collected from 10 sampling
sites. Additionally, atmospheric air sample was
taken from the area of the ”oil mine”. The field
works were run in the area of the Pusty Las ”oil
mine” in April, 2013
In the case of closed dug wells, the rubbish
and outer, 10-cm-thick soil layer were removed,
and the chamber was pressed into the ground.
The chamber walls contacting the ground were
sealed (Fig. 3A). As the chamber could not be
installed directly in the dug wells filled with
oil and/or water, it was equipped with a special
”apron” and placed over the well space onto the
two transversal bars (Fig. 3B).

Field works
The studies were carried out in the area of
Pusty Las “oil mine”. In this area some oil dugwells have already been closed, i.e., entirely
filled up with rubble, some others were still
empty (or ”open”) and, thus, recognizable as
hollows of various size.
In the field studies, the modified static chamber method was applied [Leventhal, 1992; Dzieniewicz et al., 2002; Korus et al., 2005; Sechman et al., 2006], in which gas is collected in
predefined time intervals from the inner space of
closed chamber installed at the terrain surface.
For sampling of dug wells filled with oil and/or
102

Figure 2. Example of timbering, open dug wells
(site No. 6) (Fot. D. Pietrzycki)
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Table 1. Principal statistical parameters of alkanes and carbon dioxide concentrations calculated for all-30
measurements
Stat. parm.
(ppm)

Alkanes

CO2**

CH4

C 2H 6

C 3H 8

i-C4H10

n-C4H10

neo-C5H12

i-C5H12

n-C5H12

Min

0.8

b.d.l.

b.d.l.

b.d.l.

b.d.l.

b.d.l.

b.d.l.

b.d.l.

0.07**

Max

1220.0

3.62

3.50

0.77

0.65

0.01

0.41

0.05

0.22**

Mean

65.4

0.25

0.16

0.04

0.03

0.000

0.02

b.d.l.

0.12**

Stand. dev.

221.0

0.69

0.62

0.14

0.16

b.d.l.

0.08

0.01

0.04**

Median

3.1

b.d.l.

b.d.l.

b.d.l.

b.d.l.

b.d.l.

b.d.l.

b.d.l.

0.12**

Percentage of
samples*

100

38.7

19.4

19.4

16.1

3.2

16.1

16.1

100

* – percentage of samples with concentration of given component over detection limit; ** – minimum, maximum,
mean, median and standard deviation in vol.%, b.d.l. – below detection limit (detection limit for hydrocarbons is
0.01 ppm and 100 ppm for carbon dioxide).

Figure 3. Measurements within the filled-up dug wells (A) and open dug wells (B) (Fot. D. Pietrzycki)

Laboratory tests
The molecular composition of gas samples
were analyzed at the Laboratory of Gas Chromatography of the Department of Fossil Fuels. We
used FISSONS Instruments GC 8160 and CARLO ERBA Instruments GC 6300 gas chromatographs equipped with FID and TCD detectors. In
each sample, methane, ethane, propane, i-butane,
n-butane, neo-pentane, i-pentane, n-pentane, ethylene, propylene, 1-butene and carbon dioxide
were determined. Detection limit for FID is 0.01
ppm for hydrocarbons. Analytical precision is 2%
of measured value and 10% at detection limit.
TCD detection limits for carbon dioxide is 100
ppm and estimated precision is 2% of measured
value and 10% at detection limit.

METHODOLOGY OF STATISTICAL
ANALYSIS AND RESULTS PRESENTATION
The populations of measured concentrations
of gaseous hydrocarbons were initially characterized by determination of basic statistical parameters, calculated for all the obtained results and
separately, for samples collected over the closed
and the open dug wells. The relationships between
measured methane and carbon dioxide concentrations were evaluated using the correlation plots
based upon the cartesian coordinates XY system.
Such plots were constructed for the whole results
and separately, for the results for closed and open
dug wells. In order to evaluate the dynamics of
changes in concentrations of methane and carbon
dioxide, linear plots were drawn, which illustrated
103
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the changes of gas concentrations in time. Then,
computer-generated, linear trend of concentration changes was overprinted on the plots. For
the trend lines, the coefficient of determination R2
was calculated. For both the methane and carbon
dioxide, results were noted in ppm and in volume
percents per minute. The emission was expressed
in milligrams per square meter per day for methane emission and in grams per square meter per
day for carbon dioxide emisssion.

vol.%, respectively. For comparison, the average
concentration of atmospheric methane is about
2 ppm and that of carbon dioxide is about 0.03
vol.%. Moreover, concentrations of methane and
carbon dioxide measured over the closed bituminous coal mines in the Wałbrzych mining district
(SW Poland) were 5 ppm and 0.05 vol.%, respectively [Korus et al. 2002], and methane concentration measured in the atmospheric air sampled
immediately over the mud volcano from Azerbeijan was 99.65 vol.%. [Mazzini et al., 2009].

