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In or der to pro vide a better char ac ter iza tion of the or i gin and vol ume of thermogenic gas gen er a tion, hy drous py rol y sis (HP)
ex per i ments were per formed on coals and car bo na ceous shales of the Up per Silesian and Lublin Coal Bas ins at 330 and
360°C for 72 h. The ma tu rity range of coals and shales used for HP var ies from 0.57 to 0.92% Ro. The ma tu rity in crease
caused by HP at 330 and 360°C ranges from 1.32 to 1.39% and from 1.71 to 1.83%, re spec tively. The d13C of CH4, C2H6,
C3H6 and n-C4H10 in gases ver sus their re cip ro cal C-num ber have a con cave re la tion ship, and there fore do not fol low a lin ear 
trend. The d2H of CH4, C2H6 and C3H6 in gases ver sus their re cip ro cal H-num ber show both lin ear and con vex-con cave re la -
tion ships. The growth of CO2 yields dur ing HP was higher for shales than for coals. H2S yields from shales are higher than
from coals, which can be as so ci ated with the cat a lytic and ad sorbed in flu ence of the shale ma trix. H2 was also gen er ated in
con sid er able quan ti ties from wa ter and or ganic mat ter in the coals, and in larger amounts from the shales. N2 yields grow
with an in crease in Ro af ter 360°C HP and are more en riched in the 15N iso tope than af ter 330°C.

Key words: hy drous py rol y sis gas, gas eous hy dro car bons, car bon di ox ide, mo lec u lar ni tro gen, sta ble C, H, N iso topes, Up -
per Silesian Coal and Lublin Coal basins.

INTRODUCTION

In Po land, ma jor re sources of bi tu mi nous (hard) coals oc -
cur ring in the Serpukhovian (Mis sis sip pian) and Penn syl va nian
strata of the Up per Silesian Coal Ba sin (USCB) and Lublin Coal
Ba sin (LCB; Fig. 1) be long to the Euro-Amer i can coal prov ince.
Meth ane is the dom i nant gas within bi tu mi nous coal seams in
the USCB and LCB (Kotarba, 2001).

Pre vi ous stud ies of mo lec u lar and sta ble car bon and hy dro -
gen iso tope com po si tions of coalbed gases ac cu mu lated in the
USCB and LCB (Kotarba, 1990a, 2001; Kotarba and Pluta,
2009; Kotarba et al., 2019a) re vealed that in ad di tion to
thermogenic meth ane and car bon di ox ide, and smaller quan ti -
ties of higher gas eous hy dro car bons, mi cro bial meth ane and
car bon di ox ide are also pres ent; these gases also oc cur in the
aban doned Lower Silesian Coal Ba sin (LSCB; Kotarba, 1988,
1990b, c; Kotarba and Rice, 2001; Sechman et al., 2013). At
times great quan ti ties of endogenic car bon di ox ide mi grated
from man tle and/or mag matic bod ies in litho sphere through
deep-seated faults, to ac cu mu late within the Car bon if er ous

coal-bear ing strata of the LSCB (Kotarba, 1990c; Kotarba and
Rice, 2001). How ever, be cause of dif fi cult and com pli cated
geo log i cal, gas eous and hydrogeological con di tions, all mines
in the LSCB have been closed in years 1991–2001 (Sechman
et al., 2013, 2017). The thermogenic gases were gen er ated
from coal seams and dis persed or ganic mat ter in shale
(claystone and mudstone) suc ces sions dur ing the coalification,
a pro cess com pleted at the end of the Variscan orog eny
(around the Penn syl va nian/Perm ian bound ary; Kotarba, 2001;
Kotarba and Pluta, 2009). In the USCB, sec ond ary mi cro bial
meth ane and in sig nif i cant amounts of car bon di ox ide were gen -
er ated within the Penn syl va nian coal-bear ing strata as a re sult
of in fil tra tion of me te oric wa ters to gether with methanogenic
bac te ria and nu tri ents in the Paleogene and Early Mio cene
(Kotarba and Pluta, 2009). The bal ance of meth ane gen er a tion
and ac cu mu la tion has been eval u ated by Kotarba et al. (1995a, 
b) and Kowalski et al. (1995).

The first qual i ta tive and quan ti ta tive eval u a tion mod els of
thermogenic gases gen er ated dur ing coalification based on the
bal ance of changes in el e men tal com po si tion and or ganic mat -
ter mass were pub lished by Karweil (1966, 1969), Jüntgen and
Karweil (1966), Jüntgen and Klein (1975), Kotarba (1988),
Kowalski et al. (1995). How ever, this method is af fected by con -
sid er able er ror due to the un re li abil ity of de ter min ing mass
losses dur ing coalification (Jüntgen and Karweil, 1966;
Kotarba, 1988). Lab o ra tory tech niques of hy drous py rol y sis
(HP) and an hy drous py rol y sis have been ef fec tively used for
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Fig. 1A – general sketch map of Po land; B – the south ern part of the Up per Silesian Coal Ba sin and the west ern part 
of the Carpathian Foredeep; C – the Lublin Coal Ba sin, show ing the lo ca tion of rock sam pling sites

WEP – West Eu ro pean Plat form, EEP – East Eu ro pean Plat form, TESZ – Trans-Eu ro pean Su ture Zone, MRO – Michálkovice–Rybnik
Overthrust, OBO – Orlová–Boguszowice Overthrust, M.F. – Mine Field



sim u lat ing coal mat u ra tion (e.g., Geiss ler and Belau, 1971;
Higgs, 1986; Lu and Kaplan, 1990; Landais, 1991; Teerman
and Hwang, 1991; Hill et al., 1994; Qin et al., 1994; Andresen et
al., 1994, 1995; Behar et al., 1997; Kotarba and Lewan, 2004;
Shuai et al., 2013; Lewan and Kotarba, 2014; Gao et al., 2020).

HP has been used for sim u lat ing nat u ral ther mal mat u ra tion 
of or ganic mat ter and its trans for ma tion to crude oil and nat u ral
gas (e.g., Lewan, 1985, 1993, 1997, 2002). This method best
sim u lates nat u ral pe tro leum for ma tion be cause liq uid wa ter ex -
ist ing in the subsurface is an im por tant source of hy dro gen and
a fa cil i ta tor of oil ex pul sion (Lewan, 1997). Al though HP of
humic coals has been shown to gen er ate less thermogenic gas
than other, an hy drous py rol y sis method, the quan ti ties of gas
gen er ated re main ex ces sive as com pared to gas ac cu mu la -
tions in the Pol ish coal bas ins (Kotarba and Lewan, 2004;
Lewan and Kotarba, 2014). Lewan and Kotarba (2014) have
con ducted HP on a global set of coals rep re sent ing ranks from
lig nite through to bi tu mi nous coal, meta-an thra cite and graph ite
to de ter mine changes in their po ten tial for gas gen er a tion and
the rank limit to pri mary gas gen er a tion.

This pa per de scribes the sim u la tion, gen er a tion and eval u -
a tion of the yields of hy dro car bon (CH4, C2H6, C3H8, i-C4H10,
n-C4H10, i-C5H12, n-C5H12, C6H14, C7H16 and un sat u rated hy dro -
car bons) and non-hy dro car bon (CO2, N2, H2 and H2S) com po -
nents of thermogenic gases ex pelled from coals and car bo na -
ceous shales by HP ex per i ments at 330 and 360°C for 72 hours 
cor re spond ing to two steps of coalification, of 1.3–1.4% and
1.7–1.8% on the vitrinite reflectance scale, re spec tively. More -
over, based on the re sults of the HP yields, the mo lec u lar com -
po si tion and sta ble car bon [d13C(CH4), d

13C(C2H6), d
13C(C3H8),

d13C(i-C4H10), d13C(n-C4H10), d13C(i-C5H12), d13C(n-C5H12),
d13C(CO2)], hy dro gen [d2H(CH4), d

2H(C2H6), d
2H(C3H8)] and ni -

tro gen [d15N(N2)] iso tope anal y ses of the ex pelled HP gases,
and the ge netic re la tions of hy dro car bons, car bon di ox ide, mo -
lec u lar ni tro gen and hy dro gen sul phide are ex plained. In ter pre -
ta tion of the re sults of the HP ex per i ments and anal y ses was
made in re la tion to the ge netic type of source or ganic mat ter
(Rock-Eval data, and el e men tal com po si tion and atomic H/S,
O/C, N/C and Sorg/C ra tios) and ma tu rity rank (Rock-Eval Tmax,
Ro, VMdaf, H/Cat). The re sults of pre vi ously pub lished HP ex per i -
ments at 360°C for 72 hours and geo chem i cal stud ies of coals
(Kotarba et al., 2002; Kotarba and Clay ton, 2003; Kotarba and
Lewan, 2004; Lewan and Kotarba, 2014) from the USCB and
LCB and other bas ins are also used for ge netic in ter pre ta tion.

