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Ab stract: The near- surface geo chemi cal sur vey of gases de sorbed from sedi ment sam ples was car ried out in the
area of an aban doned ozo ke rite mine in Sta runia, where rem nants of mam moth and three woolly rhi noc er oses and
one al most com pletely pre served rhi noc eros car cass were dis cov ered in 1907 and 1929. Nu mer ous hy dro car bon
seeps (gas and oil “eyes”) oc cur on the sur face of the study area. Analy ses of mo lecu lar and sta ble car bon iso tope
com po si tions of ad sorbed gases were car ried out in two vari ants. The first in cluded sam pling of cut tings from 30
auger bore holes at depths of 4.8, 5.6 and 6.4 m. In to tal, 88 sam ples were col lected. In the sec ond vari ant core
sam ples were col lected from 17 se lected bore holes. In to tal, 78 sam ples were taken from vari ous depths to 12 m.
The re sults of mo lecu lar com po si tion analy ses of de sorbed gases in di cated high satu ra tion of near- surface
sedi ments with the oil. The high est con cen tra tions of al kanes were de tected in Mio cene strata. Hy dro car bon
mi gra tion from deep ac cu mu la tions to the sur face was rela tively fast and pro ceeded along the faults, frac tures and
cracks. In the near- surface zone hy dro car bons were sub jected to oxi da tion and de hy dro ge na tion, which re sulted in 
gen era tion of un satu rated hy dro car bons and hy dro gen. These pro cesses were most in ten sive in the Pleis to cene
sedi ments and in the mine dumps. In creased con cen tra tions of hy dro gen may also origi nate from wa ter ra dioly sis
in the pres ence of hy dro car bons. Con cen tra tions of car bon di ox ide in the ad sorbed gases show the higher val ues in 
com pari son with the ana lysed gase ous com pounds. How ever, a slight in crease in CO2 con cen tra tion was de tected
in the mine dump, which may in di cate con di tions more fa vour able for hy dro car bon oxi da tion. Car bon di ox ide
from the ana lysed ad sorbed gases is of ther mo genic ori gin. Oc ca sion ally, in sig nifi cant in flu ence of sec on dary
hy dro car bon oxi da tion and/or Qua ter nary or ganic mat ter can be ob served. Con cen tra tions of  al kanes, al ke nes and 
car bon di ox ide in the gas de rived from de sorp tion of rock sam ples are lower and the con cen tra tion of hy dro gen is
higher than those meas ured in free gases. This in di cates that ad di tional ef fects from re cent (e.g. mi cro bial)
pro cesses are ab sent.

Key words: near- surface geo chemi cal sur vey, ad sorbed gases, ori gin of gase ous hy dro car bons, ori gin of car bon
di ox ide, Qua ter nary sedi ments, Sta runia pa lae on to logi cal site, Car pa thian re gion, Ukraine.
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IN TRO DUC TION

At the end of the 19th and in the first half of the 20th
cen tu ries ozo ke rite (earth wax) was mined in the Sta runia
area, about 130 kilo me tres south east of Lviv, Ukraine (Fig.
1), from the Mio cene Vo ro tyshcha beds of the Boryslav-
Pokuttya Unit of the Car pa thian Fore deep (Alexandro-
wicz, 2004, 2005; Kol tun et al., 2005). In 1907, rem nants of 
mam moth and woolly rhi noc eros were found in No. 4
(“Mam moth”) shaft of the ozo ke rite mine at depths of 12.5
and 17.6 m, re spec tively. In 1929, in a spe cial shaft sunk at
the ex pense of the Pol ish Acad emy of Arts and Sci ences, a
unique, al most fully pre served woolly rhi noc eros was found 

at 12.5 m depth, within the Pleis to cene sedi ments satu rated
with oil and brine (Ko tarba, 2002; Alexandrowicz, 2004,
2005; Ku biak & Drygant, 2005).

Stud ies on vari abil ity of con cen tra tions of gase ous n-al- 
kanes, gase ous al ke nes and car bon di ox ide as well as sta ble
car bon iso tope com po si tion of car bon di ox ide from gases
ad sorbed in the near- surface zone were a part of an in ter dis -
ci pli nary re search proj ect car ried out in the years 2006–
2009 at the Sta runia pa lae on to logi cal site (Ko tarba, 2009).
Gen eral in for ma tion cov er ing the his tory of the area, the de -
tails of ge ol ogy and the re sults of ear lier re search were re -
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Fig. 1. Sketch map of the Starunia palaeontological site and sur round ing area (Carpathian re gion, Ukraine) with the lo ca tion of au ger
drillings and bore holes



ported on in a spe cial mono graph (Ko tarba, ed., 2005) and
in re cent pub li ca tions (Ko tarba et al., 2008a; Ko tarba &
Stachowicz- Rybka, 2008; Soko³owski et al., 2009; Soko-
³owski & Stachowicz- Rybka, 2009; Stachowicz- Rybka et
al., 2009) and in ref er ences therein.

