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Ab stract: The Kremna Ba sin is lo cated in south west Ser bia, in the Zla ti bor area, which is part of the In ter nal
Di narides. This ba sin is note wor thy be cause of the type of bed rock drain age, which it rep re sents. It was formed on
ul tra ba sic rocks and vol canic ma te ri als that in flu enced the oc cur rence of or ganic mat ter (OM) in the ba sin fill. The 
ob jec tive of the study was to de ter mine the or ganic geo chemi cal char ac ter is tics of sedi ments from the cen tral part
of the Kremna Ba sin.

The sedi ments stud ied be long to an intra basi nal fa cies, in which two se quences were dis tin guished. The lower
se quence oc curs at depths of 216–343 m, while the up per se quence is found from 13.5–216 m.

At the start of ba sin de vel op ment (265–343 m) sedi menta tion took place in shal low alka line wa ter, rich in Mg
ions. Through time, a slight deep en ing of the ba sin oc curred. This was fol lowed by chemi cal depo si tion of
car bon ates (216–265 m). The most im por tant change in the sedi men tary en vi ron ment oc curred with the for ma tion
of sedi ments mark ing the tran si tion be tween the se quences (at about 200 m).

Sedi ments from the lower se quence are char ac ter ized by the domi nance of dolo mite and mag ne site. There are
indi ca tions of vol canic ac tiv ity, i.e. tuff lay ers and the pres ence of sear le site. The upper se quence is char ac ter ized
by the preva lence of cal cite and dolo mite. The amounts of MgO, Na2O and B are higher in the lower se quence,
whereas the CaO con tent is higher in the upper se quence.

The sedi ments con tain dif fer ent amounts of im ma ture OM (late dia gene sis). Bio marker analy sis shows di verse 
pre cur sors of the sedi men tary OM: meth ano genic ar chaea, pho to syn thetic green sul fur bac te ria (Chlo ro bi aceae),
bac terivorous cili ates, vari ous bac teria, both pho to syn thetic and non-pho to syn thetic, the green uni cel lu lar mi cro -
alga, Bot ryo coc cus brau nii race A (ex clu sively in the up per se quence) and ter res trial plants. The lower se quence
con tains lower amount OM, com posed pri mar ily of kero gen II/III and III types, in di cat ing a higher con tri bu tion of
the al loch tonous bio mass of land plants from the lake catch ment, par ticu larly in the lower part. The sedi ments of the
upper se quence are en riched in auto chthonous aquatic OM, which com prises mostly kero gen I, I/II and II types. The
tran si tion from the lower se quence to the up per one is as so ci ated with a de crease in pris tane to phy tane ra tio,
gam mac er ane in dex and con tent of C28 ster oids, ab sence or sig nifi cantly lower amount of squalane, ab sence of C24

and C25 regu lar iso prenoids, 8- methyl-2- methyl- 2-(4,8,12- trimethyltridecyl) chro man and C30 hop- 17(21)-ene.
Py ro lytic ex peri ments showed that the sedi ments of the up per se quence, rich in aquatic OM, at a cata ge netic

stage could be a source of liq uid hy dro car bons. The val ues of ho pane, ster ane and phe nan threne matu ra tion
pa rame ters in di cate that through py ro ly sis at 400°C the sam ples in ves ti gated reached a value of vitrin ite re flec -
tance equiva lent of approxi mately 0.70%. It was es ti mated that the sedi ments should be found at depths of 2300–
2900 m in or der to be come ac tive source rocks. The cal cu lated mini mum tem pera ture, nec es sary for cata ge netic
hy dro car bon gen era tion, is be tween 103 and 107°C. 
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IN TRO DUC TION

Hy drol ogy (wa ter out put and in put of sur face wa ter,
rain fall, and ground wa ter), sed i ment in put, and tem per a ture
changes rep re sent three ma jor fac tors which con trol sedi-
mentation pat terns, and thus car bon ate de po si tion in lake
bas ins (Tucker and Wright, 1990; Platt and Wright, 1991).
These fac tors are in flu enced by both cli mate and tec ton ics
(Bohacs et al., 2000, 2003). Con sid er ing the com plex ity of
sed i men ta tion in lake bas ins, an un der stand ing of the sed i -
men ta tion his tory re quires a va ri ety of sedimentological,
palaeontological and geo chem i cal anal y ses.

