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Abstract: The near-surface geochemical survey of gases desorbed from sediment samples was carried out in the
area of an abandoned ozokerite mine in Starunia, where remnants of mammoth and three woolly rhinoceroses and
one almost completely preserved rhinoceros carcass were discovered in 1907 and 1929. Numerous hydrocarbon
seeps (gas and oil “eyes”) occur on the surface of the study area. Analyses of molecular and stable carbon isotope
compositions of adsorbed gases were carried out in two variants. The first included sampling of cuttings from 30
auger boreholes at depths of 4.8, 5.6 and 6.4 m. In total, 88 samples were collected. In the second variant core
samples were collected from 17 selected boreholes. In total, 78 samples were taken from various depths to 12 m.
The results of molecular composition analyses of desorbed gases indicated high saturation of near-surface
sediments with the oil. The highest concentrations of alkanes were detected in Miocene strata. Hydrocarbon
migration from deep accumulations to the surface was relatively fast and proceeded along the faults, fractures and
cracks. In the near-surface zone hydrocarbons were subjected to oxidation and dehydrogenation, which resulted in
generation of unsaturated hydrocarbons and hydrogen. These processes were most intensive in the Pleistocene
sediments and in the mine dumps. Increased concentrations of hydrogen may also originate from water radiolysis
in the presence of hydrocarbons. Concentrations of carbon dioxide in the adsorbed gases show the higher values in
comparison with the analysed gaseous compounds. However, a slight increase in CO2 concentration was detected
in the mine dump, which may indicate conditions more favourable for hydrocarbon oxidation. Carbon dioxide
from the analysed adsorbed gases is of thermogenic origin. Occasionally, insignificant influence of secondary
hydrocarbon oxidation and/or Quaternary organic matter can be observed. Concentrations of alkanes, alkenes and
carbon dioxide in the gas derived from desorption of rock samples are lower and the concentration of hydrogen is
higher than those measured in free gases. This indicates that additional effects from recent (e.g. microbial)
processes are absent.
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INTRODUCTION

At the end of the 19th and in the first half of the 20th
centuries ozokerite (earth wax) was mined in the Starunia
area, about 130 kilometres southeast of Lviv, Ukraine (Fig.
1), from the Miocene Vorotyshcha beds of the Boryslav-
Pokuttya Unit of the Carpathian Foredeep (Alexandro-
wicz, 2004, 2005; Koltun et al., 2005). In 1907, remnants of
mammoth and woolly rhinoceros were found in No. 4
(“Mammoth”) shaft of the ozokerite mine at depths of 12.5
and 17.6 m, respectively. In 1929, in a special shaft sunk at
the expense of the Polish Academy of Arts and Sciences, a
unique, almost fully preserved woolly rhinoceros was found

at 12.5 m depth, within the Pleistocene sediments saturated
with oil and brine (Kotarba, 2002; Alexandrowicz, 2004,
2005; Kubiak & Drygant, 2005).

Studies on variability of concentrations of gaseous n-al-
kanes, gaseous alkenes and carbon dioxide as well as stable
carbon isotope composition of carbon dioxide from gases
adsorbed in the near-surface zone were a part of an interdis-
ciplinary research project carried out in the years 2006—
2009 at the Starunia palacontological site (Kotarba, 2009).
General information covering the history of the area, the de-
tails of geology and the results of earlier research were re-



422 M. DZIENIEWICZ ET AL.

T \
Russia MONASTYRCHANY/
@

\ overthrust . study
area

4
( Latvia &
S e 16 auger borehole
0 A
w ¥ 13 borehole - core sampling
v MARKOV. .
Belarus © QO borehole drilled before 1943

N — 408 — contour line (m)
@ main mud volcano
O place of discovery of
< woolly rhinoceros (1929)
% Shaft:

O BYTKIV B No. IV (“Mammoth”) (1907)
Polish Academy of Arts
and Sciences (1929)

1] recovery (1929)

48°38’

5
%,
0 2 4 km
|
24°25’E 24°30° 24°35’

e Kaliks 2

<
2,
o

Jadwiga 3

Fig. 1.  Sketch map of the Starunia palaeontological site and surrounding area (Carpathian region, Ukraine) with the location of auger
drillings and boreholes
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ported on in a special monograph (Kotarba, ed., 2005) and
in recent publications (Kotarba et al., 2008a; Kotarba &
Stachowicz-Rybka, 2008; Sokotowski et al., 2009; Soko-
lowski & Stachowicz-Rybka, 2009; Stachowicz-Rybka et
al., 2009) and in references therein.