GEOLOGICAL SETTING

UPPER SILESIAN COAL BASIN

The USCB, one of the ma jor coal bas ins in the world,
formed as a foredeep of the Moravo-Silesian fold belt. It is a
deep molasse ba sin of poly gen etic or i gin: the lower part of the
Up per Mis sis sip pian (Serpukhovian) coal-bear ing lithostrati -
graphic suc ces sion re flects a paralic depositional sys tem, while
the Penn syl va nian coal-bear ing lithostratigraphic suc ces sion
(Bashkirian and Moscovian) is of con ti nen tal or i gin (Fig. 2). The
Up per Silesian Variscan orogen formed in sev eral phases. Up -
lift and com pres sion pro duc ing the main fold struc tures, such as 
the Jejkowice, Chwa³owice and Main troughs (Fig. 1), took
place dur ing the Asturian and Leonian orogenic phases in
end-Penn syl va nian and early Perm ian times (Kotas, 1982,
1994; Kotas et al., 1983; Kotas and Porzycki, 1984; Bu³a and
Kotas, 1994; Bu³a and ¯aba, 2005; Jureczka et al., 2005;
Kêdzior et al., 2007; Narkiewicz, 2007; Æmiel, 2012 and ref er -
ences therein). Af ter the Variscan up lift, the Serpukhovian and

Penn syl va nian coal-bear ing strata were ex posed across most
of the ba sin, and sub jected to ero sion and de nu da tion. The
stron gest tec tonic in volve ment has been ob served among Car -
bon if er ous coal-bear ing strata in the west ern part of the USCB,
where folds and thrusts of the Moravian-Silesian belt formed.
The east ern limit of these struc tures is de ter mined by the
Orlová–Boguszowice Overthrust in the USCB area (Fig. 1).
Penn syl va nian strata in the N and NE parts of the USCB also
un der went in tense fold and block tec tonic de for ma tion. The or i -
gin of these struc tures, gen er ally re ferred to as the Main Sad dle 
(Kotas, 1982), may be as so ci ated with strike-slip stresses, an
in tense ex pres sion of which is ob served in the nearby
Kraków–Lubliniec Fault Zone dat ing to the Penn syl va -
nian/Perm ian bound ary (¯aba, 1999). The cen tral, east ern and
west ern parts of the USCB are char ac ter ized by hor i zon tal de -
po si tion of Car bon if er ous strata and fault tec ton ics that re late to 
pro cesses in the Pre cam brian base ment of Brunovistulicum
(Kotas, 1982; Bu³a and ¯aba, 2005). Struc tures gen er ated in
these parts of the USCB are re ferred to as the Main Trough
(Kotas, 1982). In the south ern part of the USCB (Fig. 1), the
autochthonous Mio cene (Karpatian–Badenian) ma rine,
clayey-sand stone strata of the west ern part of the Carpathian
Foredeep were de pos ited and over lie the Car bon if er ous
coal-bear ing strata (Peryt et al., 2005). The eroded top of the
Car bon if er ous strata in cludes oc ca sional de pres sions, as well
as gorges and can yons >1100 m deep. At the end of the Mio -
cene, the Outer Carpathian nappes thrusted over the
autochthonous strata of the Carpathian Foredeep from the
south (Oszczypko et al., 2006). Dur ing the Al pine move ments,
the Up per Silesian Variscan orogen be haved like a con sol i -
dated base ment for the Alpides.

LUBLIN COAL BASIN

The LCB is an epi-plat form, molasse ba sin, de vel oped as a
pericratonic de pres sion in the tran si tional zone of two great
geo log i cal units (i.e., the pre-Vendian Plat form and Cen tral Eu -
ro pean Pa leo zoic Plat form) from the Up per Visean to the
Moscovian (Kotas and Porzycki, 1984; Porzycki and
Zdanowski, 1995a, b; Tomaszczyk and Jarosiñski, 2017;
Krzywiec et al., 2017; Kufrasa et al., 2019). Its Mis sis sip pian
and Penn syl va nian coal-bear ing lithostratigraphic suc ces sion
is of poly gen etic or i gin: the lower part (Up per Visean and
Serpukhovian) is ma rine-paralic, the mid dle part (Bashkirian) is
paralic, and the up per part (Moscovian) is con ti nen tal
(limnic-flu vial) (e.g., Porzycki, 1988a, b; Porzycki and
Zdanowski, 1995a; Waksmundzka, 1998, 2010, 2013;
Zdanowski, 1999, 2007; Narkiewicz, 2007, 2020; Koz³owska
and Waksmundzka, 2020). The to tal thick ness of these
lithostratigraphic units changes from tens of metres in the NE to 
over 2000 m in the SW. Coal seams <0.5 m in thick ness oc cur
in the Mis sis sip pian (Visean and Serpukhovian) strata, as so ci -
ated with palaeosols and over lain by lime stone beds, form ing
good cor re la tion ho ri zons. Be tween the Mis sis sip pian and
Penn syl va nian a strati graphic gap is doc u mented. Penn syl va -
nian coal seams of eco nomic thick nesses (>0.6 m) oc cur in the
Lower Bashkirian and Lower Moscovian strata. Lower
Bashkirian coals are ex ploited in the Volynian-Lviv Coal Ba sin
in Ukraine, and Lower Moscovian coals in the LW “Bogdanka”
coal mine in the cen tral part of the LCB. Af ter the Variscan up lift
the Mis sis sip pian and Penn syl va nian coal-bear ing for ma tions
were also ex posed and sub jected to ero sion and de nu da tion.
The over bur den above Car bon if er ous strata in the LCB is
formed by the Perm ian (20–70 m) and Tri as sic (20–60 m) only
in £uków area, Ju ras sic (0 to >300 m), Cre ta ceous
(300–1000 m), Ter tiary (sev eral metres) strata and Qua ter nary
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(<100 m) sed i ments. Over bur den thick ness var ies from ~350 m 
at the Pol ish-Ukrai nian bor der to >1200 m west of Lublin
(Zdanowski, 1999).

The coalification and gas gen er a tion pro cesses both in the
LCB and USCB were com pleted at the end of the Variscan
orog eny and were not sub se quently re ju ve nated.

MATERIALS

Serpukhovian, Bashkirian and Moscovian 29 chan nel coal
sam ples (c), and 57 block car bo na ceous shale sam ples, the
shales be ing col lected above (st) and be low (sb) coal seams in
mine work ings, were col lected from six meth ane mines

(“Brzeszcze”, “Jastrzêbie”, “Mar cel”, “Pniówek”, “Silesia” and
“Zofiówka”) in the USCB and one (LW “Bogdanka” mine in the
LCB (Ap pen dix 1* and Fig. 1). The lo ca tions of all cur rent and
pre vi ously stud ied sam ples from the USCB and LCB are shown 
in Fig ure 1.

Af ter Rock-Eval II py rol y sis and vitrinite reflectance (Ro)
stud ies (Ap pen dix 2), we se lected and pre pared 6 coal sam ples 
(five from the USCB and one from the LCB) and 6 car bo na -
ceous shale sam ples (five from the USCB and one from the
LCB) for hy drous py rol y sis ex per i ments and py rol y sis com -
pleted us ing Rock-Eval 6 ap pa ra tus: Br-20c, Br-20st, Br-23c,
Br-23sb, Ml-21c, Ml-21sb, Si-22c, Si-22st, Si-23c, Si-23st,
Bo-20c and Bo-20sb (Ap pen dix 3).
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Fig. 2. Sec tion through Mis sis sip pian and Penn syl va nian coal-bear ing strata and
lo ca tion of coal seams in which the coals and shales ana lysed were col lected above

and be low these coal seams in the study area of the Up per Silesian Coal Ba sin
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EXPERIMENTAL AND ANALYTICAL METHODS

EXPERIMENTAL HYDROUS PYROLYSIS APPROACH

HP ex per i ments are con ducted in Hastelloy C-276 1-litre re -
ac tors (Parr In stru ment Co.). Rock sam ples placed in re ac tors
are heated iso ther mally in elec tric heat ers at 330 ±0.5°C and
360 ±0.4°C for 72.08 ±0.04 hours in the pres ence of liq uid wa -
ter. The wa ter-to-rock pro por tion is based on cal cu la tions us ing
steam ta bles and mea sured bulk rock den si ties to en sure that
the rock sam ples re main in con tact with liq uid wa ter through out
the ex per i ments (Lewan, 1993). The bi tu mi nous coals and car -
bo na ceous shales were crushed to gravel size (0.5–2.0 cm)
with no prior ex trac tion or dry ing be fore ex per i ments. In each
ex per i ment, 300 g of crushed bi tu mi nous coal or 500 g of shale
were loaded into the re ac tor. The re ac tor was closed and evac -
u ated for sev eral min utes be fore 350 g (for coals) or 380 g (for
shales) of dis tilled wa ter was in jected into the re ac tor. De tailed
de scrip tions of ex per i men tal pro ce dure are pub lished by Lewan 
(1985, 1993, 1997), Kotarba and Lewan (2004) and Lewan and
Kotarba (2014).

ANALYTICAL APPROACH

The 86 orig i nal coal and car bo na ceous shale sam ples were
ho mog e nized and pul ver ized to <0.2 mm. A pre lim i nary as -
sess ment of geo chem i cal pa ram e ters, in di ces and hy dro car -
bon po ten tial of rock sam ples was de ter mined by Delsi
Rock-Eval II (R-E II) and Vinci Tech nol o gies Rock-Eval 6
(R-E 6) with Bulk rock method – Ba sic cy cle py rol y sis ap pa ra -
tuses. De tails of the anal y sis are given by Espitalié et al. (1985)
and Zieliñska et al. (2020).