Bioproductivity in lac us trine en vi ron ments can be as
high as ten times, than in ma rine en vi ron ments. Un der such
con di tions, pres er va tion of the or ganic mat ter can be favou-
red as well (Pe ters et al., 2005). These two fac tors con trib ute
to for ma tion of sed i ments rich in or ganic mat ter (OM).

De spite of the in flu ence of ox i da tion pro cesses, which
fa vour the OM deg ra da tion, or ganic car bon con tent (Corg)
is of ten used as a pre lim i nary palaeoproductivty in di ca tor
(Meyers, 1997). Rock-Eval py rol y sis is used as a rapid, pre -
lim i nary method for examining the or i gin/type and ma tu rity
of the or ganic mat ter (Espitalié et al., 1985).

The con di tions of sedimentation de ter mine the car bon
to ni tro gen ra tio (C/N) in OM-rich sed i ments (Meyers,
1994; Mackie et al., 2005). The C/N ra tio lower than 10 is
typ i cal for al gal ma te rial, which is de pleted in cel lu lose in
com par i son to OM orig i nated from higher plants (Meyers
and Ishiwatari, 1993). Val ues of C/N ra tio over 20 can be
con sid ered an in di ca tor of a greater con tri bu tion of higher
ter res trial plant ma te rial as a pre cur sor for the OM (Meyers,
1994). How ever, an el e vated C/N ra tio also may be a con se -

quence of the eas ier deg ra da tion of al gal OM, rich in la bile
ni tro gen, dur ing diagenesis (Meyers, 1994).

Analysis of the extractable or ganic mat ter (bi tu men)
taken from sed i ments has been proven to be a prom is ing
tool for re con struc tion of the sed i men tary en vi ron ment as
well as the pre cur sor bio mass and its trans for ma tion dur ing
diagenesis. The anal y sis of bi tu men is based on iden ti fi ca -
tion of fin ger print com pounds (biomarkers) which are by
struc ture strongly re lated to pre cur sor biomolecules from
or gan isms. Nu mer ous pa ram e ters for biomarkers are used
in the as sess ment of the or i gin, depositional en vi ron ment
and ma tu rity of the OM (Pe ters et al., 2005, and ref er ences
therein). Apart from the anal y ses men tioned, a full char ac -
teri sa tion of the OM in sed i men tary rocks also re quires the
in ves ti ga tion of the kerogen. In the case of an im ma ture
sam ple, its po ten tial might be es ti mated by sim u la tion of
changes in or ganic mat ter ma tu rity un der lab o ra tory con di -
tions, us ing dif fer ent pyrolytic ex per i ments (Huizinga et al., 
1988; Yoshioka and Ishiwatari, 2002; Parsi et al., 2007;
Budinova et al., 2014, and ref er ences therein).

The ob jec tive of the study was to de ter mine the orga-
nic-geo chem i cal char ac ter is tics of sed i ments from the cen -
tral part of the Kremna Ba sin. This ba sin is note wor thy, be -
cause of the spe cific palaeorelief, type of bed rock drain age
and vol ca nic in put that in flu enced the de vel op ment of or -
ganic mat ter. For this pur pose, the ma jor-el e ment con tent,
bulk and spe cific or ganic-geo chem i cal pa ram e ters, and qua- 
litative min er al og i cal com po si tion were in ves ti gated.
Pyrolytic ex per i ments were per formed on bi tu men-free
sam ples in a de tailed study of the liquid-hy dro car bon po ten -
tial of the sed i ments for pre dic tion of the con di tions nec es -
sary for them to be come ac tive oil-gen er at ing source rocks.
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Fig. 1. Lo ca tion and sim pli fied geo log i cal map of Kremna Ba sin (mod i fied af ter Ba sic Geo logic Map of SFRJ, Užice Sheet, Mojsiloviæ
et al., 1973), show ing lo ca tion of sam pled ZLT-2 bore hole.