In 2004, a preliminary soil gas geochemical survey was
carried out in the area of the abandoned ozokerite mine at
Starunia (Kotarba et al., 2005, 2008b), and in 2007 a de-
tailed soil gas geochemical survey was completed (Sech-
man et al., 2009). The results of geochemical research to-
gether with combined geoelectric (Moscicki, 2009) and mi-
crogravity surveys (Porzucek & Madej, 2009a, b) enabled
the authors to select the zones suitable for a detailed, deeper
geochemical survey. In total, 30 measurement sites were se-
lected for the near-surface geochemical survey down to 4 m
depth (Kotarba et al., 2009). At the same sites geochemical
research was undertaken at selected depths of 4.8, 5.6 and
6.4 m. Analysed were gases adsorbed in rocks from the
near-surface zone. Samples were taken from cuttings de-
rived from auger drillings. Moreover, core samples for ad-
sorbed gases analyses were collected from 17 selected bore-
holes down to 12 m depth.

The main objective of this study was to determine the
composition and concentration of gaseous n-alkanes, alke-
nes, carbon dioxide and hydrogen in gas samples desorbed
from sediment collected from depths down to 12 m. Moreo-
ver, these samples were analysed also for stable carbon iso-
tope composition of carbon dioxide. The results enabled the
authors to evaluate the spatial distribution of concentrations
of analysed gases. These results supplement the geochemi-
cal analyses performed with free gas method (Sechman et
al., 2009; Kotarba et al., 2009). The comparison of both
variants enables for a more detailed geochemical character-
istic of near-surface zone and the processes occurring there.
This should enable one to define the environment in which
the Pleistocene vertebrates died and were preserved.

METHODS

Field work and sampling procedure

Field geochemical studies of adsorbed gases were car-
ried out in June and October, 2007, and included sampling
of cuttings and drill cores. Under the notion of “adsorbed
gases” we should understand a gas bounded with adsorption
forces, in the form of an inclusion and also accumulations in
inter-grain macro- and mezzo-pores.

Cuttings were sampled in 30 selected 70 mm diameter
auger boreholes. Samples (100 g each) were taken from
depths of 4.8, 5.6 and 6.4 m. In total, 88 samples were col-
lected.

Drill cores were sampled in 17 selected boreholes (Nos
1,1°,3,4,5,12, 13, 14, 18, 19, 21, 24, 25, 27, 28, 30 and
31) drilled with the UGB-50 vibratory probe (diameter 12
cm). Planned sampling depths: 0, 2, 4,6, 8,9, 10, 11 and 12
m sometimes were modified due to lithology of penetrated
rocks and drill-core recovery. In total, 78 such samples were
taken.
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Generally, the sampled cuttings and cores represented:
Quaternary clayey muds and coarse clastic rocks saturated
with bitumen, mine dump (waste), and Miocene rocks in the
form of clayey muds, sandstone-claystone breccia with hal-
ite, potassium-salt, gypsum and calcite layers, and veins of
ozokerite.

The collected samples were transported to the AGH
University of Science and Technology in Krakow, Poland,
for degassing and laboratory analyses.

Laboratory procedure

Both the cuttings and the drill core samples were sub-
jected to thermal-vacuum degassing combined with me-
chanical granular disintegration.

For degassing 30 g of rock, the sample was placed in a
glass box and saturated NaCl solution was added. The box
was then tightly closed with a rubber plug and connected to
a special vacuum pump which produced —0.7 MPa under-
pressure. Simultaneously, the box was heated to hard red ra-
diation. During degassing which lasted 15 minutes the sam-
ple was continuously disintegrated with the magnetic agita-
tor. The released gas filled the chamber of the pump and a
proper amount was collected for chromatographic analysis.

Analytical methods

Gas samples were analysed chromatographically for
concentrations of alkanes (methane, ethane, propane, i-b-
utane, n-butane, neo-pentane, i-pentanes and n-pentane), al-
kenes (ethylene, propylene, and 1-butene), hydrogen and
carbon dioxide. A total of 166 gas samples were studied,
which gave 2,158 single chromatographic analyses.

Analyses were carried on using the FISSONS Instru-
ments GC 8160 and the Carlo Erba Instruments GC 6300
devices. The analytical procedure was consistent with that
published by e.g. Sechman and Dzieniewicz (2007) and
Sechman et al. (2009).

For stable carbon isotope analyses carbon dioxide was
isolated chromatographically and then transmitted to a Fin-
nigan Delta Plus mass spectrometer. Results were presented
in 8-notation relative to the PDB standard. Analytical preci-
sion is estimated to be +0.2 %o.