Prox i mate anal y ses of vol a tile mat ter con tent (VMdaf) for
dry-and-ash-free (daf) ba sis as well as mois ture and ash con -
tents in coals were con ducted ac cord ing to the pro ce dures rec -
om mended by In ter na tional Stan dards (ISO, 2010a, b, c).

Kerogen for sta ble car bon iso tope anal y sis was ob tained by
treat ing sol vent-ex tracted coals with boil ing 10% hy dro chlo ric
acid for 30 min utes to re move car bon ate min er als. Bi tu men was 
ex tracted from pul ver ized aliquots of each sam ple in a Soxh let
ap pa ra tus with chlo ro form for 24 hours. Cop per foil was placed
in the boil ing flask to re move el e men tal sul phur ex tracted from
the sam ples. The re sult ing so lu tion was fil tered and the bi tu men 
con cen trated by evap o ra tion.

Pet ro log i cal anal y sis was car ried out on pol ished rock sam -
ples un der oil im mer sion us ing a Carl Zeiss Axio Imager A1m
mi cro scope equipped with a 50X oil im mer sion lens, in te grated
with a J&M GmbH MSP 200 pho tom e ter for reflectance mea -
sure ments. Vitrinite reflectance (Ro, %) was de ter mined by
count ing from 105 to 150 points per coal sam ple, and from 40 to 
103 points per car bo na ceous shale sam ple. The mea sure -
ments of ran dom Ro were run in ac cor dance with the Amer i can
So ci ety for Test ing and Ma te ri als guide lines (ASTM, 2005,
2011). The el e men tal anal y sis (C, H, N and Sto tal) of kerogen
sep a rated from the coals and shales was de ter mined on a Carlo 
Erba 1108 el e men tal analyser us ing sulphanilamide as a stan -
dard. The sul phur con tents re ported re fer to or ganic sul phur
(Sorg), which is de ter mined by the dif fer ence be tween to tal sul -
phur and py rite sul phur (Durand and Monin, 1980). The quan tity 
of py rite sul phur in the coals was ana lysed as iron, on a
Perkin-Elmer Plasma 40 ICP-AES in stru ment af ter di gest ing
the ash from the burnt coals (815°C) for 30 min utes with 20%
hy dro chlo ric acid. The ox y gen con tent was cal cu lated as the
dif fer ence to 100% tak ing into ac count C, H, N, Sto tal, mois ture,
and ash con tents.

The mo lec u lar com po si tion of  the HP gases (CH4, C2H6,
C3H8, i-C4H10, n-C4H10, i-C5H12, n-C5H12, C6H14, C7H16, CO2, O2, 
H2, N2, He) was ana lysed in a set of col umns on two Agilent
7890A GCs equipped with a gas sam pling valve plumbed with a 
dual sam ple loop. Sta ble car bon and ni tro gen iso tope anal y ses
were per formed us ing a FinniganTM Delta Plus MS cou pled
through a GC com bus tion III in ter face with a HP 6890 GC. Sta -
ble hy dro gen iso tope anal y ses of meth ane, eth ane and pro -
pane were per formed in a Thermo Sci en tificTM Delta VTM Plus
MS con nected through GC Isolink™ and Conflo IV in ter faces
with a Trace GC Ul tra chromatograph. The sta ble car bon, hy -
dro gen and ni tro gen iso tope data are ex pressed in d-no ta tions
(d13C, d2H and d15N, ‰) rel a tive to VPDB, VSMOW and at mo -
spheric ni tro gen, re spec tively (Coplen, 2011). De tailed de scrip -
tions of an a lyt i cal mea sure ments of mo lec u lar and sta ble iso -
tope com po si tions are pub lished by Kotarba et al. (2019a, b,
2020a, b).

RESULTS

ORIGINAL COALS AND CARBONACEOUS SHALES

The re sults of anal y ses of the tested orig i nal (un heated)
coals and car bo na ceous shales to eval u ate ther mal ma tu rity
us ing Tmax tem per a ture (Rock-Eval py rol y sis), vitrinite
reflectance (Ro), car bon con tent (Cdaf), atomic H/C ra tios and
vol a tile mat ter con tent (VMdaf) are given in Ap pen di ces 2 and 4.
The Rock-Eval Tmax tem per a ture of the coals ana lysed var ies
from 430 to 486°C and of the car bo na ceous shales from 429 to
491°C (Ap pen dix 2 and Fig. 3A, C). The Ro for coals var ies from 
0.60 to 1.57% and for car bo na ceous shales ranges from 0.57 to 
0.92% (Ap pen dix 2 and Fig. 4).

Based on these re sults of Tmax and Ro anal y ses, 6 coal and
6 car bo na ceous shale sam ples (five from the USCB and one
from the LCB) char ac ter ized by rel a tively low val ues of these in -
di ces (R-E II Tmax 434 to 448°C and 435 to 443°C, R-E 6 Tmax

421 to 435°C and 433 to 455°C, re spec tively; and Ro 0.60 to
0.90% and 0.57 to 0.92%, re spec tively; Ap pen di ces 2 and 3,
Fig. 4) were se lected for HP ex per i ments. Val ues of Cdaf con tent 
and atomic H/C ra tios var ied for the coals from 76.7 to
82.0 wt.% and 0.67 to 0.79, re spec tively; and for the car bo na -
ceous shales from 73.9 to 80.6 wt.% and 0.47 to 0.70, re spec -
tively (Ap pen dix 4 and Fig. 4A, A’, B, B’). VMdaf of the orig i nal
coals var ies from 27.8 to 33.3 wt.% (Ap pen dix 4 and Fig. 4D).

COALS AND CARBONACEOUS SHALES AFTER HP EXPERIMENTS
 AND HP GASES

The re sults of rank char ac ter is tics of the coals ana lysed af -
ter the HP ex per i ments at 330 and 360°C for 72 hours are given 
in Ap pen di ces 3 and 4, and in Fig ure 4. Ther mal ma tu rity in di -
ces and pa ram e ters for the coals ana lysed var ied for HP tem -
per a tures of 330 and 360°C as fol lows: Tmax 454 to 504°C and
520 to 559°C, Ro 1.34 to 1.39% and 1.71 to 1.83%, VMdaf 20.3
to 22.9 wt.% and 13.9 to 19.5 wt.%, Cdaf 81.1 to 84.7 wt.% and
83.9 to 85.8 wt.% and atomic H/C 0.55 to 0.60 and 0.47 to 0.52;
and for the car bo na ceous shales: Tmax 450 to 539°C and 544 to
564°C, Ro 1.32 to 1.37 % and 1.71 to 1.74 %, Cdaf 79.8 to
82.8 wt.% and 79.4 to 84.9 wt.% and atomic H/C 0.41 to 0.55
and 0.40 to 0.50, re spec tively.

The mo lec u lar com po si tion of the HP gases ex pelled from
the coals and car bo na ceous shales is given in Ap pen dix 5, and
sta ble iso to pic ra tios d13C(CH4, C2H6, C3H8, i-C4H10, n-C4H10,
i-C5H12, n-C5H12 and CO2), d

2H(CH4, C2H6 and C3H8) and ni tro -
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gen d15N(N2) are shown in Ap pen dix 6. CHC val ues for gases
from the ex per i ments con ducted at 330°C on the coals and
shales var ied in the fol low ing ranges: from 3.59 to 5.08 and
from 2.99 to 4.59, re spec tively; and at 360°C: from 4.25 to 6.07
and from 3.69 to 4.98, re spec tively (Ap pen dix 6; Figs. 5A’, B’, C’ 
and 6A).