METHODOLOGY OF EMISSION
CALCULATION

Statistical characterization of gas
concentrations in samples collected from
over the closed oil dug wells

The quantities of methane and carbon dioxide emissions were calculated using the formula
established during the previous geochemical surveys [Korus et al., 2002; Dzieniewicz et al., 2006;
Sechman and Dzieniewicz, 2009]. If the collection chamber was installed at the ground surface
the area covered by the chamber was constant.
If the collector was mounted over the open dug
wells the chamber parameter depended on the
changing surface covered by the ”apron”.

RESULTS AND DISCUSSION
Statistical characterization of population of
all measured gas concentrations.
In the analyzed gas samples, saturated hydrocarbons C1-C5 and carbon dioxide were detected. Methane concentrations varied from 0.81
to 1220 ppm. Maximum ethane concentration
was 3.62 ppm and this gas was found in almost
40% of the analyzed samples. Propane occurred
in 19.4% of the analyzed samples and its values reached 3.5 ppm with the mean value 0.16
ppm. The same percentage of samples contained
i-butane whereas i-pentane and n-pentane were
detected in over 16% of the analyzed samples.
Maximum butane and pentanes concentrations
did not exceed 1 ppm. Trace amounts of ethylene were measured in only two samples whereas
the remaining gaseous alkenes were absent in the
analyzed material. The concentrations of carbon
dioxide varied from 0.07 to 0.22 vol.% with the
mean value 0.12 vol.% (Table 1).
Concentrations of methane and carbon dioxide measured in the atmospheric air from the
area of the Pusty Las site were 3.68 ppm and 0.09
104

In gas samples collected from the closed oil
dug wells, methane, ethane, propane, i-butane, ipentane, n-pentane and carbon dioxide were detected. Methane was found in all of the analyzed
samples, in concentrations from 0.8 to 1220 ppm
with arithmetic mean 125.4 ppm and median value 3 ppm. Ethane was detected in almost 42% of
analyzed samples in concentrations up to 3.62 ppm
(arithmetic mean – 0.4 ppm). Propane was observed in almost 17% of the analyzed samples. Its
concentrations reached up to 3.5 ppm with arithmetic mean 0.32 ppm. Maximum concentrations
of i-butane and n-butane were 0.77 and 0.65 ppm,
respectively, and were observed in almost 17% of
the analyzed samples. Neo-pentane has not been
detected whereas i-petane and n-pentane were observed in about 17% of the analyzed samples, but
in amounts below 0.5 ppm. The concentrations of
carbon dioxide varied from 0.07 to 0.22 vol.% with
the arithmetic mean 0.14 vol.% (Table 2) .
Statistical characterization of gas
concentrations in samples collected from
over the open oil dug wells
In gas samples collected from the open oil
dug wells, methane, ethane, propane, i-butane,
neo-pentane, i-pentane, n-pentane and carbon dioxide were detected. Methane was observed in all
of the analyzed samples, in concentrations from
1.41 to 288.5 ppm with arithmetic mean 28.7 ppm
and median value 2.9 ppm. Ethane was found in
almost 40% of the analyzed samples, in concentrations up to 1.23 ppm (arithmetic mean – 0.06
ppm). Propane was detected in over 22% of analyzed samples, in concentrations up to 0.44 ppm
(arithmetic mean – 0.06 ppm). Neo-pentane was
detected in a single sample (0.008 ppm).Maxi-
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Table 2. Principal statistical parameters of alkanes and carbon dioxide concentrations calculated for closed dug
wells (12 results)
Stat. parm.
(ppm)

Alkanes
CH4

C 2H 6

C 3H 8

i-C4H10

n-C4H10 neo-C5H12

Min

0.8

b.d.l.

b.d.l.

b.d.l.

b.d.l.

Max

1220

3.62

3.50

0.77

0.65

Mean

125.4

0.40

0.32

0.07

Stand. dev.

351.7

1.04

1.01

Median

3.0

b.d.l.

Percentage of
samples*

100

41.7

CO2**

i-C5H12

n-C5H12

b.d.l.

b.d.l.

b.d.l.