Statistical procedure

The measured concentrations of gaseous hydrocarbons,
hydrogen and carbon dioxide together with isotopic compo-
sition data 813C(C02) (only for cutting samples) were char-
acterized by means of principal statistical parameters (mini-
mum and maximum values, medians, arithmetic means,
number of samples over detection limits, standard devia-
tions and percentages of samples in selected concentration
classes). These parameters were determined and calculated
separately for each analysed component and, additionally,
for total concentrations of gaseous hydrocarbons heavier
than methane (total C-Cs alkanes), for total concentrations
of gaseous alkenes C»-C4 as well as for the carbon diox-
ide/methane index {CDMI = [CO>/(CO7 + CH4)] 100 (%)}
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and the hydrocarbon index [Cyc = CH4/(C2Hg + C3Hg)] ra-
tios. Moreover, statistical parameters were determined sepa-
rately for concentrations of compounds in gases desorbed
from cuttings and from drill cores.

Populations of methane, total C,-Cs alkanes, total
C,-C4 alkenes, carbon dioxide and hydrogen concentrations
measured in gases desorbed from cuttings and drill cores
were processed and maximum values, arithmetic means and
medians were calculated. Additionally, for samples from
cuttings, statistical parameters were calculated separately
for each sampling depth: 4.8, 5.6 and 6.4 m. For core sam-
ples statistical parameters were calculated for each identi-
fied lithostratigraphic horizon.

Qualitative evaluation of all measured methane, total
C»-Cs alkanes, total alkenes C-Cj4, carbon dioxide and hy-
drogen concentrations was based upon probability plots
drawn separately for gases derived from cuttings and from
core samples. In each plot boundaries between distinctive
subsets were marked for each studied set of concentrations.
Boundary values were determined graphically from the visi-
ble slope changes of particular curves. The boundary values
of subsets were then applied as values of contour lines in
distribution maps of methane, total C-Cs alkanes, total
alkenes Cy-C4, carbon dioxide and hydrogen concentra-
tions. Such maps were constructed for each sampling depth
(4.8, 5.6 and 6.4 m) and for the distinguished lithostratigra-
phic horizons. For the latter, averaged values were calcu-
lated for a given horizon in a particular well. For gases
derived from cuttings the surface distribution of 813C(C02)
was drawn, as well.

Selected examples of changes in concentrations of hy-
drocarbons, carbon dioxide and hydrogen with the depth
were plotted against the lithological columns.
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RESULTS AND DISCUSSION

Analyses of gas samples desorbed from cuttings

The analysed gases obtained from 4.8, 5.6 and 6.4 m
sampling depths vary in their molecular compositions and
gas indices within the following ranges (Tables 1, 2): CHy
from 1.99 to 346 ppm (mean 10.1 ppm), total C-Cs alkanes
from 0.29 to 6,550 ppm (mean 279 ppm), of which C2Hg
from 0 to 1,340 ppm (mean 18.9 ppm), C3Hg from 0.015 to
1,510 ppm (mean 40.3 ppm), i-C4Hjo from 0 to 582.3 ppm
(mean 24.1 ppm), n-C4H1¢ from 0.029 to 1,340 ppm (mean
74.2 ppm), neo-CsHj, from 0 to 7.3 ppm (mean 0.43 ppm),
i-CsHjz from 0.15 to 1,070 ppm (mean 77 ppm) and
n-CsHj, from 0 to 700 ppm (mean 43.9 ppm), total C2-C4
alkenes from 0 to 2.48 ppm (average 0.128 ppm), CO2 from
0.175 t0 0.523 vol% (mean 0.302 vol%), H» from 0 to 0.726
vol% (mean 0.023 vol%), Cyc from 0.07 to 196.5 (mean
13.1), CDMI from 88.1 t0 99.9 (mean 99.7), and §'°C(CO»)
from —14.8 to —8.8%o.