Dur ing the HP ex per i ments con ducted at 330°C, meth ane
was ex pelled in sig nif i cant yields from the coals and car bo na -
ceous shales and the val ues ob tained ranged from 3.28 to 5.80
mg/g TOCo and 1.27 to 10.0 mg/g TOCo, re spec tively, and at
360°C from 8.47 to 14.0 mg/g TOCo and 2.55 to 19.9 mg/g
TOCo, re spec tively (Ap pen dix 8, Figs. 7A, B, 8 and 9A–F). The
yields of eth ane ex pelled from the coals and car bo na ceous
shales dur ing the 72 hours HP ex per i ments at 330°C were large 
and ranged from 0.78 to 1.54 mg/g TOCo and 0.33 to 3.83 mg/g
TOCo, re spec tively, and at 360°C from 2.20 to 3.42 mg/g TOCo

and 0.64 to 6.11 mg/g TOCo, re spec tively (Ap pen dix 8, Figs. 8
and 9A’–F’). No ta ble amounts of pro pane and n-bu tane were
also ex pelled in the course of the HP ex per i ments (Fig. 10). The 
yields and con cen tra tions of the sum of higher hy dro car bon
(S(C2-C4) gases gen er ated from the coals and shales dur ing
the 330°C HP ex per i ments were con sid er able and ranged from
1.80 to 3.51 mg/g TOCo (9.96 to 12.6 mole %) and 0.85 to
10.4 mg/g TOCo (0.62 to 7.77 mole %), re spec tively, and at
360°C from 4.60 to 6.93 mg/g TOCo (11.8 to 14.0 mole %) and
1.49 to 15.6 mg/g TOCo (1.15 to 9.84 mole %), re spec tively
(Ap pen di ces 5 and 8, Fig. 7C, D).

d13C val ues of meth ane ex pelled from the coals and car bo -
na ceous shales at 330°C var ied from –37.9 to –35.3‰ and
–39.2 to –34.8‰, re spec tively, and at 360°C from –37.4 to
–35.5‰ and –38.7 to –35.3‰, re spec tively (Ap pen dix 6,
Figs. 11, 12A, A’ and 13), and d13C val ues of eth ane ex pelled
from the coals and car bo na ceous shales at 330°C var ied from
–28.4 to –27.4‰ and –31.4 to –28.2‰, re spec tively, and at
360°C from –27.4 to –26.1‰ and from –30.7 to –27.1‰, re -
spec tively (Ap pen dix 6, Figs. 11, 12B, B’ and 13). d13C val ues of 
pro pane and n-bu tane ex pelled from the coals and car bo na -
ceous shales at 330 and 360°C are shown in Ap pen dix 6 and
Fig ures 11, 12C, C’, D, D’ and 13.

d2H val ues of meth ane, eth ane and pro pane ex pelled from
the coals at 330°C var ied from –313 to –270‰, –261 to –219‰, 
and –238 to –182‰, re spec tively, and at 360°C from –308 to
–290‰, –252 to –225‰ and –228 to –178‰, re spec tively (Ap -
pen dix 6, Figs. 6B and 14A, C). d2H val ues of meth ane, eth ane
and pro pane ex pelled from the shales at 360°C for 72 hours
var ied from –327 to –305‰, –271 to –244‰, and –251 to
–217‰, re spec tively, and at 360°C for 72 hours from –316 to
–307‰, –268 to –244‰ and –244 to –218‰, re spec tively (Ap -
pen dix 6, Fig. 14B, D).

Dur ing our HP ex per i ments, car bon di ox ide was gen er ated
in sig nif i cant quan ti ties from the coals and par tic u larly from the
shales dur ing the HP ex per i ments at 330°C rang ing from 5.0 to
18.4 mg/g TOCo and from 5.1 to 526 mg/g TOCo, re spec tively
(Ap pen dix 8, Figs. 15A and 16C), and at 360°C these var ied
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Fig. 3. Val ues of Rock-Eval hy dro gen in dex ver sus (A and C) Tmax and (B and D) ox y gen
in dex for coals (A and B) and for car bo na ceous shales (C and D) of the orig i nal

sam ples and af ter HP ex per i ments at 330 and 360°C

Trend curves for dif fer ent kerogen types af ter Espitalié et al. (1985); Rock-Eval data of cur rent
anal y ses are in Ap pen di ces 2 and 3, and (A and B) pre vi ously pub lished data of the orig i nal coals 
(open stars) and coals af ter HP ex per i ments at 360°C (filled stars) are in Kotarba and Lewan
(2004) and Lewan and Kotarba (2014), and (C and D) orig i nal car bo na ceous shales (open stars)
in Kotarba et al. (2002); for key to stra tig ra phy of cur rently ana lysed sam ples and type of HP ex -
per i ment see Fig ure 4 
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Fig. 4A – car bon con tent, B – atomic H/C ra tio, C – Rock-Eval Tmax tem per a ture, D – vol a tile
mat ter of the coals, A’ – car bon con tent, B’ – atomic H/C ra tio, C’ – Rock-Eval Tmax tem per -
a ture of the car bo na ceous shales ver sus vitrinite reflectance of the orig i nal sam ples
(INITIAL MATURITY) and sam ples af ter HP ex per i ments at 330°C (HP MATURITY: 1st
STAGE) and 360°C (HP MATURITY: 2nd STAGE)

daf – dry and ash free



from 7.9 to 18.9 mg/g TOCo and from 7.2 to 817 mg/g TOCo, re -
spec tively (Ap pen dix 8, Figs. 15A, 16C and 17A). CDMI val ues
for gases from the HP ex per i ments con ducted at 330°C us ing
the coals and car bo na ceous shales var ied in the fol low ing
ranges: 29.4 to 58.5% and 42.6 to 98.3%, re spec tively; and at
360°C 17.1 to 42.9% and 32.1 to 96.4% (Ap pen dix 6,
Fig. 5A–C). d13C val ues of car bon di ox ide ex pelled from the
coals and shales at 330°C var ied from –21.8 to –17.0‰ and
–22.6 to 3.1‰, re spec tively, and at 360°C from –21.7 to
–17.8‰ and –23.2 to 3.7‰ (Ap pen dix 6, Figs. 16A and 18).

Hy dro gen sul phide was also gen er ated in sig nif i cant quan ti -
ties and con cen tra tions from the coals and shales dur ing the
HP ex per i ments at 330oC, from 0.03 to 0.58 mg/g TOCo and
0.06 to 0.99 mg/g TOCo, re spec tively, and at 360°C from 0.11
to 1.06 mg/g TOCo (0.34 to 2.43 mole %) and 0.11 to 1.16 mg/g
TOCo (0.01 to 1.98 mole %), re spec tively (Ap pen di ces 5 and 8,
Figs. 15B, 16E and 17B).

Mo lec u lar hy dro gen was also gen er ated in no ta ble quan ti -
ties from the coals and in con sid er able amounts from the car bo -
na ceous shales dur ing the HP ex per i ments at 330°C, from 0.04 
to 0.06 mg/g TOCo and from 0.46 to 0.99 mg/g TOCo, re spec -
tively, and at 360°C from 0.04 to 0.06 mg/g TOCo and from 0.53 
to 3.53 mg/g TOCo, re spec tively (Ap pen dix 8, Figs. 15C, 16F
and 17D).

Mo lec u lar ni tro gen was ex pelled in sig nif i cant quan ti ties
from the coals and shales dur ing the HP ex per i ments at 330°C,
from 0.17 to 0.41 mg/g TOCo and from 0.63 to 3.48 mg/g TOCo,
re spec tively, and at 360°C from 0.14 to 0.41 mg/g TOCo and
from 0.57 to 4.52 mg/g TOCo, re spec tively (Ap pen dix 8,
Figs. 15D, 16D and 17C). d15N val ues of mo lec u lar ni tro gen ex -
pelled from the coals and car bo na ceous shales at 330°C var ied 
from –3.4 to 0.9‰ and from –5.6 to –0.4‰, re spec tively, and at
360°C from –1.3 to 0.1‰ and – from 4.3 to 1.7‰ (Ap pen dix 6,
Figs. 16B and 19).

DISCUSSION

COALS AND CARBONACEOUS SHALES BEFORE AND AFTER HP

The Serpukhovian, Bashkirian and Moskovian or ganic mat -
ter ana lysed from the LCB and south ern part of the USCB (Ap -
pen dix 1 and Fig. 1), ac cu mu lated within coal seams and dis -
persed in the car bo na ceous shales, is of humic or i gin (type-III
kerogen) and was de pos ited in a con ti nen tal en vi ron ment (Ap -
pen dix 2 and Fig. 3). The ma tu rity range of the six sam ples of
coal and six sam ples of car bo na ceous shale se lected for the
HP ex per i ments mea sured by Ro var ies from 0.57 to 0.92%
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Fig. 5A–C – val ues of car bon di ox ide-meth ane in dex (CDMI), A’–C’ – hy dro -
car bon in dex (CHC) ver sus orig i nal vitrinite reflectance and for ana lysed
HP gases gen er ated from (A and A’) coals at 330°C and (B and B’) coals at
360°C, and (C and C’) car bo na ceous shales at 330 and 360°C

For key to stra tig ra phy of cur rently ana lysed sam ples and type of HP
ex per i ment see Figure 4
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Fig. 6. Sta ble car bon iso tope com po si tion of meth ane gen er ated dur ing the HP ex per i ments (330 and 360°C) ver sus val ues 
of (A and C) hy dro car bon in dex (CHC) and ver sus (B and D) the sta ble hy dro gen iso tope com po si tion of CH4

Di a grams (A) and (B) show the re sults for the coals and di a grams (C) and (D) the re sults for the car bo na ceous shales; ge netic fields and ar -
row di rec tions of ma tu rity and sec ond ary pro cesses af ter Whiticar (1994) and Milkov and Etiope (2018); for com par i son, Up per Silesian
(shaded fields) and Lublin (Bo-1 and Bo-2 open stars) coalbed meth ane af ter Kotarba (2001) and Kotarba and Pluta (2009), and Up per
Silesian and Lublin (Bo-1 and Bo-2) HP gases from coals af ter Kotarba and Lewan (2004) and Lewan and Kotarba (2014) are also shown; for
key to stra tig ra phy and type of HP ex per i ment of cur rent and pre vi ously pub lished sam ples see Fig ure 19; CR – CO2 re duc tion, F –
methyl-type fer men ta tion, SM – sec ond ary mi cro bial, EMT – early ma ture thermogenic gas, OA – oil-as so ci ated thermogenic gas; LMT – late 
ma ture thermogenic gas; BIOD. – biodegradation