GEO LOG I CAL SET TING 

The Zlatibor area is lo cated in SW Ser bia, about 200 km
SW of Bel grade (Fig. 1). As a part of the In ter nal Dinarides, 
it con sists mostly of a Dinaric ophiolite nappe, which was
emplaced dur ing the Jurrasic (Iliæ and Neubauer, 2005).
Dur ing the mid dle early Mio cene, the Zlatibor area was af -
fected by the open ing of Dinaride Lake sys tem (Krstiæ et al., 
2001). The rel ics of Mio cene sed i ments are pre served only
lo cally (the Kremna, Bioska, Maèkat, Kaèer and Braneš ba-
sins), usu ally fault-bounded and interbedded with fine-
grained vol ca nic tuffs and rarely with coal. 

Ac cord ing to re cent palaeontological in ves ti ga tions, the
age of the sed i men tary units is early Mio cene, be tween 19
and 17 Ma (Prysjazhnjuk et al., 2000; Krstiæ et al., 2001).
The only known fos sil flora re mains in the Kremna Ba sin
were in ter preted as early Mio cene (Pantiæ, 1956). A rare fos -
sil fauna (Planorbis, Unio, Bithinia) and ostracoda also were
found, in di cat ing the same age (Eremija, 1977). The whole
Dinarides sub se quently were af fected by late Neo gene and
Qua ter nary up lift and de nu da tion (Maroviæ et al., 1999, 2002).

Sed i men ta tion in the Kaèer and Bioska bas ins was do-
minated by clastic rocks, while in the Kremna Basin, car -
bon ate rocks also were de pos ited in ad di tion to clastics
(Obradoviæ and Vasiæ, 2007). This study is fo cused on the
Kremna Basin, cov er ing an area of ap prox i mately 15 km2

(Fig. 1). The Kremna Basin was pre vi ously in ves ti gated for
po ten tial de pos its of bo ron and magnesite as well as sepio -
lite and palygorskite clay (Živkoviæ and Stojanoviæ, 1976;
Dediæ, 1978; Iliæ and Rubežanin, 1978; Obradoviæ et al.,
1994, 1995; Kovaèeviæ, 1998).

The bed rock that un der went ero sion dur ing ba sin evo -
lu tion con sisted pri mar ily of Ju ras sic ultrabasic rocks, ser -
pen tin ite and ophiolitic mélange, and Tri as sic car bon ate
rocks (Fig. 1). In tense weath er ing of ultra mafic rocks dur -
ing the Palaeo gene formed a thick weath er ing crust of smec- 
tite (Maksimoviæ, 1996). The weathering pro cesses yielded
in tense leach ing of MgO, which con se quently in flu enced
the for ma tion of magnesite rich sed i men tary rocks.

Obradoviæ and Vasiæ (2007) sum ma rized pre vi ous
stud ies of the Kremna Ba sin and on the ba sis of the re sults
pre sented by Dediæ (1978), they dis tin guished al lu vial and
lac us trine se ries, and in them mar ginal and intrabasinal fa -
cies. The al lu vial se ries con sists of con glom er ates and sand -
stones made up of ultra mafic rock frag ments (Obradoviæ
and Vasiæ, 2007). Thin in ter ca la tions of coal (2–5 cm thick)
are found in these sed i ments (Dediæ, 1978). Mar ginal lac us -
trine and intrabasinal lac us trine fa cies con sist of car bon ate
sed i ments, namely do lo mite and/or magnesite, marlstones
and rarely lime stone (Obradoviæ et al., 1996). 

MA TE RI ALS

For the pur pose of this study, 43 core sam ples (5–10 cm
in length) were taken from the ZLT-2 bore hole at dif fer ent
depths. Sam ple prep a ra tion for chem i cal anal y ses was per -
formed at the In sti tute for Tech nol ogy of Nu clear and Min -
eral Raw Ma te ri als (ITNMS), Bel grade. The sediment sam -
ples were dried at 105°C. In the next step, the sam ples were

suc ces sively crushed to 2.36 mm in three stages, us ing a jaw 
crusher, a cone crusher and a roller crusher, re spec tively.
Then the sam ples were ho mog e nized. A rough mill-frag-
mented sam ple was sub se quently finely pul ver ized and sif-
ted through a 63 µm sieve. Whole rock samples for thin sec -
tions and scan ning elec tron mi cros copy (SEM) anal y ses
were taken sep a rately from the core.