Among analysed concentrations and indices attention
should be paid to relatively high variability of total C-Cs
alkanes concentrations compared to those of methane. Also
characteristic is the increase of mean concentrations of
homologues with the increasing number of carbon atoms in
the molecule (Table 1). This may indicate pollution of rocks
with oil and a higher adsorption potential of the environ-
ment for larger hydrocarbon molecules (Karcev et al., 1954;
Starobiniec, 1986). Small amount of alkenes in relation to
alkanes points to relatively high migration rate of hydrocar-
bons towards the surface (Saunders et al., 1999). Limited
range of carbon dioxide concentrations together with almost
identical values of median and arithmetic mean indicate that
in this population anomalous values are rare, contrary to the
concentrations of hydrogen (Table 2). Anomalous concen-

Table 1

Principal statistical parameters of alkanes concentrations and hydrocarbon index for adsorbed gas of cuttings sampled
at depths 0f 4.8, 5.6 and 6.4 m

. Total
Statistical Unit CHy C>Hsg C3Hg i-C4H1o n-C4Hyo | neo-CsHiz | i-CsHia n-CsHjz Cr-Cs Cpc**
parameters

alkanes

Minimum | (ppm) 1.99 0.0 0.015 0.0 0.029 0.0 0.15 0.0 0.29 0.07
Maximum | (ppm) | 346.0 1340.0 1510.0 582.3 1340.0 73 1070.0 700.0 6550.0 196.5
Median (ppm) 3.26 0.08 2.38 6.08 10.36 0.04 18.3 9.36 53.47 1.48
Mean (ppm) 10.1 18.9 403 24.1 742 043 77.0 439 279.0 13.1
Standard |- ) 37.0 143.0 168.0 68.4 190.0 1.1 170.0 107.0 790.0 28.8
deviation
Number of 88 68 88 85 88 48 88 86 88 88
samples*
Percentage | ) 100.0 773 100.0 96.6 100.0 54.5 100.0 97.7 100.0 100.0
of samples

* — number of samples with concentration of component over detection limit

CH,

o CIICZCH
2H + CiHy
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Table 2

Principal statistical parameters of alkenes, carbon dioxide and hydrogen concentrations,
carbon dioxide — methane index and stable carbon isotope composition of carbon dioxidefor adsorbed gas of cuttings
sampled at depths of 4.8, 5.6 and 6.4 m

. Total

Statistical 1y, CaoHy C3Hs 1-C4Hg C2-Cy COp* Hy* coMmrx | §13C (o)

parameters alkenes
Minimum (ppm) 0.0 0.0 0.0 0.0 0.175 0.0 88.10 -14.8
Maximum (ppm) 1.19 0.78 1.70 248 0.523 0.726 99.93 8.8
Median (ppm) 0.0 0.0 0.0 0.034 0.296 0.011 99.88 113
Mean (ppm) 0.032 0.030 0.066 0.128 0.302 0.023 99.66 112
Standard (ppm) 0.132 0.093 0.230 0.348 0.064 0.077 1.27 14
deviation
Number of 41 40 26 68 88 67 88 53
samples
Percentage of | -y 46.6 455 29.5 773 100 76.1 100 60.2
samples

* — number of samples with concentration of component over detection limit; ** — minimum, maximum, median, mean and standard deviation values in

vol%

cOo

% _ CDM] = ——2—
CO, + CH,

trations of hydrogen result also from radiolysis of water at
the presence of hydrocarbons (Hawkes, 1972; Starobiniec,
19806).

Methane concentrations can be divided into four
sub-sets, in which values over 8 ppm can be regarded as
anomalous (Fig. 2A). For total alkanes C,-Cs six such
sub-sets were distinguished and 20 ppm concentration was
taken as threshold value for anomalies (Fig. 2B). Cumula-
tive curve for total alkenes C»-C4 concentrations revealed
0.2 ppm as threshold of anomalous values (Fig. 2C). Fi-
nally, for hydrogen the anomalous threshold concentration
was 0.017 vol% (Fig. 2D) and for carbon dioxide it was
0.37 vol% (Fig. 2E).

Generally, concentrations of both methane and total al-
kanes C»-Cs show increasing trends with depth, whereas the
alkenes and hydrogen concentrations trend to decrease. Car-
bon dioxide concentrations show only minor changes with
depth; maximum values oscillate around 0.5 vol%, whereas
means and medians are about 0.3 vol% each (Table 3). Such
relationships indicate that hydrocarbons ascending from the
depth towards the surface are subjected to oxidation and
dehydrogenation (Morrison & Boyd, 1983).