In 2004, a pre limi nary soil gas geo chemi cal sur vey was
car ried out in the area of the aban doned ozo ke rite mine at
Sta runia (Ko tarba et al., 2005, 2008b), and in 2007 a de -
tailed soil gas geo chemi cal sur vey was com pleted (Sech -
man et al., 2009). The re sults of geo chemi cal re search to -
gether with com bined geoe lec tric (Moœcicki, 2009) and mi -
cro grav ity sur veys (Porzucek & Madej, 2009a, b) en abled
the authors to se lect the zones suit able for a de tailed, deeper
geo chemi cal sur vey. In to tal, 30 meas ure ment sites were se -
lected for the near- surface geo chemi cal sur vey down to 4 m
depth (Ko tarba et al., 2009). At the same sites geo chemi cal
re search was un der taken at se lected depths of 4.8, 5.6 and
6.4 m. Ana lysed were gases ad sorbed in rocks from the
near-sur face zone. Sam ples were taken from cut tings de -
rived from auger drill ings. Moreo ver, core sam ples for ad -
sorbed gases analy ses were col lected from 17 se lected bore -
holes down to 12 m depth.

The main ob jec tive of this study was to de ter mine the
com po si tion and con cen tra tion of gase ous n-al kanes, al ke -
nes, car bon di ox ide and hy dro gen in gas sam ples de sorbed
from sedi ment col lected from depths down to 12 m. Moreo -
ver, these sam ples were ana lysed also for sta ble car bon iso -
tope com po si tion of car bon di ox ide. The re sults en abled the
authors to evalu ate the spa tial dis tri bu tion of con cen tra tions
of ana lysed gases. These re sults sup ple ment the geo chemi -
cal analy ses per formed with free gas method (Sech man et
al., 2009; Ko tarba et al., 2009). The com pari son of both
vari ants en ables for a more de tailed geo chemi cal char ac ter -
is tic of near- surface zone and the pro cesses oc cur ring there.
This should en able one to de fine the en vi ron ment in which
the Pleis to cene ver te brates died and were pre served.

METH ODS

Field work and sam pling pro ce dure

Field geo chemi cal stud ies of ad sorbed gases were car -
ried out in June and Oc to ber, 2007, and in cluded sam pling
of cut tings and drill cores. Un der the no tion of “ad sorbed
gases” we should un der stand a gas bounded with ad sorp tion 
forces, in the form of an in clu sion and also ac cu mu la tions in 
inter- grain macro- and mezzo- pores.

Cut tings were sam pled in 30 se lected 70 mm di ame ter
auger bore holes. Sam ples (100 g each) were taken from
depths of 4.8, 5.6 and 6.4 m. In to tal, 88 sam ples were col -
lected.

Drill cores were sam pled in 17 se lected bore holes (Nos
1, 1’, 3, 4, 5, 12, 13, 14, 18, 19, 21, 24, 25, 27, 28, 30 and
31) drilled with the UGB- 50 vi bra tory probe (di ame ter 12
cm). Planned sam pling depths: 0, 2, 4, 6, 8, 9, 10, 11 and 12
m some times were modi fied due to li thol ogy of pene trated
rocks and drill- core re cov ery. In to tal, 78 such sam ples were 
taken.

Gen er ally, the sam pled cut tings and cores rep re sented:
Qua ter nary clayey muds and coarse clas tic rocks satu rated
with bi tu men, mine dump (waste), and Mio cene rocks in the 
form of clayey muds, sandstone- claystone brec cia with hal -
ite, potassium- salt, gyp sum and cal cite lay ers, and veins of
ozo ke rite.

The col lected sam ples were trans ported to the AGH
Uni ver sity of Sci ence and Tech nol ogy in Kraków, Po land,
for de gassing and labo ra tory analy ses.

Lab o ra tory pro ce dure

Both the cut tings and the drill core sam ples were sub -
jected to thermal- vacuum de gassing com bined with me -
chani cal granu lar dis in te gra tion.

For de gassing 30 g of rock, the sam ple was placed in a
glass box and satu rated NaCl so lu tion was added. The box
was then tightly closed with a rub ber plug and con nected to
a spe cial vac uum pump which pro duced –0.7 MPa un der -
pres sure. Si mul ta ne ously, the box was heated to hard red ra -
dia tion. Dur ing de gassing which lasted 15 min utes the sam -
ple was con tinu ously dis in te grated with the mag netic agi ta -
tor. The re leased gas filled the cham ber of the pump and a
proper amount was col lected for chro ma tographic analy sis.

An a lyt i cal meth ods

Gas sam ples were ana lysed chro ma tographi cally for
con cen tra tions of al kanes (meth ane, eth ane, pro pane, i-b -
utane, n-b utane, neo-pe ntane, i-pe ntanes and n-pe ntane), al -
ke nes (eth yl ene, pro pyl ene, and 1- butene), hy dro gen and
car bon di ox ide. A to tal of 166 gas sam ples were stud ied,
which gave 2,158 sin gle chro ma tographic analy ses.

Analy ses were car ried on us ing the FIS SONS In stru -
ments GC 8160 and the Carlo Erba In stru ments GC 6300
de vices. The ana lyti cal pro ce dure was con sis tent with that
pub lished by e.g. Sech man and Dzi eniewicz (2007) and
Sech man et al. (2009).