Fig. 7. Yields of meth ane (A and B) and sum of eth ane to butanes [S(C2-C4)] gen er ated by the HP ex per i ments at 330 and 360°C
from coals (A and C) and car bo na ceous shales (B and D) ver sus orig i nal vitrinite reflectance



10 Maciej J. Kotarba et al. / Geo log i cal Quar terly, 2021, 65: 26

Fig. 8. Yields of meth ane, eth ane and pro pane gen er ated from orig i nal coals (A) and
car bo na ceous shales (B) by HP at 330 and 360°C ver sus the atomic H/C ra tios of their

orig i nal or ganic mat ter

Fig. 9. Yields of (A to F in up per row) meth ane and (A’ to F’ in lower row) eth ane gen er ated from coals and car bo na ceous shales 
of Si-23 (A and A’), Si-22 (B and B’), Br-20 (C and C’), Ml-21 (D and D’) and Br-23 (E and E’) sam ples from the Up per Silesian Coal

Ba sin, and Bo-20 sam ple from the Lublin Coal Ba sin (F and F’) ver sus vitrinite reflectance af ter HP ex per i ments at 330 and 360°C 

Vitrinite reflectance val ues for orig i nal coal (tri an gle, bold) and car bo na ceous shale (cir cle or rhomb, nor mal) are be tween the up per and
lower rows; TOCo – to tal or ganic car bon of orig i nal or ganic mat ter



(Ap pen dix 3 and Fig. 4). The ma tu rity in crease caused by HP at
330 and 360°C ranges from 1.32 to 1.39% (HP ma tu rity: first
stage) and from 1.71 to 1.83% (HP ma tu rity: sec ond stage), re -
spec tively (Ap pen dix 3 and Fig. 4). A good cor re la tion of pa ram -
e ters and in di ces of rank, i.e. Rock-Eval Tmax tem per a ture, Cdaf

con tent, atomic H/C ra tio, VMdaf with Ro, and a larger scat ter of
their val ues for car bo na ceous shales as com pared to coals (Ap -
pen di ces 3 and 4, Fig. 4) sug gests a greater het er o ge ne ity of
dis persed or ganic mat ter and prob a bly an in sig nif i cant ad mix -
ture of al gal (mixed III/II type) macerals. This eval u a tion is con -
sis tent with the or i gin and ma tu rity of the or ganic mat ter based
on petrographic and geo chem i cal stud ies as de scribed ear lier
by Kruszewska (1983), Gabzdyl and Probierz (1987), Ptak and
Ró¿kowska (1995), Jurczak-Drabek (1996), Matuszewska
(2002), Kotarba et al. (2002), Kotarba and Clay ton (2003),
Æmiel (2012), Fabiañska et al. (2013) and Misiak (2017) in
USCB and Grotek et al. (1998), Kotarba et al. (2002), Kotarba
and Clay ton (2003) and Grotek (2007) in the LCB as well as in
Car bon if er ous pro files of the Che³mek IG 1 (Janas, 2018;
Jureczka, 2018) and Ruptawa IG 1 bore holes (Jurczak-Drabek, 
2015; Koz³owska et al., 2015) in the study area of the USCB
(Fig. 1C) and Busówno IG 1 (Grotek, 2007) in the study area of
the LCB (Fig. 1B).

HP ex per i ments sim u late nat u ral coalification dur ing which
ma tu rity in crease in the or ganic mat ter of coals and shales was
ac com pa nied by gas gen er a tion.

GAS GENERATED DURING HP EXPERIMENTS

HYDROCARBON GASES

The yields of meth ane, eth ane, pro pane and n-bu tane gen -
er ated from coals and car bo na ceous shales al most al ways
show very sim i lar trends at the same tem per a ture con di tions
(Figs. 7, 8A, B, 9 and 10). How ever, some dis tinc tive pat terns
were ob served. For ex am ple, the car bo na ceous shales showed 
meth ane and eth ane yields higher than from the coals for sam -
ple Si-23 both at 330 and 360°C (Fig. 9A, A’) and for sam ple
Ml-21 at 360°C (Fig. 9D, D’), and also pro pane and n-bu tane
yields in the case of sam ples Si-22 and Br-20 at both 330 and
360°C (Fig. 10B, B’, C, C’). More over, the yields of meth ane
both from the coals and car bo na ceous shales were al ways
higher than the sum of higher gas eous hy dro car bons (S[C2H6 to 
C4H10]) (Fig. 7). Meth ane and higher gas eous hy dro car bon
yields (Fig. 7) and the CHC in dex (Fig. 5A’–C’) of the Si-23st
shale sam ple were much higher in the first case and lower in the 
sec ond than in other car bo na ceous shale and coal sam ples
(Figs. 9A, A’ and 10A, A’). How ever, atomic H/C ra tios of both
dis persed or ganic mat ter in the orig i nal car bo na ceous shales
and kerogen in the orig i nal coals do not cor re late with the hy -
dro car bon yields (Fig. 8).

The d13C of CH4, C2H6, C3H8 and n-C4H10 ver sus their re cip -
ro cal car bon-num ber are plot ted on Fig ure 11. HP thermogenic
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Fig. 10. Yields of pro pane (A to F in up per row) and n-bu tane (A’ to F’ in lower row) gen er ated from coals and car bo na ceous shales 
of Si-23 (A and A’), Si-22 (B and B’), Br-20 (C and C’), Ml-21 (D and D’) and Br-23 (E and E’) sam ples of the Up per Silesian Coal Ba sin,

and Bo-20 sam ple of the Lublin Coal Ba sin (F and F’) ver sus vitrinite reflectance af ter HP ex per i ments at 330 and 360°C 

Vitrinite reflectance val ues for orig i nal coal (tri an gle, bold) and car bo na ceous shale (cir cle or rhomb, nor mal) are be tween the up per and
lower rows; TOCo – to tal or ganic car bon of orig i nal or ganic mat ter
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Fig. 11. Sta ble car bon iso tope com po si tion of meth ane, pro pane, n-bu tane and n-pentane ver sus 
the re cip ro cal of their car bon num ber gen er ated from coals (A and B) and car bo na ceous shales (C

and D) of the USCB and LCB dur ing HP at (A and C) 330 and (B and D) 360°C

Or der of d13C val ues for CH4, C2H6 and C3H8 af ter Chung et al. (1988); for key to stra tig ra phy of cur rently
ana lysed sam ples and type of HP ex per i ment see Figure 7

Fig. 12. Sta ble car bon iso tope com po si tion of meth ane (A), eth ane (B), pro pane (C) and n-bu tane
(D) gen er ated from coals, and meth ane (A’), eth ane (B’), pro pane (C’) and n-bu tane (D’) gen er ated

from car bo na ceous shales dur ing the HP ex per i ments ver sus orig i nal vitrinite reflectance

Dot ted and dashed lines for 330 and 360°C HP gases, re spec tively. Data for cur rently ana lysed coals
and car bo na ceous shales are from Ap pen di ces 2 and 6, and coals marked by open stars are af ter
Kotarba and Lewan (2004) and Lewan and Kotarba (2014); for key to stra tig ra phy of cur rently ana lysed
sam ples and type of HP ex per i ment see Fig ure 7
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Fig. 13. Sta ble car bon iso tope com po si tion of meth ane, eth ane and pro pane ver sus orig i nal vitrinite reflectance
for HP gases gen er ated at 330 and 360°C, re spec tively, from coals (A and C) and car bo na ceous shales (B and D)

Data for cur rently ana lysed coals and car bo na ceous shales are from Ap pen di ces 2 and 6. For com par i son, onto (C) are
added data for coals from the Up per Silesian and Lublin bas ins af ter Kotarba and Lewan (2004) and Lewan and Kotarba
(2014): meth ane – open star, eth ane – grey star, pro pane – black star; for key to stra tig ra phy of cur rently ana lysed sam ples
and type of HP ex per i ment see Fig ure 7

Fig. 14. Sta ble hy dro gen iso tope com po si tion of meth ane, eth ane and pro pane of lin ear trends (A
and B) and con vex and con cave trends (C and D) for HP gases ana lysed af ter ex per i ments at 330°C 

(A and C)and at 360°C (B and D) ver sus the re cip ro cal of their hy dro gen num ber

For key to stra tig ra phy of cur rently ana lysed sam ples and type of HP ex per i ment see Figure 7

https://gq.pgi.gov.pl/article/downloadSuppFile/29341/4078
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gases gen er ated from the coals and car bo na ceous shales
show a mostly con vex-con cave (dog leg) pat tern (Fig. 11). HP
thermogenic gases do not have to fol low a lin ear trend as pre vi -
ously sug gested (Chung et al., 1988).