The lateral distribution of concentration of analysed
gases at depths of 4.8, 5.6 and 6.4 m is presented in Figures
3 to 8. The ranges are chosen according to subsets marked
in Fig. 2. The number of sites with anomalous methane con-
centration (over 8 ppm) increases with depth (Fig. 3A, B,
C). The highest number of sites with anomalous concentra-
tion of total C»-Cs alkanes (over 20 ppm) occurs at a depth
of 5.6 m (Fig. 4B), while concentration of total C-Cy4
alkenes over 0.2 ppm occurs most commonly at a depth of
4.8 m (Fig. 5A). The highest number of sites with anoma-
lous concentration of hydrogen (over 0.017 vol%) occurs at
a depth of 4.8 m (11 sampling sites) whereas the lowest — at
a depth of 6.4 m (9 sampling sites) (Fig. 6A, C). The anoma-

2 -100%; * — minimum, maximum, median, mean and standard deviation values in %o

Table 3

Principal statistical parameters of alkanes, alkenes,
hydrogen and carbon dioxide concentrations and stable
carbon isotope composition of carbon dioxide for adsorbed
gas of cuttings sampled at depths of 4.8, 5.6 and 6.4 m

Component D(er:Sh sfr?li)i)efs Maximum Mean Median
(ppm) (ppm) (ppm)
4.8 30 33.9 55 34
Methane 5.6 30 41.2 7.9 32
6.4 28 346.0 17.3 3.2
4.8 30 2410.0 247.0 47.1
Zl?(t;ie(;z'a 5.6 30 1920.0 2207 479
6.4 28 6550.0 375.2 58.1
438 30 25 0.237 0.050
L‘l’(ggz'c“ 5.6 30 0.37 0.050 0.027
6.4 28 1.7 0.111 0.035
(vol%) (vol%) (vol%)
4.8 30 0.73 0.039 0.011
Hydrogen 5.6 30 0.051 0.015 0.011
6.4 28 0.072 0.015 0.009
4.8 30 0.456 0.302 0.299
dciirxbi‘zj‘; 5.6 30 0.523 0.305 0.298
6.4 28 0.494 0.298 0.294
(%0) (%0) (%o)
4.8 12 88 -10.7 -10.5
8°C (o) 5.6 13 9.1 -11.6 -11.8
6.4 28 8.9 -11.2 -11.3




426

M. DZIENIEWICZ ET AL.

99.99 LLLLLLLEL] LELELELLL LLLLLLLLEY LLELLLELL) LLLLLLLLLY LI L L

99.95 -
99.90
99.80 - 1r
99.50 I~
99.00 =
98.00 -

22.0 ppm
+

95.00 -

.5 ppm

90.00 [

80.00 I~
70.00 -
60.00 -
50.00
40.00
30.00 [

20.00 =

%3

111 1 1
T

4.0 ppm

1
T

Cumulative percentage

10.00 |- } H F
5.00 i 4 L i
b

2.00
1.00 1

-|||||||||||||||| il

T T T T T[T T T T [T T T T T T[T rrrT

.

537.0 ppm
+

+
+4
1
1

70.0 ppm

054 ppm
0.2 ppm

4

63.0 ppm
%
=9
1
T
S
1

o

.

o
1 1
T T T T 1T
y
«“‘%miowppm
I |

TIIIIIIIIIII

vt bidiindn by RN I FRANARRET] FERRRREET)

100 200 300 400 500 0.0

Methane (ppm)

1.0
Total C,-C; alkanes (Log,, ppm)

-2.0

Total C,-C, alkenes (Log,, ppm)

20 3.0 -1.0 0.0

99.99

@ 4 |

99.95 [
99.90 [~
99.80 [
99.50 [~
99.00 [~
98.00 [

[E]

0.05 vol%
1
T

0.035 vol%
+

95.00 [
90.00 [~

0.017 vol%

T

80.00 [~
70.00 [
60.00 [
50.00 [~
40.00 |~
30.00 —g

20.00 [~

M,
1
I

007 vol%
+
Ty

o

0.24 vol. %

T

Cumulative percentage

10.00 [~ 1 r
5.00 [~ 1 r

53
;

2.00 [~ 17
*
1.00 T

I T P Y Y P P Y T I e P

0.29 vol%
MﬁL
1

0.37 vol%

=

iy
1111 1

Lt IllIIIIIIIIIIIIIIIIIIT

0.00 0.02 0.04

Hydrogen (vol%)

0.06 0.08 0.10 0.2

Fig. 2.

0.3

0.4 0.5

Carbon dioxide (vol%)

Cumulative frequency diagrams of (A) methane, (B) total C2-Cs alkanes, (C) total C2-Cy4 alkenes, (D) hydrogen and (E) carbon

dioxide concentrations measured in adsorbed gas of cuttings sampled at depths of 4.8, 5.6 and 6.4 m

lous concentration of CO; (over 0.37 vol%) at a depth of
4.8 m was found at 4 sampling sites, while at the depths of
5.6 m and 6.4 m the anomalies were observed at 3 sampling
sites (Fig. 7A, B, C).