0.07**

b.d.l.

0.41

0.05

0.22**

0.06

b.d.l.

0.04

0.01

0.14**

0.22

0.19

b.d.l.

0.12

0.01

0.04**

b.d.l.

b.d.l.

b.d.l.

b.d.l.

b.d.l.

b.d.l.

0.14**

16.7

16.7

16.7

0

16.7

16.7

100

* – percentage of samples with concentration of given component over detection limit; ** – minimum, maximum,
mean, median and standard deviation in vol.%, b.d.l. – below detection limit (detection limit for hydrocarbons is
0.01 ppm and 100 ppm for carbon dioxide).

mum concentrations of i-butane and n-butane
were 0.12 and 0.06 ppm respectively. Both ipentane and n-pentane were found in about 16%
of analyzed samples, in concentrations below 0.2
ppm. The concentrations of carbon dioxide varied
from 0.07 to 0.15 vol.% with the arithmetic mean
0.11 vol.%. (Table 3).
Evaluation of geochemical indicators
Generally, concentrations of alkanes in analyzed samples decreased with the increasing
number of atoms in molecules, which suggests
deep origin of these hydrocarbons (Table 1).
Concentrations of methane and carbon dioxide
were higher in samples taken from above the
closed dug wells (Table 2, 3). The lower concentrations of both gases detected over the open dug
wells can be related also to the fact that most of
the wells were filled with water, which provides
a barrier for both gases. Additionally, carbon dioxide, which is heavier than the air, may accumulate in local depressions. The concentrations

of methane and carbon dioxide did not reveal
correlation (Fig. 4A). However, the coefficient
of determination R2 calculated for samples from
over the closed dug wells was 0.48 whereas that
determined for open wells was only 0.03 (Fig.
4B, C). These values suggest that relationships
between methane and carbon dioxide concentrations from these sites are much interrelated. It
can be explained as an effect of microbial generation of these gases under anoxic conditions.
Such a process may operate when the dispersed
organic matter is contained in a rubble filling the
dug wells. Hence, the newly generated microbial
gases contribute to the flux of gases ascending
from deep sources. In the open dug wells, carbon
dioxide, which is heavier than the atmospheric
air, presumably accumulates at the bottoms of
the wells whereas methane, which is lighter
than the air, readily raised towards the sampling
chamber. Moreover, deep-sourced carbon dioxide more intensively dissolves in the water filling the wells that deep-sourced methane, which
affects the relationships between both gases.

Table 3. Principal statistical parameters of alkanes and carbon dioxide concentrations calculated for open dug
wells (18 results)
Stat. parm.
(ppm)

Alkanes
CH4

C 2H 6

C 3H 8

i-C4H10

n-C4H10 neo-C5H12

Min

1.1

b.d.l.

b.d.l.

b.d.l.

b.d.l.

Max

288.5

1.23

0.44

0.12

0.06

Mean

28.7

0.16

0.06

0.02

Stand. dev.

69.9

0.36

0.13

Median

2.9

b.d.l.

Percentage of
samples*

100

38.9

CO2**

i-C5H12

n-C5H12

b.d.l.

b.d.l.

b.d.l.

0.07**

0.01

0.12

0.02

0.15**

0.01

b.d.l.

0.02

b.d.l.

0.11**

0.04

0.02

b.d.l.

0.04

0.01

0.03**

b.d.l.

b.d.l.

b.d.l.

b.d.l.

b.d.l.

b.d.l.

0.12**

22.2

22.2

16.7

5.6

16.7

16.7

100

* – percentage of samples with concentration of given component over detection limit; ** – minimum, maximum,
mean, median and standard deviation in vol.%, b.d.l. – below detection limit (detection limit for hydrocarbons is
0.01 ppm and 100 ppm for carbon dioxide).
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Figure 4.Scatter-plots of methane versus carbon dioxide concentrations for whole dataset (A), data from over the
closed oil dug wells (B), data from over the open oil dug wells (B)