For sta ble car bon iso tope anal y ses car bon di ox ide was
iso lated chromatographically and then trans mit ted to a Fin-
nigan Delta Plus mass spec trom e ter. Re sults were pre sented 
in d-no ta tion rel a tive to the PDB stan dard. An a lyt i cal pre ci -
sion is es ti mated to be ±0.2 ‰.

Sta tis ti cal pro ce dure

The mea sured con cen tra tions of gas eous hy dro car bons, 
hy dro gen and car bon di ox ide to gether with iso to pic com po -
si tion data d13C(CO2) (only for cut ting sam ples) were char -
ac ter ized by means of prin ci pal sta tis ti cal pa ram e ters (min i -
mum and max i mum val ues, me di ans, arith me tic means,
num ber of sam ples over de tec tion lim its, stan dard de vi a -
tions and per cent ages of sam ples in se lected con cen tra tion
classes). These pa ram e ters were de ter mined and cal cu lated
sep a rately for each ana lysed com po nent and, ad di tion ally,
for to tal con cen tra tions of gas eous hy dro car bons heavier
than meth ane (to tal C2-C5 al kanes), for to tal con cen tra tions
of gas eous alkenes C2-C4 as well as for the car bon di ox -
ide/meth ane in dex {CDMI = [CO2/(CO2 + CH4)] 100 (%)}
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and the hy dro car bon in dex [CHC = CH4/(C2H6 + C3H8)] ra -
tios. More over, sta tis ti cal pa ram e ters were de ter mined sep a -
rately for con cen tra tions of com pounds in gases desorbed
from cut tings and from drill cores.

Popu la tions of meth ane, to tal C2-C5 al kanes, to tal
C2-C4 al ke nes, car bon di ox ide and hy dro gen con cen tra tions 
meas ured in gases de sorbed from cut tings and drill cores
were proc essed and maxi mum val ues, arith metic means and 
me di ans were cal cu lated. Ad di tion ally, for sam ples from
cut tings, sta tis ti cal pa rame ters were cal cu lated sepa rately
for each sam pling depth: 4.8, 5.6 and 6.4 m. For core sam -
ples sta tis ti cal pa rame ters were cal cu lated for each iden ti -
fied lithos tra tigraphic ho ri zon.

Qual i ta tive eval u a tion of all mea sured meth ane, to tal
C2-C5 al kanes, to tal alkenes C2-C4, car bon di ox ide and hy -
dro gen con cen tra tions was based upon prob a bil ity plots
drawn sep a rately for gases de rived from cut tings and from
core sam ples. In each plot bound aries be tween dis tinc tive
sub sets were marked for each stud ied set of con cen tra tions.
Bound ary val ues were de ter mined graph i cally from the vis i -
ble slope changes of par tic u lar curves. The bound ary val ues 
of sub sets were then ap plied as val ues of con tour lines in
dis tri bu tion maps of meth ane, to tal C2-C5 al kanes, to tal
alkenes C2-C4, car bon di ox ide and hy dro gen con cen tra -
tions. Such maps were con structed for each sam pling depth
(4.8, 5.6 and 6.4 m) and for the dis tin guished lithostratigra-
phic ho ri zons. For the lat ter, av er aged val ues were cal cu -
lated for a given ho ri zon in a par tic u lar well. For gases
derived from cut tings the sur face dis tri bu tion of d13C(CO2)
was drawn, as well.

Se lected ex am ples of changes in con cen tra tions of hy -
dro car bons, car bon di ox ide and hy dro gen with the depth
were plot ted against the lithological columns.

RE SULTS AND DIS CUS SION

Anal y ses of gas sam ples desorbed from cut tings

The ana lysed gases ob tained from 4.8, 5.6 and 6.4 m
sam pling depths vary in their mo lec u lar com po si tions and
gas in di ces within the fol low ing ranges (Ta bles 1, 2): CH4

from 1.99 to 346 ppm (mean 10.1 ppm), to tal C2-C5 al kanes 
from 0.29 to 6,550 ppm (mean 279 ppm), of which C2H6

from 0 to 1,340 ppm (mean 18.9 ppm), C3H8 from 0.015 to
1,510 ppm (mean 40.3 ppm), i-C4H10 from 0 to 582.3 ppm
(mean 24.1 ppm), n-C4H10 from 0.029 to 1,340 ppm (mean
74.2 ppm), neo-C5H12 from 0 to 7.3 ppm (mean 0.43 ppm),
i-C5H12 from 0.15 to 1,070 ppm (mean 77 ppm) and
n-C5H12 from 0 to 700 ppm (mean 43.9 ppm), to tal C2-C4

alkenes from 0 to 2.48 ppm (av er age 0.128 ppm), CO2 from
0.175 to 0.523 vol% (mean 0.302 vol%), H2 from 0 to 0.726 
vol% (mean 0.023 vol%), CHC from 0.07 to 196.5 (mean
13.1), CDMI from 88.1 to 99.9 (mean 99.7), and d13C(CO2) 
from –14.8 to –8.8‰.