The lateral distributions presented above generally sup-
port the earlier observations, according to which concentra-
tion of methane and total alkanes C»-Cs reveals increasing
trends with the depth, concentration of alkenes and hydro-
gen demonstrates decreasing trends, whereas concentration
of carbon dioxide remains relatively stable.

As mentioned above, values of the hydrocarbon (Cyc)
index, carbon dioxide/methane (CDMI) index and
613C(C02) of adsorbed gas of cuttings collected from 4.8,
5.6 and 6.4 m sampling depths vary in narrow ranges (Ta-
bles 1, 2). For comparison, values of hydrocarbon index,

carbon dioxide/methane index and 813C(C02) of “free”
gases collected from 0.8, 1.6, 2.4, 3.2 and 4.0 m sampling
depths (Kotarba et al., 2009) vary within the following
ranges: Cyc from 2.6 to 94,252 (mean 1,168, difference
94,247, 150 samples), CDMI from 1.8 to 99.8 (mean 63.8,
difference 98.0, 150 samples), and 613C(C02) from —20.1
to 24.3%o (mean —8.0%o, difference 44.4%o, 63 samples).
These results demonstrate that values of the two gas indices
and the stable carbon isotope ratio are always considerably
higher for free gases than for adsorbed gases. Small changes
of 8]3C(C02) values of adsorbed gases with the sampling
depth from 4.8 through 5.6 to 6.4 m (Table 2, Fig. 8A, B, C)
indicate that carbon dioxide is of thermogenic origin and
only occasionally insignificant influence of secondary oxi-
dation of hydrocarbons and/or Quaternary organic matter
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Contour maps of methane concentrations in adsorbed gas of cuttings sampled at depths of (A) 4.8 m, (B) 5.6 m, and (C) 6.4 m
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Table 4

Principal statistical parameters of alkanes concentrations for adsorbed gas of core samples collected down to 12 m depth

. Total

Statistical Unit CHa CyHg CsHg i-C4Hyo n-C4Hyo | neo-CsHyz | i-CsHio n-CsHpo Cy-Cs Cuc**
parameters alkanes

Minimum (ppm) 0.27 0.0 0.0 0.012 0.0 0.0 0.103 0.009 0.239 0.3
Maximum | (ppm) 9.91 0.358 12.3 23.7 85.2 0.497 230.0 162.0 505.0 433.0
Median (ppm) 478 0.030 0.106 0.347 0.947 0.0 3.55 1.83 7.0 347
Mean (ppm) 5.19 0.046 0.77 2.06 5.28 0.032 11.6 6.48 26.3 50.6
Standard |- 1.59 0.059 2.03 433 12.7 0.082 283 19.3 63.4 65.8
deviation

Number of 78 68 75 78 77 29 78 78 78 78
samples
Percentage | o) 100 87.2 96.2 100.0 98.7 372 100.0 100.0 100.0 100.0
of samples

* — number of samples with concentration of component over detection limit

o - Ol

- C,H + CH,
Table 5

Principal statistical parameters of alkenes, carbon dioxide and hydrogen concentrations and carbon dioxide — methane in-
dex for adsorbed gas of core samples collected to 12 m depth

Statistical Unit CoHa C3H6 1-C4Hs Total COy** Hy** CDMI***
parameters C2-C4 alkenes
Minimum (ppm) 0.0 0.0 0.0 0.016 0.14 0.0 99.5
Maximum (ppm) 1.21 1.28 0.952 3.44 1.05 3.0 100.0
Median (ppm) 0.060 0.032 0.034 0.136 0.26 0.076 99.8
Mean (ppm) 0.087 0.058 0.071 0.216 0.28 0.109 99.8
Standard
deviation (ppm) 0.152 0.155 0.125 0.415 0.12 0.338 0.1
Number of 77 57 58 78 78 61 78
samples
Percentage of (%) 98.7 73.1 74.4 100.0 100.0 78.2 100.0
samples
* — number of samples with concentration of component over detection limit; ** — minimum, maximum, median, mean and standard deviation values in
vol%
(6/0)
#4% _ CDMI = ———2—-100%
CO, + CH,

can be observed. On the contrary, isotopic composition of
free gases reveals that this gas component is polygenetic:
thermogenic, microbial and generated during oxidation of
hydrocarbons, and recent, residual organic matter (Kotarba
et al., 2009). This effect of isotopic fractionation can be
caused by two reasons: (1) increasing content of thermo-
genic gases at depth, and (2) higher content of microbial and
oxidized forms of carbon dioxide in free gases, and their es-
cape to the atmosphere during degassing of rock samples.
The higher values of hydrocarbon Cyc and carbon dioxide
methane CDMI indices in adsorbed gases than in free gases
can be caused by the same reasons.