METH ODS

X-Ray dif frac tion anal y sis

X-ray dif frac tion anal y ses were per formed in the Lab o -
ra tory for Crys tal log ra phy, Fac ulty of Min ing and Ge ol ogy,
Uni ver sity of Bel grade, Ser bia. For de ter mi na tion of the
qual i ta tive com po si tion of the min erals, an X-ray gen er a tor
PHILIPS Type PW 1729, and a diffractometer from the
same man u fac turer, type PW 1710 with gen u ine soft ware
pro cess ing (Philips APD), were used. As a source of ra di a -
tion, an X-ray LLF-type tube with a cop per anticathode and
arched graph ite mono chro ma tor placed between the sam ple
and the de tec tor were used, so that the ra di a tion was CuKa1

= 1.5405 �, thus avoid ing pos si ble X-ray flu o res cence. The
anode tube load was 40 kV and 35 mA. The gaps (slits)
were fixed at 1.0 and 0.1 mm. Sam ples were pressed into
stan dard alu mi num frames and re corded in the range of 2Q
from 5° to 60°. Data were col lected by mea sur ing each of
1/50° (0.02°) for a du ra tion of 0.5 sec. Iden ti fi ca tion of min -
er als was per formed by com par ing dhlk val ues with those of
the stan dards from an elec tronic da ta base (Joint Com mit tee
on Pow der Dif frac tion Stan dards, JCPDS-In ter na tional Cen -
tre for Dif frac tion Data).

De ter mi na tion of con tents of ma jor and trace el e ments

The contents of major and trace el e ments were determi- 
ned at AcmeLabs, in Can ada. Pre pared sam ples were mixed
with an LiBO2/Li2B4O7 flux. The crucibles were fused in a
fur nace. The cooled bead was dis solved in ACS-grade ni tric 
acid. The amounts of Al2O3, CaO, Cr2O3, Fe2O3, K2O,
MgO, MnO, Na2O, P2O5, SiO2 and TiO2 were de ter mined
by in duc tively cou pled plasma-op ti cal emis sion spectro-
scopy (ICP-OES). The amounts of Ba, Co, Cs, Rb, Sb, Sr,
Th, U, V, Y and Zr were de ter mined by in duc tively cou pled
plasma mass spec trom e try (ICP-MS). The ICP-OES anal y -
sis was per formed, us ing a SPECTRO AR COS in stru ment,
while for ICP-MS anal y sis an ELAN 9000 from Perkin
Elmer was em ployed. A rack of 40 sam ples on ei ther in stru -
ment com prised 36 sam ples, one an a lyt i cal blank, one sam -
ple rep li cate, one in ter nal ref er ence ma te rial (IRM) and one
of the Cer ti fied Ref er ence Ma te ri als (CRM). Loss on ig ni -
tion (LOI) was determined by ig nit ing a sam ple split, then
mea sur ing the weight loss. Ad di tion ally, for the screen ing
of pos si ble oc cur rences of B and Li, the amounts of these
two el e ments, to gether with the per cent ages of major el e -
ments and Sr (due to cor re la tion) in core sam ples at 10 m in -
ter vals, were also de ter mined. These anal y ses were perfor-
med in the Société Générale de Sur veil lance (SGS) Labora-
tory, Can ada, fol low ing pro ce dures that were de scribed in
pre vi ous pa pers (Šajnoviæ et al., 2009, 2012).
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Scan ning elec tron mi cros copy (SEM)

SEM anal y ses were per formed on gold-coated, polis-
hed thin sec tions at the Fac ulty of Min ing and Ge ol ogy,
Uni ver sity of Bel grade, Ser bia. Scan ning elec tron mi cros -
copy was used for im ag ing and col lect ing chem i cal data, us -
ing a JEOL JSM–6610 LV Scan ning Elec tron Mi cro scope,
equipped with an en ergy-dispersive spec trom e ter (EDS).
Anal y ses were run at an ac cel er at ing volt age of 20 kV, and
a work ing dis tance of 10 mm.