Among ana lysed con cen tra tions and in di ces at ten tion
should be paid to rel a tively high vari abil ity of to tal C2-C5

al kanes con cen tra tions com pared to those of meth ane. Also
char ac ter is tic is the in crease of mean con cen tra tions of
homo logues with the in creas ing num ber of car bon at oms in
the mol e cule (Ta ble 1). This may in di cate pol lu tion of rocks 
with oil and a higher ad sorp tion po ten tial of the en vi ron -
ment for larger hy dro car bon mol e cules (Karcev et al., 1954; 
Starobiniec, 1986). Small amount of alkenes in re la tion to
al kanes points to rel a tively high mi gra tion rate of hy dro car -
bons to wards the sur face (Saunders et al., 1999). Lim ited
range of car bon di ox ide con cen tra tions to gether with al most 
iden ti cal val ues of me dian and arith me tic mean in di cate that 
in this pop u la tion anom a lous val ues are rare, con trary to the
con cen tra tions of hy dro gen (Ta ble 2). Anom a lous con cen -
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Ta ble 1

Prin ci pal sta tis ti cal pa ram e ters of al kanes con cen tra tions and hy dro car bon in dex for ad sorbed gas of cut tings sam pled
at depths of 4.8, 5.6 and 6.4 m

Statistical
parameters

Unit CH4 C2H6 C3H8 i-C4H10 n-C4H10 neo-C5H12 i-C5H12 n-C5H12

Total
C2-C5

alkanes
CHC**

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 7.3 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 40.3 24.1 74.2 0.43 77.0 43.9 279.0 13.1

Standard
deviation 

(ppm) 37.0 143.0 168.0 68.4 190.0 1.1 170.0 107.0 790.0 28.8

Number of
samples*

88 68 88 85 88 48 88 86 88 88

Percentage
of samples 

(%) 100.0 77.3 100.0 96.6 100.0 54.5 100.0 97.7 100.0 100.0

   * –  num ber of sam ples with con cen tra tion of com po nent over de tec tion limit 

** –  C
CH

C H C H
HC =

+
4

2 6 3 8



tra tions of hy dro gen re sult also from radiolysis of water at
the presence of hydrocarbons (Hawkes, 1972; Starobiniec,
1986).

Meth ane con cen tra tions can be di vided into four
sub-sets, in which val ues over 8 ppm can be re garded as
anom a lous (Fig. 2A). For to tal al kanes C2-C5 six such
sub-sets were dis tin guished and 20 ppm con cen tra tion was
taken as thresh old value for anom a lies (Fig. 2B). Cu mu la -
tive curve for to tal alkenes C2-C4 con cen tra tions re vealed
0.2 ppm as thresh old of anom a lous val ues (Fig. 2C). Fi -
nally, for hy dro gen the anom a lous thresh old con cen tra tion
was 0.017 vol% (Fig. 2D) and for car bon dioxide it was
0.37 vol% (Fig. 2E).

Gen er ally, con cen tra tions of both meth ane and to tal al -
kanes C2-C5 show in creas ing trends with depth, whereas the 
alkenes and hy dro gen con cen tra tions trend to de crease. Car -
bon di ox ide con cen tra tions show only mi nor changes with
depth; max i mum val ues os cil late around 0.5 vol%, whereas
means and me di ans are about 0.3 vol% each (Ta ble 3). Such 
re la tion ships in di cate that hy dro car bons as cend ing from the
depth to wards the sur face are sub jected to ox i da tion and
dehydrogenation (Morrison & Boyd, 1983).

The lat eral dis tri bu tion of con cen tra tion of ana lysed
gases at depths of 4.8, 5.6 and 6.4 m is pre sented in Fig ures
3 to 8. The ranges are cho sen ac cord ing to sub sets marked
in Fig. 2. The num ber of sites with anom a lous meth ane con -
cen tra tion (over 8 ppm) in creases with depth (Fig. 3A, B,
C). The high est num ber of sites with anom a lous con cen tra -
tion of to tal C2-C5 al kanes (over 20 ppm) oc curs at a depth
of 5.6 m (Fig. 4B), while con cen tra tion of to tal C2-C4

alkenes over 0.2 ppm oc curs most com monly at a depth of
4.8 m (Fig. 5A). The high est num ber of sites with anom a -
lous con cen tra tion of hy dro gen (over 0.017 vol%) oc curs at
a depth of 4.8 m (11 sam pling sites) whereas the low est – at
a depth of 6.4 m (9 sam pling sites) (Fig. 6A, C). The anom a -
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Ta ble 2

Prin ci pal sta tis ti cal pa ram e ters of alkenes, car bon di ox ide and hy dro gen con cen tra tions,
car bon di ox ide – meth ane in dex and sta ble car bon iso tope com po si tion of car bon dioxidefor ad sorbed gas of cut tings

sam pled at depths of 4.8, 5.6 and 6.4 m

Statistical
parameters

Unit C2H4 C3H6 1-C4H8

Total
C2-C4

alkenes
CO2** H2** CDMI*** d13C (CO2)#

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 2.48 0.523 0.726 99.93 -8.8