Analyses of gas samples desorbed from drill cores

The analysed gases obtained from depths 0—12 m are
variable in their molecular composition. Molecular compo-
sition and gas indices of analysed gases vary within the fol-
lowing ranges (Tables 4, 5): CH4 from 0.27 to 9.91 ppm
(mean 5.19 ppm), total C»-Cs alkanes from 0.24 to 505 ppm
(mean 26.3 ppm), of which CoHg from 0 to 0.36 ppm (mean
0.046 ppm), C3Hg from 0 to 12.3 ppm (mean 0.77 ppm),
i-C4Hj0 from 0.012 to 23.7 ppm (mean 2.06 ppm), n-C4H1¢
from 0 to 85.2 ppm (mean 5.28 ppm), neo-CsHj2 from 0 to
0.5 ppm (mean 0.032 ppm), i-CsHj2 from 0.103 to 230 ppm
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Table 6

Geological No. of Methane (ppm) Total C»-Cs alkanes (ppm) Total C-Cy4 alkenes (ppm)
strata samples | Maximum Mean Median | Maximum Mean Median | Maximum Mean Median
Pleistocene 19 6.82 4.93 4.73 113.6 26.5 11.8 0.307 0.202 0.210
Holocene 16 5.86 4.67 4.72 73.21 10.7 1.6 0.49 0.142 0.112
Mine dump 12 6.77 4.99 4.99 10.28 4.66 4.6 3.44 0.576 0.201
Miocene 30 9.91 5.65 4.99 504.7 43.7 12.4 0.283 0.125 0.114
Table 7

Principal statistical parameters of carbon dioxide and hydrogen concentrations for adsorbed gas of core samples

from near-surface geological strata

Carbon dioxide (vol%) Hydrogen (vol%)
Geological strata | No. of samples
Maximum Mean Media Maximum Mean Media
Pleistocene 19 0.51 0.31 0.28 3.004 0.232 0.077
Holocene 16 0.35 0.27 0.26 0.121 0.062 0.078
Mine dump 12 1.05 0.34 0.26 0.341 0.136 0.106
Miocene 30 0.43 0.25 0.24 0.142 0.045 0.036

(mean 11.6 ppm) and n-CsHjz from 0.009 to 162 ppm
(mean 6.48 ppm), total C2-C4 alkenes from 0.016 to 3.44
ppm (average 0.22 ppm), CO; from 0.14 to 1.05 vol%
(mean 0.28 vol%), Hy from 0 to 3.0 vol% (mean 0.11
vol%), hydrocarbon (Cyc) index from 0.3 to 433 (mean
50.6), and carbon dioxide/methane (CDMI) index from 99.5
to 100.0 (mean 99.8).

Generally, the concentrations of methane and total
Cy-Cs alkanes are lower in samples taken from drill cores
than in those derived from cuttings, except for alkenes and
hydrogen which are somewhat higher in the drill-core sam-
ples. Concentrations of carbon dioxide are lower than in
samples from cuttings.

Statistical parameters calculated for lithostratigraphic
horizons demonstrated that the highest concentrations of
methane and total alkanes C»-Cs occurred in Miocene strata
and the lowest ones were found in Holocene sediments and
in mine wastes (Table 6). The highest concentrations of
alkenes and carbon dioxide were observed in wastes from
mine dump and the lowest ones were indicated in Miocene
rocks (Tables 6, 7). Although the numbers of analysed sam-
ples are poorly representative from statistical point of view,
the regularities disclosed are well-reasoned and demon-
strate that migration rates through the Miocene strata were
higher than those through Pleistocene and Holocene depos-
its. Decreasing migration rate facilitates dehydrogenation of
gases, which may lead to formation of alkenes (Saunders et
al., 1999). Increasing concentrations of carbon dioxide in
mine wastes with simultaneous decrease of higher alkanes
is interpreted as an effect of bacterial oxidation of the latter
compounds (Lundegard et al., 2000; Whiticar et al., 1986).
It is supported also by higher concentrations of methane in
mine wastes, compared to Holocene sediments (Table 6).