The val ues of sta ble car bon iso tope com po si tion of CH4,
C2H6, C3H8 and n-C4H10 gen er ated from the car bo na ceous
shales by HP at 330 and 360°C (Fig. 12A’–D’), from the coals
by HP at 360°C (Fig. 12A–D) and CH4 from the coals by HP at
330°C (Fig. 12A) cor re late pos i tively with the orig i nal vitrinite
reflectance (Ro) val ues. C2H6, C3H8 and n-C4H10 (Fig. 12B, C,
D) gen er ated from the coals dur ing HP at 330°C are de pleted in 
the 13C iso tope with in creas ing ma tu rity. A sim i lar iso tope trend
was ob served for HP gases of coals from North ern Hemi sphere 
(Ger many, Po land, Ukraine and USA) bas ins by Lewan and
Kotarba (2014) and for coalbed gases re ported or mod eled by
var i ous in ves ti ga tors for type-III kerogen as com piled by
Whiticar (1994).

The d13C val ues of CH4, C2H6 and C3H8 gen er ated from
coals at 360°C (Fig. 13C) and from car bo na ceous shales at 330 
and 360°C (Fig. 13B, D), and C2H6 and C3H8 from coals at
330°C (Fig. 13A) show in sig nif i cant changes with in creas ing
ma tu rity. Higher 13C en rich ment of meth ane dur ing in creas ing
rank of coal was ob served (Fig. 13A).

2H-de pleted meth ane can be ex plained by the 2H-de pleted
dis tilled wa ter (–66‰, Ap pen dix 7) from wa ter of the Kraków
pipe net work used in the HP ex per i ments, of iso to pic com po si -
tion typ i cal of Kraków-area pre cip i ta tion (Duliñski et al., 2019),
which is also re flected in the re cov ered wa ters with d2H val ues
vary ing from –72 to –52‰ (Ap pen dix 7 and Fig. 6B). In pre vi ous 
HP ex per i ments per formed for coals from the USCB and LCB at 
360°C for 72 hours Den ver dis tilled wa ter of d2H ra tio of –108‰
was used and the re cov ered wa ters had d2H val ues from –95 to
–91‰ (Kotarba and Lewan, 2004; Fig. 6B). The pro cess of gen -
er a tion of 2H-de pleted meth ane dur ing hy drous py rol y sis of
source rocks from the Pol ish pe tro leum bas ins was pre vi ously
dis cussed by Kotarba and Lewan (2013) and Kotarba et al.
(2009). Three hy dro gen at oms in CH4 are from methyl rad i cals
of or ganic mat ter with one atom from wa ter. Five hy dro gen at -
oms in C2H6 are from ethyl rad i cals of or ganic mat ter with one
atom from wa ter. Seven hy dro gen at oms in C3H8 are from
propyl rad i cals of or ganic mat ter with one atom from wa ter. The
abil ity of wa ter to be a source of hy dro gen dur ing the ther mal
crack ing of hy dro car bons has been shown ex per i men tally
(Hoering, 1984; Lewan, 1997; Schimmelmann et al., 1999,
2001). Un like the im por tance of kerogen in flu enc ing d13C val -
ues for gen er ated hy dro car bon gases, d2H val ues of hy dro car -

14 Maciej J. Kotarba et al. / Geo log i cal Quar terly, 2021, 65: 26

Fig. 15. Yields of car bon di ox ide (A), hy dro gen sul phide (B), mo lec u lar hy dro gen (C) and mo lec u lar ni tro gen gen er ated from coals
(D) and car bo na ceous shales (D’) ana lysed by HP at 330 and 360°C in com par i son with HP gases (af ter HP at 360°C) ex pelled from
dif fer ent coal sam ples from North ern Hemi sphere bas ins (Lewan and Kotarba, 2014) ver sus of vitrinite reflectance of orig i nal coals
(A, B and C) and cur rently ana lysed orig i nal car bo na ceous shales (D’)

Trend lines on (A) and (C) shows the best fit for re sults ob tained in the pres ent study and for pre vi ously pub lished data af ter Lewan and
Kotarba (2014) and on (D) based on vitrinite reflectance of orig i nal coals (Ap pen dix 2) and N2 yield from coals af ter HP at 360°C

(Ap pen dix 6) and Lewan and Kotarba (2014); TOCo – to tal or ganic car bon of orig i nal or ganic mat ter
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bon gases can be in flu enced by the for ma tion wa ters pres ent in
a source rock dur ing their gen er a tion in a nat u ral en vi ron ment
(e.g., Smith et al., 1982, 1985). d2H dif fer ences be tween
Kraków and Den ver dis tilled and re cov ered wa ters are 42‰
and 19–43‰, re spec tively (Fig. 6B), there fore the dif fer ence
be tween the d2H of meth ane gen er ated from coals from the
USCB and LCB in Kraków dur ing 72 hrs HP at 360°C (–308 to
–290‰, Ap pen dix 6), com pared with the Den ver lab o ra tory re -
sults (–319 to –302‰, Kotarba and Lewan, 2004), is 11–12‰,
one-fourth of these val ues (Fig. 6B). The d2H val ues of CH4,
C2H6 and C3H8 ver sus their re cip ro cal hy dro gen-num ber are
shown in Fig ure 14. The HP gases gen er ated from the coals
and car bo na ceous shales have both lin ear (Fig. 14A, B) and
con vex-con cave (dog-leg) re la tion ships (Fig. 14C, D). Sim i lar
trends have been ob served in nat u ral gases from pe tro leum
bas ins in China (Ni et al., 2019a, b), and Po land and Ukraine
(Kotarba et al., 2019b, 2020a, b; Bilkiewicz and Kowalski, 2020; 
Wiêc³aw et al., 2020).

The HP thermogenic and coalbed gases from the USCB
and LCB are com pared on Fig ures 6, 18 and 20. These com -
par i sons show that the coalbed gases in the USCB and LCB

have a sig nif i cant mi cro bial com po nent, or this iso to pic frac tion -
ation (shift) can be re lated to physicochemical sorp -
tion/desorption and dif fu sion pro cesses dur ing mi gra tion
through microporous coals (Kotarba, 2001).

NON-HYDROCARBON GASES

Car bon di ox ide (CO2), hy dro gen sul phide (H2S), mo lec u lar
hy dro gen (H2) and mo lec u lar ni tro gen (N2) are the main non-hy -
dro car bon gases gen er ated dur ing HP ex per i ments. The con -
cen tra tions of these gases, gas in di ces and sta ble iso tope com -
po si tion of car bon di ox ide and mo lec u lar ni tro gen are shown in
Ap pen di ces 5 and 6. The un usu ally large yields of CO2, H2 and
H2S gen er ated in HP (Ap pen dix 8), as com pared to a nat u ral
sys tem, may be partly ex plained by the high tem per a tures of
hy drous py rol y sis that re sult in in creas ing fugacities for each
gas com po nent (Cooles et al., 1987) and ad di tion ally in flu ences 
sec ond ary pro cesses dur ing mi gra tion in the geo log i cal en vi -
ron ment. In the nat u ral sys tem, highly sol u ble H2S and CO2,
and re ac tive H2, may be lost by dis so lu tion, ad sorp tion and mi -
gra tion pro cesses (e.g., Hunt, 1996). N2 prac ti cally does not un -
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Fig. 16. Sta ble iso tope com po si tions of car bon (A) in car bon di ox ide and ni tro gen (B) in mo lec u lar ni tro -
gen, and yields of car bon di ox ide (C), mo lec u lar ni tro gen (D), hy dro gen sul phide (E) and mo lec u lar hy -
dro gen (F) ex pelled from coals and car bo na ceous shales ana lysed by HP at 330 (grey marks) and 360°C
(black marks)

Solid and dashed lines link gases gen er ated from the same coal and car bo na ceous shale sam ples,
re spec tively; for sam ple keys and stra tig ra phy of ana lysed sam ples see Ap pen dix 1 and Figure 15

https://gq.pgi.gov.pl/article/downloadSuppFile/29341/4073
https://gq.pgi.gov.pl/article/downloadSuppFile/29341/4078
https://gq.pgi.gov.pl/article/downloadSuppFile/29341/4078
https://gq.pgi.gov.pl/article/downloadSuppFile/29341/4077
https://gq.pgi.gov.pl/article/downloadSuppFile/29341/4080


dergo sec ond ary pro cesses there fore its yield (Ap pen dix 8) re -
mains the same.