Median (ppm) 0.0 0.0 0.0 0.034 0.296 0.011 99.88 -11.3

Mean (ppm) 0.032 0.030 0.066 0.128 0.302 0.023 99.66 -11.2

Standard
deviation

(ppm) 0.132 0.093 0.230 0.348 0.064 0.077 1.27 1.4

Number of
samples*

41 40 26 68 88 67 88 53

Percentage of
samples

(%) 46.6 45.5 29.5 77.3 100 76.1 100 60.2

* – num ber of sam ples with con cen tra tion of com po nent over de tec tion limit; ** – min i mum, max i mum, me dian, mean and stan dard de vi a tion val ues in
vol%

*** – CDMI
CO

CO CH
=

+
×2

2 4

100%;  # – min i mum, max i mum, me dian, mean and stan dard de vi a tion val ues in ‰

Ta ble 3

Prin ci pal sta tis ti cal pa ram e ters of al kanes, alkenes,
hy dro gen and car bon di ox ide con cen tra tions and sta ble

car bon iso tope com po si tion of car bon di ox ide for ad sorbed 
gas of cut tings sam pled at depths of 4.8, 5.6 and 6.4 m

Component
Depth

(m)
No. of

samples
Maximum Mean Median

(ppm) (ppm) (ppm)

Methane

4.8 30 33.9 5.5 3.4

5.6 30 41.2 7.9 3.2

6.4 28 346.0 17.3 3.2

Total C2-C5

alkanes

4.8 30 2410.0 247.0 47.1

5.6 30 1920.0 220.7 47.9

6.4 28 6550.0 375.2 58.1

Total C2-C4

alkenes

4.8 30 2.5 0.237 0.050

5.6 30 0.37 0.050 0.027

6.4 28 1.7 0.111 0.035

(vol%) (vol%) (vol%)

Hydrogen

4.8 30 0.73 0.039 0.011

5.6 30 0.051 0.015 0.011

6.4 28 0.072 0.015 0.009

Carbon
dioxide

4.8 30 0.456 0.302 0.299

5.6 30 0.523 0.305 0.298

6.4 28 0.494 0.298 0.294

(‰) (‰) (‰)

d13C (CO2)

4.8 12 -8.8 -10.7 -10.5

5.6 13 -9.1 -11.6 -11.8

6.4 28 -8.9 -11.2 -11.3



lous con cen tra tion of CO2 (over 0.37 vol%) at a depth of
4.8 m was found at 4 sam pling sites, while at the depths of
5.6 m and 6.4 m the anom a lies were observed at 3 sampling
sites (Fig. 7A, B, C).

The lat eral dis tri bu tions pre sented above gen er ally sup -
port the ear lier ob ser va tions, ac cord ing to which con cen tra -
tion of meth ane and to tal al kanes C2-C5 re veals in creas ing
trends with the depth, con cen tra tion of alkenes and hy dro -
gen dem on strates de creas ing trends, whereas con cen tra tion
of car bon dioxide remains relatively stable.

As men tioned above, val ues of the hy dro car bon (CHC)
in dex, car bon di ox ide/meth ane (CDMI) in dex and
d13C(CO2) of ad sorbed gas of cut tings col lected from 4.8,
5.6 and 6.4 m sam pling depths vary in nar row ranges (Ta -
bles 1, 2). For com par i son, val ues of hy dro car bon in dex,

car bon di ox ide/meth ane in dex and d13C(CO2) of “free”
gases col lected from 0.8, 1.6, 2.4, 3.2 and 4.0 m sam pling
depths (Kotarba et al., 2009) vary within the fol low ing
ranges: CHC from 2.6 to 94,252 (mean 1,168, dif fer ence
94,247, 150 sam ples), CDMI from 1.8 to 99.8 (mean 63.8,
dif fer ence 98.0, 150 sam ples), and d13C(CO2) from –20.1
to 24.3‰ (mean –8.0‰, dif fer ence 44.4‰, 63 sam ples).
These re sults dem on strate that val ues of the two gas in di ces
and the sta ble car bon iso tope ra tio are al ways con sid er ably
higher for free gases than for ad sorbed gases. Small changes 
of d13C(CO2) val ues of ad sorbed gases with the sam pling
depth from 4.8 through 5.6 to 6.4 m (Ta ble 2, Fig. 8A, B, C)
in di cate that car bon di ox ide is of thermogenic or i gin and
only oc ca sion ally in sig nif i cant in flu ence of sec ond ary ox i -
da tion of hy dro car bons and/or Qua ter nary or ganic mat ter
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Fig. 2. Cu mu la tive fre quency di a grams of (A) meth ane, (B) to tal C2-C5 al kanes, (C) to tal C2-C4 alkenes, (D) hy dro gen and (E) car bon
di ox ide con cen tra tions mea sured in ad sorbed gas of cut tings sam pled at depths of 4.8, 5.6 and 6.4 m
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Fig. 3. Con tour maps of meth ane con cen tra tions in ad sorbed gas of cut tings sam pled at depths of (A) 4.8 m, (B) 5.6 m, and (C) 6.4 m

Fig. 4. Con tour maps of to tal C2-C5 al kanes con cen tra tions in ad sorbed gas of cut tings sam pled at depths of (A) 4.8 m, (B) 5.6 m, and
(C) 6.4 m
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Fig. 5. Con tour maps of to tal C2-C4 alkenes con cen tra tions in ad sorbed gas of cut tings sam pled at depths of (A) 4.8 m, (B) 5.6 m, and
(C) 6.4 m