Rock Eval py rol y sis 

Rock-Eval py rol y sis was per formed at the In sti tute of
Ge ol ogy and Geo chem is try of Pe tro leum and Coal, Aachen
Uni ver sity, Ger many. De pend ing on min eral com po si tion,
the amounts of macro-el e ments, the or ganic car bon con tent
and the biomarker com po si tion, twenty-five samples were
se lected for Rock-Eval py rol y sis. Mea sure ments were car -
ried out, us ing a DELSI INC Rock-Eval VI in stru ment, ac -
cord ing to guide lines pub lished by Espitalié et al. (1985)
and Lafargue et al. (1998). About 100 mg of each pow dered 
sam ple were pyrolyzed.

De ter mi na tion of or ganic car bon, sul phur
and ni tro gen con tents and bi tu men anal y sis

Anal y ses were per formed at the Fac ulty of Chem is try,
Uni ver sity of Bel grade, Ser bia. El e men tal anal y sis was ap -
plied to de ter mine the amounts of car bon, sul phur and ni tro -
gen. Or ganic car bon (Corg) was de ter mined af ter the remo-
val of car bon ates with di luted hy dro chlo ric acid (1:3 v/v).
The mea sure ments were per formed, us ing a Vario EL III,
CHNOS El e men tal Analyser, Elementar Analysensysteme
GmbH (CHNS op er a tion mode: fur nace tem per a ture 1150°C
with a thermoconductivity de tec tor, TCD).

Extractable or ganic mat ter (bi tu men) was re moved from
the sed i ments by Soxh let’s ex trac tion with an azeotrope mix -
ture of di chloro methane and meth a nol (88:12 vol ume %), for 
42 h (Šajnoviæ et al., 2009, 2012). Sep a ra tion of the bi tu -
men into the sat u rated and ar o matic hy dro car bon frac tions
was achieved, us ing col umn chro ma tog ra phy (adsorbents:
SiO2, 2.88 g and Al2O3, 2.12 g; elu ents, in clud ing a “dead
vol ume” of 1.2 cm3: n-hex ane, 50 cm3 and ben zene, 25 cm3;
per 10 mg of bi tu men).

The sat u rated and ar o matic frac tions, iso lated from the
ini tial bi tu men and liq uid pyrolysates, were an a lyzed by means 
of the gas chro ma tog ra phy-mass spec trom e try (GC- MS)
techique. The GC-MS was per formed us ing an Agilent 7890A
gas chromatograph (HP-5MS col umn, 30 m × 0.25 mm,
0.25 µm film thick ness, He car rier gas 1.5 cm3/min), cou pled
to an Agilent 5975C mass se lec tive de tec tor (70 eV). The
col umn was heated from 80 to 310°C, at a rate of 2°C/min.,
and the fi nal tem per a ture of 310°C was main tained for an
ad di tional 25 minutes. The in di vid ual peaks were iden ti fied
on the ba sis of com par i son of the mass spec trum ob tained
with those from the lit er a ture (Risatti et al., 1984; Philp,
1985; Radke, 1987; Sinninghe Damsté et al., 1987; Koop-
mans et al., 1996a; Pe ters et al., 2005) and the mass spec tra
li brary (NIST5a). Quan ti fi ca tion of amounts of the com -

pounds for cal cu lat ing the mo lec u lar pa ram e ters was per -
formed by in te gra tion of peak ar eas (soft ware GCMS Data
Anal y sis) in the ap pro pri ate mass chromatograms [m/z 71
for n-al kanes; m/z 217 for steranes; m/z 215 for sterenes;
m/z for 191 hopanes and m/z 121, 135 and 149 for mono-,
di- and trimethylated 2-methyl-2-(4,8,12-trimethyltridecyl)
chromans, re spec tively]. Methyl-, dimethyl- and trimethyl-
naphthalenes in the ar o matic frac tions of liq uid pyrolysates
were iden ti fied from the m/z 142, 156, and 170 ion frag-
mentograms, whereas phenanthrene, methyl-, and dimethyl- 
phenanthrene iso mers were an a lyzed from the m/z 178, 192, 
and 206 ion fragmentograms. 