Car bon di ox ide. A com mon fea ture of HP ex per i ments is
the pro duc tion of large quan ti ties of car bon di ox ide (e.g.,
Andresen et al., 1994; Lewan, 1997; Kotarba and Lewan, 2004;
Lewan and Kotarba, 2014). The in ten sity and dy nam ics of CO2

gen er a tion dur ing HP de crease with in creas ing ma tu rity of the
coals (Fig. 15A) and are higher for car bo na ceous shales than
for coals (Ap pen dix 8 and Fig. 16C). Decarboxylation is due to
the weaker C–O bond strength as com pared to that of the C–C
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Fig. 17. Non-hy dro car bon gas yields of car bon di ox ide (A), hy dro gen sul phide (B), mo lec u lar ni tro gen (C)
and mo lec u lar hy dro gen (D) ex pelled from coals and car bo na ceous shales ana lysed dur ing HP at 330 and

360°C ver sus the atomic ra tios of O/C (A), S/C (B), N/C (C) and H/C (D) of their orig i nal kerogen

U. SIL. – Up per Silesian

Fig. 18. Sta ble car bon iso tope com po si tion of car bon di ox ide
ver sus sta ble car bon iso tope com po si tion of meth ane for HP
gases ex pelled from coals (A) and car bo na ceous shales (B)

Ge netic fields af ter Milkov and Etiope (2018); for com par i son, Up per 
Silesian (shaded field) and Lublin (Bo-1 and Bo-2 open stars)
coalbed meth ane and car bon di ox ide af ter Kotarba (2001) and
Kotarba and Pluta (2009), and Up per Silesian and Lublin (Bo-1 and
Bo-2) HP at 360°C gases af ter Kotarba and Lewan (2004) and
Lewan and Kotarba (2014) are also shown: for key to gas sam ple
codes and stra tig ra phy of cur rently ana lysed and pre vi ously pub -
lished gas sam ples see Fig ures 7 and 17, re spec tively

Fig. 19. Sta ble ni tro gen iso tope com po si tion of N2 ver sus N2

con cen tra tion for cur rently ana lysed HP gases

Di rec tion of source rock ma tu rity af ter Gerling et al. (1997) and
range of fixed-NH4 af ter Mingram et al. (2005); for com par i son, Up -
per Silesian coalbed mo lec u lar ni tro gen af ter Kotarba (2001); for
key to gas sam ple codes and stra tig ra phy of cur rently ana lysed
sam ples see Fig ure 17
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bond (Kotarba, 1988; Hunt, 1996). More over, dur ing ther mal
trans for ma tion of humic or ganic mat ter the ther mo dy namic ef -
fect of iso tope frac tion ation is dom i nant and the car bon di ox ide
gen er ated is en riched in 13C by 12–28‰ as com pared to source 
humic source mat ter (Galimov, 1985). The vol ume of car bon di -
ox ide gen er ated is pro por tional to the atomic O/C ra tio (i.e., ox y -
gen con tent) of the ini tial or ganic mat ter while its quan tity is
greater in shales than in coals (Fig. 17A) reach ing a max i mum
yield of 817 mg/g TOCo and only 18.9 mg/g TOCo for car bo na -
ceous shales and coals, re spec tively (Ap pen dix 8). The d13C
val ues of CO2 do not show sub stan tial vari a tions be tween
gases gen er ated from the same ini tial sam ples, but re mark able
dif fer ences are seen among gases gen er ated from dif fer ent ini -
tial sam ples. The iso to pic dif fer en ti a tion ob served is re lated to
ge netic fea tures of the source ma te rial of CO2, not to mat u ra tion 
pro cesses in duced by HP. Neg a tive d13C val ues of most of the
sam ples ana lysed in di cate that the CO2 was gen er ated from
ther mal de com po si tion of or ganic mat ter (Fig. 18). Ex treme
high CO2 yields were ob tained for two car bo na ceous shale
sam ples: Si-22st and Si-23st, and only in these sam ples does
the CO2 show pos i tive d13C val ues (Ap pen di ces 6 and 8). High
yields ac com pa nied by no ta bly high d13C val ues of CO2 in di cate 
that the CO2 in these sam ples was gen er ated from a dif fer ent
source ma te rial than in re main ing sam ples, most likely con tain -
ing more or ganic mol e cules with C-O func tional groups or, less
prob a bly, was pro duced from car bon ate dis so lu tion/de com po -
si tion, while the re lease of pre-ex ist ing car bon di ox ide ad sorbed 
or en trapped in the ini tial sam ples can not be ex cluded. Min eral
car bon mea sured in the sam ples stud ied does not sup port the
hy poth e sis of the in flu ence of car bon ate min er als, since its con -

tent in sam ples Si-22st and Si-23st is nei ther higher than in
other sam ples nor was greatly de creased (Ap pen dix 3). The dif -
fer ent iso to pic com po si tions of gases gen er ated from sam ples
Si-22st and Si-23st may be re lated to their lower ini tial ma tu rity
and a higher con tent of ox y gen com pounds such as or ganic ac -
ids con trib ut ing to 13C en riched CO2. In ad di tion to decarbo -
xylation, some of the ox y gen in the CO2 gen er ated by hy drous
py rol y sis has been shown to be de rived from wa ter in ter act ing
with the car bonyl groups (Lewan, 1997; Lewan and Kotarba,
2014). CDMI val ues, show ing the re la tion of gen er a tion of CO2

to CH4, de crease with in creas ing orig i nal vitrinite reflectance of
pyrolysed or ganic mat ter and also with in creas ing HP tem per a -
ture (Ap pen dix 6 and Fig. 5A–C), in di cat ing that the max i mum
yield for CO2 oc curs at lower ma tu rity than that for CH4 and that
CO2 from coals was lib er ated less ef fec tively.

Hy dro gen sul phide. Dur ing mat u ra tion of sed i men tary or -
ganic mat ter, large amounts of hy dro gen sul phide may be gen -
er ated (e.g., Orr, 1977; Anissimov, 1995; Amrani et al., 2005).

No cor re la tions ex ist be tween H2S yields and the Ro and
orig i nal or ganic mat ter atomic S/C ra tio of the coals ana lysed
(Figs. 15B, 16E and 17B). This may be ex plained by the orig i nal 
sul phur oc cur ring in dif fer ent or ganic com pounds (e.g., thiols,
sulphides, and thiophenes; Chou, 1990), which have dif fer ent
ther mal sta bil i ties and yield dif fer ent amounts of H2S. Thiols
and sulphides are the most likely source of H2S be cause their
car bon-sul phur bonds are weaker than those in ar o matic
thiophene rings (Lewan and Kotarba, 2014). The rank of the
orig i nal coals, rep re sented by Ro, is nar row, i.e. from 0.6 to
0.9% (Ap pen dix 3). The broad rank from lig nites to anthracites,
as ob served by Lewan and Kotarba (2014), also does not re -
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Fig. 20. Sta ble car bon iso tope com po si tion of eth ane ver sus sta ble car bon iso tope com po si tion of meth ane (A and C) 
and sta ble car bon iso tope com po si tion of pro pane (B and D) of HP gases ex pelled from coals (A and C) and car bo na ceous

shales (C and D)

Po si tion of reflectance curves for type-III kerogen af ter Berner and Faber (1996) shifted based on av er age of d13C value (–23.8‰, 24 sam -
ples) of Serpukhovian and Penn syl va nian coals from the Up per Silesian and Lublin bas ins (Kotarba and Clay ton, 2003); for com par i son, Up -
per Silesian coalbed gases (shaded field) af ter Kotarba (2001) [K (2001)] and Kotarba and Pluta (2009) [K & P (2009)], and the Up per
Silesian and Lublin (Bo-1 and Bo-2) HP gases af ter ex per i ments at 360°C for 72 hours from coals af ter Kotarba and Lewan (2004) [K & L
(2004)] and Lewan and Kotarba (2014) [L & K (2014)] are also shown
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veal such cor re la tions. Only lig nites have some of the high
yields (Fig. 15B). H2S yields from the or ganic mat ter of car bo -
na ceous shales are com pa ra ble to those from coals, while the
great est yields were ob served from shale sam ple Si-23st (Ap -
pen dix 8, Figs. 16E and 17B) which may be as so ci ated with the
com po si tion of sul phur com pounds as well as with a cat a lytic
and ad sorbed in flu ence of the claystone-mudstone ma trix. Sim -
i larly to CO2, sig nif i cant con cen tra tions of H2S can oc cur as dis -
solved aque ous spe cies de pend ing on so lu tion pH (e.g.,
Lewan, 1997). Al though hy dro gen sul phide was gen er ated in
large vol umes from the coals and car bo na ceous shales dur ing
the HP ex per i ments, no traces of it are found in coalbed gas ac -
cu mu la tions within the Car bon if er ous coalbed strata of the Pol -
ish bas ins (Kotarba, 1990a, b, c, 2001; Kotarba and Rice, 2001; 
Kotarba and Pluta, 2009). This ab sence of hy dro gen sul phide
as a free gas is at trib uted to its high sol u bil ity in for ma tion wa -
ters and its high re ac tiv ity with Fe and other tran si tion met als
(i.e., Cu, Pb and Zn) dur ing gas mi gra tion and en trap ment (e.g., 
Orr, 1977; Suleimenov and Krupp, 1994). The ma jor re moval
pro cess of H2S in clastic and claystone–sand stone suc ces -
sions of the coalbed strata ap pears to be caused by the for ma -
tion of py rite and other metal sulphides.

Mo lec u lar hy dro gen. Mo lec u lar hy dro gen was also ex -
pelled in no ta ble quan ti ties from coals and in con sid er able
amounts from car bo na ceous shales dur ing the HP ex per i ments 
for 72 hours at 330 and 360°C (Ap pen dix 8, Figs. 15C, 16F and
17D). How ever it may rarely oc cur in traces (if at all) in coalbed
gases ac cu mu lated within the Car bon if er ous strata of the
USCB and LCB (Kotarba, 2001; Kotarba and Pluta, 2009). H2 is 
very re ac tive, mo bile and prac ti cally not sub ject to ad sorp tion
on coals, so its re ten tion in coal-bear ing strata is ephem eral
(Lewan and Kotarba, 2014). The dual source of H2 from wa ter
and or ganic mat ter and its par tic i pa tion with H2S gen er a tion
makes its be hav iour com plex to in ter pret from the HP ex per i -
ments of this study.