Fig. 6. Con tour maps of hy dro gen con cen tra tions in ad sorbed gas of cut tings sam pled at depths of (A) 4.8 m, (B) 5.6 m, and (C) 6.4 m
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Fig. 7. Con tour maps of car bon di ox ide con cen tra tions in ad sorbed gas of cut tings sam pled at depths of (A) 4.8 m, (B) 5.6 m, and (C)
6.4 m

Fig. 8. Con tour maps of d13C(CO2) val ues in ad sorbed gas of cut tings sam pled at depths of (A) 4.8 m, (B) 5.6 m, and (C) 6.4 m



can be ob served. On the con trary, iso to pic com po si tion of
free gases re veals that this gas com po nent is poly gen etic:
thermogenic, mi cro bial and gen er ated dur ing ox i da tion of
hy dro car bons, and re cent, re sid ual or ganic mat ter (Kotarba
et al., 2009). This ef fect of iso to pic frac tion ation can be
caused by two rea sons: (1) in creas ing con tent of thermo-
genic gases at depth, and (2) higher con tent of mi cro bial and 
ox i dized forms of car bon di ox ide in free gases, and their es -
cape to the at mo sphere dur ing de gas sing of rock sam ples.
The higher val ues of hy dro car bon CHC and car bon di ox ide
meth ane CDMI in di ces in ad sorbed gases than in free gases
can be caused by the same rea sons.

Anal y ses of gas sam ples desorbed from drill cores

The ana lysed gases ob tained from depths 0–12 m are
vari able in their mo lec u lar com po si tion. Mo lec u lar com po -
si tion and gas in di ces of ana lysed gases vary within the fol -
low ing ranges (Ta bles 4, 5): CH4 from 0.27 to 9.91 ppm
(mean 5.19 ppm), to tal C2-C5 al kanes from 0.24 to 505 ppm 
(mean 26.3 ppm), of which C2H6 from 0 to 0.36 ppm (mean
0.046 ppm), C3H8 from 0 to 12.3 ppm (mean 0.77 ppm),
i-C4H10 from 0.012 to 23.7 ppm (mean 2.06 ppm), n-C4H10

from 0 to 85.2 ppm (mean 5.28 ppm), neo-C5H12 from 0 to
0.5 ppm (mean 0.032 ppm), i-C5H12 from 0.103 to 230 ppm 
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Ta ble 4

Prin ci pal sta tis ti cal pa ram e ters of al kanes con cen tra tions for ad sorbed gas of core sam ples col lected down to 12 m depth

Statistical
parameters

Unit CH4 C2H6 C3H8 i-C4H10 n-C4H10 neo-C5H12 i-C5H12 n-C5H12

Total
C2-C5

alkanes
CHC**

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) 4.78 0.030 0.106 0.347 0.947 0.0 3.55 1.83 7.0 34.7

Mean (ppm) 5.19 0.046 0.77 2.06 5.28 0.032 11.6 6.48 26.3 50.6

Standard
deviation

(ppm) 1.59 0.059 2.03 4.33 12. 7 0.082 28.3 19.3 63.4 65.8

Number of
samples *

78 68 75 78 77 29 78 78 78 78

Percentage
of samples

(%) 100 87.2 96.2 100.0 98.7 37.2 100.0 100.0 100.0 100.0

 *  – num ber of sam ples with con cen tra tion of com po nent over de tec tion limit

** – C
CH

C H C H
HC =

+
4

2 6 3 8

Ta ble 5

Prin ci pal sta tis ti cal pa ram e ters of alkenes, car bon di ox ide and hy dro gen con cen tra tions and car bon di ox ide – meth ane in -
dex for ad sorbed gas of core sam ples col lected to 12 m depth

Statistical
parameters

Unit C2H4 C3H6 1-C4H8
Total

C2-C4 alkenes
CO2** H2** CDMI***

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
samples*

77 57 58 78 78 61 78

Percentage of
samples

(%) 98.7 73.1 74.4 100.0 100.0 78.2 100.0

* – num ber of sam ples with con cen tra tion of com po nent over de tec tion limit; ** – min i mum, max i mum, me dian, mean and stan dard de vi a tion val ues in
vol%

*** – CDMI
CO

CO CH
=

+
×2

2 4

100%



(mean 11.6 ppm) and n-C5H12 from 0.009 to 162 ppm
(mean 6.48 ppm), to tal C2-C4 alkenes from 0.016 to 3.44
ppm (av er age 0.22 ppm), CO2 from 0.14 to 1.05 vol%
(mean 0.28 vol%), H2 from 0 to 3.0 vol% (mean 0.11
vol%), hy dro car bon (CHC) in dex from 0.3 to 433 (mean
50.6), and car bon di ox ide/meth ane (CDMI) in dex from 99.5 
to 100.0 (mean 99.8).

Gen er ally, the con cen tra tions of meth ane and to tal
C2-C5 al kanes are lower in sam ples taken from drill cores
than in those de rived from cut tings, ex cept for alkenes and
hy dro gen which are some what higher in the drill-core sam -
ples. Con cen tra tions of car bon di ox ide are lower than in
sam ples from cuttings.