Dynamics of changes in concentrations of
methane and carbon dioxide, and quantities
of their emission
The dynamics of concentrations changes
of methane released to the atmosphere from oil
dug wells is expressed by the range of migration rates from -0.87 to 119 ppm∙min-1. In 60%
of sampling sites, the increasing trends were observed, in the remaining 40% the decreasing trend
was found. Dynamics of carbon dioxide concentration changes is illustrated by values from
-0.005 to 0.053 vol.%∙min-1. The trends of CO2
concentration changes were identical as those
for methane (Fig. 4).
The emission values of methane varied from
-7.8 to 18660 mg∙m-2∙d-1 for closed dug wells and
from -62.2 to 42.4 mg∙m-2∙d-1 for open wells, negative emissions are the result of bacterial destruction of methane [e.g.: Klusman, 1993]. Carbon
dioxide showed emission values from about -10 to
about 47 g∙m-2∙d-1 for closed wells and from -9.9 to
about 226 g∙m-2∙d-1 for open wells (Table 4).
Maximum emission observed at No. 2 sampling site was several orders of magnitude lower
than that measured in the areas of mud volcanoes
from various locations in the world [e.g. Dimitrov, 2002; Etiope et al., 2002].
Considering all of the analyzed samples, the
average emission of methane expressed by median value was 4.75 mg∙m-2∙d-1 and by mean value
was 1876 mg∙m-2∙d-1. Median value is one order
of magnitude higher than the values obtained for
various oil/gas fields in the Polish Outer Carpathians [Sechman and Dzieniewicz, 2009]. It
must be emphasized that in 2009 research the
measurements were run outside the hydrocarbon exploitation areas.
106

CONCLUSIONS
The sampling sites of methane and carbon dioxide were located in the area of historical, abandoned Pusty Las ”oil mine”. Totally, 10 oil dug
wells were selected for sampling, from which 4
were closed (i.e., completely filled with rubble)
and 6 were still recognizable (i.e. hollows of various size). Dynamics of concentration changes of
gaseous components: alkanes and carbon dioxide
was determined using the static chambers methodology. The results revealed that:
•• gaseous hydrocarbons detected in samples
collected with the static chambers originate
from deep-seated sources,
•• gaseous alkanes are dominated by methane;
its concentrations over the closed dug wells
varied from 0.81 to 1220 ppm and those from
over the open dug wells changed from 1.1 to
288.5 ppm,
•• values of methane emission from the closed
wells varied from -7.8 to 18660 mg∙m-2∙d-1 and
that from the open wells were from -62.2 to
42.4 mg∙m-2∙d-1,
•• concentrations of carbon dioxide varied from
0.07 to 0.22 vol.% over the closed wells and
from 0.07 to 0.15 vol.% over the open wells,
•• values of carbon dioxide emission from the
closed wells changed from about -10 to about
47 g∙m-2∙d-1 and then from the open wells varied from -9.9 to 225.8 g∙m-2∙d-1,
•• average methane emission was 1.9 g∙m-2∙d-1
and average carbon dioxide emission was almost 27 g∙m-2∙d-1,
•• higher emission values of methane and carbon
dioxide from the closed oil dug wells may result from microbial generation of these gases
within the rubble which fills the wells; this
component contributes to the flux of gases
from deep sources,
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Figure 5. Dynamics of changes of concentrations measured in sample stations Nos. 1–10 (A-J)
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Table 4. Values of changes of methane and carbon dioxide concentration and emission calculated on the basis of
measurements with application of static chamber method
METHANE
Item number

Change of concentration

nCH4
(ppm*min-1)

CARBON DIOXIDE

Value of methane
emission

E

CH 4

Change od
concentration

nCO2

(mg*m-2*d-1)

Value of carbon dioxide
emission

E

CO2

(%obj.*min-1)

(g·m-2·d-1)

-0.002
0.004
0.002
0.011

-10.3
16.5
7.3
47.3

0.053
-0.003
-0.005
-0.005
-0.004
0.003

225.8
-0.12
-9.9
-6.9
-4.1
4.1

Closed dug wells
1
2
3
4

-0.05
119.9
0.041
0.550

5
6
7
8
9
10

0.271
21.42
-0.871
0.066
-0.062
-0.048

-7.8
18660
6.4
86.6
Open dug wells
42.4
32.4
-62.2
3.1
-2.4
-2.3

•• the measurements were taken within a short
period of time (one week), so the seasonal
changes could not have had any influence on
the established emission value.
In the area of the Pusty Las ”oil mine”, significant methane emission occurs from abandoned
oil dug wells, although average emission values were only 1 order of magnitude higher than
those measured in the petroleum-prone areas in
the Carpathians. Moreover, the maximum methane emission measured over one of sampled dug
wells in the Pusty Las area was several orders of
magnitude lower than the emissions from mud
volcanoes from various localities in the world.
The results demonstrate that old oil dug wells
still present in the areas of historical hydrocarbon
exploitation in the Carpathians may be a significant source of greenhouse gases released to the
Earth atmosphere.
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