As in the case of sul phide hy dro gen (Figs. 15B and 17B), H2

yields de crease with in crease in ma tu rity (Fig. 15C) and with the 
in creas ing atomic H/C ra tio of the orig i nal kerogens of both the
coals and car bo na ceous shales (Fig. 17D). These phe nom ena
are mainly caused by ex pel ling hy dro gen from or ganic mat ter
dur ing mat u ra tion. H2 was also gen er ated in con sid er able
quan ti ties from wa ter and the or ganic mat ter of coals and in
larger amounts from shales (Figs. 16F and 17D). Early-gen er -
ated H2 is scav enged to make H2S, which forms early and in
high quan ti ties from type-III kerogen in HP ex per i ments
(Figs. 15C and 16F).

Mo lec u lar ni tro gen. Mo lec u lar ni tro gen in nat u ral, geo log i -
cal en vi ron ments is pro duced in large quan ti ties in ra dio genic,
at mo spheric, pri mor dial, crustal and or ganic pro cesses (in clud -
ing mi cro bial pro cesses and the thermogenic de com po si tion of
or ganic mat ter) (e.g., Jenden et al., 1988; Krooss et al., 1995,
2008; Gerling et al., 1997; Kotarba et al., 2014, 2019a, 2020c).
N2 can be also re leased from NH4-rich illites that have un der -
gone in ten sive fluid/rock in ter ac tion (Lüders et al., 2005;
Mingram et al., 2005).

Dur ing our HP ex per i ments, N2 was gen er ated from ni tro -
gen com pounds in the or ganic mat ter of the coals and shales,
and from NH4-rich illites of the shales. N2 yields in crease con tin -
u ously with in crease in Ro of the orig i nal sam ples, from 0.6 to
1% (Fig. 17C). This is in agree ment with the ob ser va tion of
Lewan and Kotarba (2014), who re ported N2 gen er a tion rise as
Ro of orig i nal sam ples in creased from 0.4 up to 4%, then a sud -
den drop at higher ma tu ri ties (Fig. 15D). The orig i nal in crease
in mo lec u lar ni tro gen as op posed to the over all de crease in
CO2, H2S and H2 with in creas ing orig i nal Ro of the coals can be
ex plained by dif fer ences in their co va lence (Fig. 15). In ad di tion

to or gan i cally bound ni tro gen, some of the ni tro gen yields may
be de rived from am mo nium in clay min er als (Mingram et. al.,
2005) or N2-bear ing fluid in clu sions (Lüders et al., 2005, 2012)
in the coals and car bo na ceous shales.

Iso to pic frac tion ation de pends on the pri mary ge netic fac -
tors of the or ganic mat ter, and the sec ond ary pro cesses tak ing
place dur ing gas mi gra tion through the gas-rock and gas-res er -
voir fluid in ter faces (Littke et al., 1995; Krooss et al., 1995,
2005, 2008; Gerling et al., 1997; Zhu et al., 2000; Mingram et
al., 2005; Lüders et al., 2005). Mo lec u lar ni tro gen gen er a tion
from or ganic mat ter has been also doc u mented dur ing py rol y sis 
ex per i ments (Gerling et al., 1997; Kotarba and Lewan, 2004,
2013; Lewan and Kotarba, 2014). In most cases mo lec u lar ni -
tro gen gen er ated dur ing our 360°C HP ex per i ments is more en -
riched in the 15N iso tope than that from the 330°C HP ex per i -
ments, both from coals and car bo na ceous shales (Ap pen dix 6,
Figs. 16B and 19). The NH4-fixed in claystones and mudstones
is en riched in 15N as com pared with ni tro gen com pounds in or -
ganic mat ter (e.g., Gerling et al., 1997; Mingram et al., 2005;
Krooss et al., 2008) hence the ob served ni tro gen iso tope frac -
tion ation (Figs. 16B and 19) is prob a bly con nected with in creas -
ing N2 yields, ris ing coal ma tu rity (Fig. 15D) and ad di tional N2

gen er a tion from fixed-NH4 com pounds within claystones
(Fig. 15D’).

CONCLUSIONS

Hy drous py rol y sis (HP) ex per i ments at 330 and 360°C for
72 hours were car ried out on Serpukhovian, Bashkirian and
Moscovian coals and car bo na ceous shales from the USCB (10
sam ples) and the LCB (2 sam ples). The sam ples were se lected 
based on the re sults of Rock-Eval-II py rol y sis of 28 coal and 55
shale sam ples. The re sults and in ter pre ta tions of the or ganic
geo chem i cal and petrographic screen ing anal y ses with re gard
to the or i gin and ma tu rity of the or ganic mat ter be fore and af ter
the HP ex per i ments, and the yields, and mo lec u lar and sta ble
car bon, hy dro gen and ni tro gen iso tope com po si tions of the
gases gen er ated dur ing HP can be sum ma rized as fol lows:

1. Ro of the humic (type-III kerogen) coals and the car bo -
na ceous shales se lected for this study ranged from
~0.60 to 0.90%. Af ter 72 h HP at 330°C (first stage of ar -
ti fi cial mat u ra tion) Ro had in creased to ~1.3–1.4% and
af ter 72 h HP at 360°C (sec ond ar ti fi cial mat u ra tion
stage) to ~1.7–1.8% (cf. Ap pen dix 3, Figs. 4, 9 and 10);

2. The hy dro car bon gases (CH4, C2H6, C3H8 and n-C4H10)
gen er ated from the car bo na ceous shales at 330 and
360°C showed an en rich ment in 13C with in creas ing Ro

of the orig i nal sam ples. The same trend was ob served
for the C1 to C4 hy dro car bons gen er ated from coals by
HP at 360°C. For the HP of coals at 330°C this trend
was only ob served for meth ane while the C2 to C4 hy dro -
car bons showed a de ple tion in 13C with in creas ing orig i -
nal ma tu rity (cf. Ap pen dix 6 and Fig. 11);

3. 2H-de pleted meth ane can be ex plained by the 2H-de -
pleted dis tilled wa ter (–66‰) in wa ter of the Kraków pipe 
net work used in the HP ex per i ments, which is also re -
flected in the re cov ered wa ters with d2H val ues vary ing
from –72 to –52‰ (cf. Ap pen di ces 6 and 7, Figs. 6B and 
14);

4. The plots of the d13C val ues of the hy dro car bon gases
gen er ated, CH4, C2H6, C3H8 and n-C4H10, ver sus their
re cip ro cal car bon-num ber (Chung plots) are not lin ear
but have con cave (dog-leg) shapes (cf. Ap pen dix 6 and
Fig. 11);
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5. The d2H of CH4, C2H6 and C3H8 in HP gases ver sus their 
re cip ro cal hy dro gen-num ber have both lin ear and con -
vex-con cave (dog-leg) re la tion ships (cf. Ap pen dix 6 and 
Fig. 14);

6. The broad frac tion ation of d13C val ues of car bon di ox ide
can be caused by both ki netic and ther mo dy namic ef -
fects re lated to ther mal or ganic mat ter de struc tion. The
pic ture of dis tri bu tion of d13C val ues of HP car bon di ox -
ide is sim i lar to the dis tri bu tion of its yields, al though
some what re versed trends with changes in vitrinite
reflectance were ob served (cf. Ap pen di ces 6 and 8,
Figs. 16C and 18);

7. No cor re la tions ex ist be tween hy dro gen sul phide yields
and ei ther vitrinite reflectance or orig i nal or ganic mat ter
atomic S/C ra tio in the coals ana lysed. H2S yields of or -
ganic mat ter of shales are com pa ra ble to those from
coals, which may be as so ci ated with the com po si tion of
sul phur com pounds as well as with the cat a lytic and ad -
sorbed in flu ence of the claystone-mudstone ma trix (cf.
Ap pen dix 8, Figs. 15B, 16E and 17B);

8. Mo lec u lar hy dro gen was gen er ated in sig nif i cant quan ti -
ties from wa ter and the or ganic mat ter of the coals and
in con sid er able amounts from shales dur ing the HP ex -
per i ments at 330 and 360°C. The de creas ing trend in H2

yields with a de crease in ma tu rity and the in creas ing

atomic H/C ra tio of the orig i nal kerogens of coals and
shales hold to the value of ~0.6 (cf. Ap pen di ces 6 and 8,
Figs. 15C, 16F and 17D);

9. Dur ing our HP ex per i ments, mo lec u lar ni tro gen yields
in crease with in creas ing vitrinite reflectance of the orig i -
nal coals and car bo na ceous shales. In most cases mo -
lec u lar ni tro gen gen er ated in the 360°C HP ex per i ments 
is more en riched in 15N than in N2 gen er ated dur ing the
330°C HP ex per i ments both from coals and shales (cf.
Ap pen di ces 5, 6 and 8, Figs. 15D, 16D and 19).
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