Sta tis ti cal pa ram e ters cal cu lated for lithostratigraphic
ho ri zons dem on strated that the high est con cen tra tions of
meth ane and to tal al kanes C2-C5 oc curred in Mio cene strata 
and the low est ones were found in Ho lo cene sed i ments and
in mine wastes (Ta ble 6). The high est con cen tra tions of
alkenes and car bon di ox ide were ob served in wastes from
mine dump and the low est ones were in di cated in Mio cene
rocks (Ta bles 6, 7). Al though the num bers of ana lysed sam -
ples are poorly rep re sen ta tive from sta tis ti cal point of view,
the reg u lar i ties dis closed are well-rea soned and dem on -
strate that mi gra tion rates through the Mio cene strata were
higher than those through Pleis to cene and Ho lo cene de pos -
its. De creas ing mi gra tion rate fa cil i tates dehydrogenation of 
gases, which may lead to for ma tion of alkenes (Saunders et
al., 1999). In creas ing con cen tra tions of car bon di ox ide in
mine wastes with si mul ta neous de crease of higher al kanes
is in ter preted as an ef fect of bac te rial ox i da tion of the lat ter
com pounds (Lundegard et al., 2000; Whiticar et al., 1986).
It is sup ported also by higher concentrations of methane in
mine wastes, compared to Holocene sediments (Table 6).

Cu mu la tive plots of con cen tra tions of meth ane, to tal al -
kanes C2-C5, to tal alkenes C2-C4, hy dro gen and car bon di -
ox ide in sam ples from drill cores were di vided into sev eral
sub sets (Fig. 9), which gave rise to se lec tion of thresh old
val ues for anom a lies: for meth ane – 5 ppm (Fig. 9A), for to -
tal al kanes C2-C5 – 17 ppm (Fig. 9B), for to tal alkenes
C2-C4 – 0.12 ppm (Fig. 9C), for hy dro gen – 0.085 vol%
(Fig. 9D), and for car bon dioxide – 0.33 vol% (Fig. 9E).

The high est num ber of sam pling sites with anom a lous
con cen tra tions of al kanes (5 ppm for meth ane, 177 ppm for
to tal al kanes C2-C5) was found in Mio cene strata whereas
the low est ones were en coun tered in Ho lo cene de pos its
(Figs 10, 11). How ever, in Mio cene sed i ments the low est
num ber of anom a lous con cen tra tions of to tal alkenes C2-C4, 
hy dro gen and car bon di ox ide were no ticed (Figs 12, 13,
14). The high est num ber of anom a lous con cen tra tions of to -
tal alkenes C2-C4 and hy dro gen were ob served in Pleis to -
cene sed i ments (Figs 12B, 13B). These data in di cate that fa -
vour able con di tions for ox i da tion and dehydrogenation of
as cend ing al kanes ex ist in youn ger sed i ments (Saunders et
al., 1999; Whiticar & Faber, 1986). In the study area, gen er -
a tion of alkenes and hydrogen was most intensive in the
Pleistocene.

d13C(CO2) val ues of gases desorbed from drill cores at
the sam pling depths from 2.0 to 8.0 m vary in a very nar row
range, from –13.5 to –10.3‰ (Ta ble 8). Sim i larly as gas
from sam ples desorbed from cut tings, car bon di ox ide is of
thermogenic or i gin.

Ex am ples of changes in con cen tra tions of meth ane, to -
tal C2-C5 al kanes, to tal C2-C4 alkenes, hy dro gen and car bon 
di ox ide re ferred to lithostratigraphic col umns (Fig. 15) do
not re veal mu tual re la tion ships. It sug gests the com pli cated
phys i cal and bio chem i cal pro cesses (dif fu sion, ef fu sion,
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Ta ble 6

Prin ci pal sta tis ti cal pa ram e ters of meth ane, to tal C2-C5 al kanes and to tal C2-C4 alkenes con cen tra tions
for ad sorbed gas of core sam ples from near-sur face geo log i cal strata

Geological
strata

No. of
samples

Methane (ppm) Total C2-C5 alkanes (ppm) Total C2-C4 alkenes (ppm)

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

Ta ble 7

Prin ci pal sta tis ti cal pa ram e ters of car bon di ox ide and hy dro gen con cen tra tions for ad sorbed gas of core sam ples
from near-sur face geo log i cal strata

Geological strata No. of samples
Carbon dioxide (vol%) Hydrogen (vol%)

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



sorp tion, ac tion of mi cro or gan isms) op er at ing dur ing the
mi gra tion of hy dro car bons from deep accumulations
towards the surface.

CON CLU SIONS

Stud ies of mo lec u lar com po si tion of gases re leased by
ther mal-vac uum de gas sing from cut tings and drill core sam -
ples in di cate high sat u ra tion of near-sur face sed i ments with
oil. The high est con cen tra tion of al kanes oc curs in Mio cene
strata. Mi gra tion rate of hy dro car bons from deep ac cu mu la -
tions to wards the sur face along faults, fis sures and frac tures
can be regarded as relatively high.