Cumulative plots of concentrations of methane, total al-
kanes C»-Cs, total alkenes C»-C4, hydrogen and carbon di-
oxide in samples from drill cores were divided into several
subsets (Fig. 9), which gave rise to selection of threshold
values for anomalies: for methane — 5 ppm (Fig. 9A), for to-
tal alkanes C2-Cs — 17 ppm (Fig. 9B), for total alkenes
C2-C4 — 0.12 ppm (Fig. 9C), for hydrogen — 0.085 vol%
(Fig. 9D), and for carbon dioxide — 0.33 vol% (Fig. 9E).

The highest number of sampling sites with anomalous
concentrations of alkanes (5 ppm for methane, 177 ppm for
total alkanes C»-Cs) was found in Miocene strata whereas
the lowest ones were encountered in Holocene deposits
(Figs 10, 11). However, in Miocene sediments the lowest
number of anomalous concentrations of total alkenes C»-Cg,
hydrogen and carbon dioxide were noticed (Figs 12, 13,
14). The highest number of anomalous concentrations of to-
tal alkenes C-C4 and hydrogen were observed in Pleisto-
cene sediments (Figs 12B, 13B). These data indicate that fa-
vourable conditions for oxidation and dehydrogenation of
ascending alkanes exist in younger sediments (Saunders et
al., 1999; Whiticar & Faber, 1986). In the study area, gener-
ation of alkenes and hydrogen was most intensive in the
Pleistocene.

813C(C02) values of gases desorbed from drill cores at
the sampling depths from 2.0 to 8.0 m vary in a very narrow
range, from —13.5 to —10.3%o (Table 8). Similarly as gas
from samples desorbed from cuttings, carbon dioxide is of
thermogenic origin.

Examples of changes in concentrations of methane, to-
tal C»-Cs alkanes, total C»-C4 alkenes, hydrogen and carbon
dioxide referred to lithostratigraphic columns (Fig. 15) do
not reveal mutual relationships. It suggests the complicated
physical and biochemical processes (diffusion, effusion,
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sorption, action of microorganisms) operating during the
migration of hydrocarbons from deep accumulations
towards the surface.

CONCLUSIONS

Studies of molecular composition of gases released by
thermal-vacuum degassing from cuttings and drill core sam-
ples indicate high saturation of near-surface sediments with
oil. The highest concentration of alkanes occurs in Miocene
strata. Migration rate of hydrocarbons from deep accumula-
tions towards the surface along faults, fissures and fractures
can be regarded as relatively high.

In the near-surface zone hydrocarbons were oxidized
and dehydrogenated, which led to generation of unsaturated
compounds and hydrogen. This generation was most inten-
sive in Pleistocene sediments and in mine wastes. Increased
concentrations of hydrogen may also originate from radio-
lysis of water at the presence of hydrocarbons.

Concentrations of carbon dioxide in adsorbed gas in re-
lation to other analysed gases are most uniform; a slight in-
crease is observed in mine wastes indicating more favour-
able conditions for oxidation of hydrocarbons.

The detected concentrations compared to the results ob-
tained with the free gas method (Kotarba et al., 2009;
Sechman et al., 2009) lead to a general conclusion that con-
centrations of alkanes, alkenes and carbon dioxide mea-
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Fig. 14. Contour maps of mean values of carbon dioxide concentrations in the adsorbed gas of core samples from: (A) Holocene, (B)
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sured in gas desorbed from rock samples are lower and that
the number of anomalous concentrations is also lower than
those measured in the free gas. However, hydrogen concen-
trations are higher in adsorbed gas than in free gas (Kotarba
et al.,2009; Sechman et al., 2009). It indicates that no addi-
tional effects from recent (e.g. microbial) processes were
detected with the adsorbed gas method. Hence, the obtained
results reflect the effects of an earlier saturation of rocks
with ascending hydrocarbons and other components. The fi-
nal effect results from complicated sorption processes
within the rock formations. In authors’ opinion, the more
comprehensive interpretation of the results of geochemical
survey carried out with the adsorbed gas method will be
possible after comparative analysis of the results and
relationships obtained with the free gas and the adsorbed
gas methods.
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Table 8

Results of stable carbon isotope composition of adsorbed
gas of core samples from near-surface geological strata

13
of boNrZ.holes D(?fl))th Stratigraphy ° ((E’/f)oc)oz)
1 2.0 Pleistocene -10.8
4 6.0 Miocene -12.3
5 2.0 Holocene -10.4
13 2.0 Pleistocene -10.3
21 2.0 Pleistocene -10.4
25 2.0 Pleistocene -11.0
28 8.0 Pleistocene -10.5
31 4.0 Holocene -13.5
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