In the near-sur face zone hy dro car bons were ox i dized
and de hy dro ge nated, which led to gen er a tion of un sat u rated 
com pounds and hy dro gen. This gen er a tion was most in ten -
sive in Pleis to cene sed i ments and in mine wastes. In creased
con cen tra tions of hy dro gen may also orig i nate from ra dio-
lysis of wa ter at the presence of hydrocarbons.

Con cen tra tions of car bon di ox ide in ad sorbed gas in re -
la tion to other ana lysed gases are most uni form; a slight in -
crease is ob served in mine wastes in di cat ing more fa vour -
able con di tions for ox i da tion of hydrocarbons.

The de tected con cen tra tions com pared to the re sults ob -
tained with the free gas method (Kotarba et al., 2009;
Sechman et al., 2009) lead to a gen eral con clu sion that con -
cen tra tions of al kanes, alkenes and car bon di ox ide mea -
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Fig. 9. Cu mu la tive fre quency di a grams of: (A) meth ane, (B) to tal C2-C5 al kanes, (C) to tal C2-C4 alkenes, (D) hy dro gen and (E) car bon 
di ox ide con cen tra tions mea sured in ad sorbed gas of core sam ples col lected to 12 m depth
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Fig. 10. Con tour maps of mean val ues of meth ane con cen tra tions in the ad sorbed gas of core sam ples from: (A) Ho lo cene, (B) Pleis to -
cene, and (C) Mio cene strata

Fig. 11. Con tour maps of mean val ues of to tal C2-C5 al kanes con cen tra tions in the ad sorbed gas of core sam ples from: (A) Ho lo cene, (B) 
Pleis to cene, and (C) Mio cene strata
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Fig. 12. Con tour maps of mean val ues of to tal C2-C4 alkenes con cen tra tions in the ad sorbed gas of core sam ples from: (A) Ho lo cene, (B) 
Pleis to cene, and (C) Mio cene strata

Fig. 13. Con tour maps of mean val ues of hy dro gen con cen tra tions in the ad sorbed gas of core sam ples from: (A) Ho lo cene, (B) Pleis to -
cene, and (C) Mio cene strata



sured in gas desorbed from rock sam ples are lower and that
the num ber of anom a lous con cen tra tions is also lower than
those mea sured in the free gas. How ever, hy dro gen con cen -
tra tions are higher in ad sorbed gas than in free gas (Kotarba
et al., 2009; Sechman et al., 2009). It in di cates that no ad di -
tional ef fects from re cent (e.g. mi cro bial) pro cesses were
de tected with the ad sorbed gas method. Hence, the ob tained 
re sults re flect the ef fects of an ear lier sat u ra tion of rocks
with as cend ing hy dro car bons and other com po nents. The fi -
nal ef fect re sults from com pli cated sorp tion pro cesses
within the rock for ma tions. In au thors’ opin ion, the more
com pre hen sive in ter pre ta tion of the re sults of geo chem i cal
sur vey car ried out with the ad sorbed gas method will be
pos si ble af ter com par a tive anal y sis of the results and
relationships obtained with the free gas and the adsorbed
gas methods.

Ac knowl edge ments

Fi nan cial sup port from the Min is try of Sci ence and Higher
Ed u ca tion (grant No. 139/UKR/2006/01) is kindly ac knowl edged.
Re view com ments and sug ges tions by Zenon K³apyta and Maciej
Manecki of the AGH Uni ver sity of Sci ence and Tech nol ogy in
Kraków were very help ful. We would like to ex press our grat i tude
to Mark Pawlewicz of the U.S. Geo log i cal Sur vey in Den ver for
his crit i cal com ments, which im proved this pa per.

REF ER ENCES

Alexandrowicz, S. W., 2004. Starunia and the Qua ter nary re search 
in the tra di tion and ini tia tives of the Pol ish Acad emy of Arts
and Sci ences. (In Pol ish, Eng lish sum mary). Studia i mate-
ria³y do dziejów Polskiej Akademii Umiejêtnoœci. Polska
Akademia Umiejêtnoœci, Kraków, 3, 261 pp.

Alexandrowicz, S. W., 2005. The his tory of Starunia – a palae on -
tol ogic site and old ozokerite mine. In: Kotarba, M. J. (ed.),
Pol ish and Ukrai nian stud ies (2004–2005) at Starunia – the
area of dis cov er ies of woolly rhi noc er oses. Pol ish Geo log i cal
In sti tute and So ci ety of Re search on En vi ron men tal Changes
“Geosphere”, Warszawa–Kraków: 21–38.

Hawkes, H. E., 1972. Free hy dro gen in gen e sis of pe tro leum.

MO LEC U LAR AND ISO TO PIC COM PO SI TIONS OF GASES 435

Fig. 14. Con tour maps of mean val ues of car bon di ox ide con cen tra tions in the ad sorbed gas of core sam ples from: (A) Ho lo cene, (B)
Pleis to cene, and (C) Mio cene strata

Ta ble 8

Re sults of sta ble car bon iso tope com po si tion of ad sorbed
gas of core sam ples from near-sur face geo log i cal strata

No.
of  boreholes

Depth
(m)

Stratigraphy
d13C(CO2)

(‰)

1 2.0 Pleistocene -10.8

4 6.0 Miocene -12.3
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13 2.0 Pleistocene -10.3
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31 4.0 Holocene -13.5
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