Pyrolysis of the sam ples rich in or ganic mat ter

Pyrolysis was per formed on sam ples free of sol u ble or -
ganic mat ter (bi tu men), which con tained kerogen with a na -
tive min eral ma trix. The ini tial mass of a bi tu men-free sam -
ple was ~5 g. Pyrolyses were per formed in an au to clave un -
der ni tro gen for 4 hours at 400°C. Liq uid py rol y sis prod ucts 
were ex tracted with hot chlo ro form. The gaseous prod ucts
were not an a lyzed, al though the pro duc tion of gas eous pro-
ducts was in di cated by the pres sure change in the au to clave. 
Liq uid pyrolysates were sep a rated into sat u rated hy dro car -
bon, ar o matic hy dro car bon, and NSO frac tions us ing the
same method as ap plied in the frac tion ation of ex tracted bi -
tu men. The saturated and ar o matic frac tions were an a lyzed
by GC-MS, as de scribed in the pre vi ous sec tion.

RE SULTS

Min eral com po si tion and con tent of ma jor el e ments

The chemical com po si tion of the sed i ments from the
Kremna Ba sin was de ter mined for 43 core sam ples (Ta bles
1–3). Sam ples for min er al og i cal and pet ro log i cal anal y ses
(thin sec tion and SEM) were se lected with ref er ence to the
anal y ses ob tained.

Gen er ally, the min eral com po si tion of the Kremna Ba -
sin sed i ments is rep re sented by do lo mite, quartz, cal cite,
magnesite, and clay min er als. Different lac us trine fa cies
could not be clearly dis tin guished from the re sults ob tained.
How ever, it was ev i dent that the sed i ments from the core
an a lyzed be long to an intrabasinal fa cies (Figs 2, 3). 

Sed i ments from the lower se quence in the core (216–
343 m) con tain more Mg-rich min er als (Fig. 3B) and the
Mg originated from the un der ly ing ultramafites. This sec -
tion is characterised by pro nounced vol ca nic ac tiv ity (tuff,
searlesite; Fig. 3C). The spherulitic struc ture, com mon in
sil ica-rich glassy rocks, is vis i ble in thin (20–30 cm) po tas -
sium-rich un al tered vol ca nic ma te rial (depth 262 m; Figs 2,
4A, B). The glass is oc ca sion ally devitrified and the spheru -
lites are recrystallised. Clay min er als are poorly rep re sented 
in the en tire col umn, ex cept in in ter vals where sepio lite and
smectite oc cur by paragenesis with do lo mite and magnesite
(Fig. 3D). Ca-rich sed i ments are dom i nant in the up per se -
quence of the core (13.5–216 m, Fig. 3A). Vol ca nic ma te -
rial was also de ter mined in a thin layer at a depth of 77.5 m
(Figs 2, 4C, D).
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Ta ble 1

Amounts of ma jor el e ments (weight %) in sed i ments

Sequence
Descrip-

tion
No

Depth
(m)

SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 MnO Cr2O3 LOI*

Clayey carbonates 1 11.5 55.57 0.94 1.03 4.97 8.88 0.12 0.47 0.04 0.01 0.01 0.02 28.6

Upper
sequence

(US)

Marly
dolomite

2 13.5 8.40 1.02 0.81 16.19 22.19 0.09 0.56 0.03 0.01 0.02 0.02 50.7

3 27 17.44 3.03 1.31 14.46 21.58 0.11 1.42 0.07 0.02 0.03 0.02 40.5

4 32 12.62 1.87 0.69 19.4 22.43 0.11 1.13 0.04 0.01 0.02 0.01 41.8

5 42.5 15.02 3.04 1.44 2.15 37.64 0.07 1.51 0.06 0.02 0.05 0.01 39.4

6 54 34.79 6.80 2.33 11.15 9.24 0.08 2.63 0.12 0.01 0.03 0.02 34.3

7 55.5 26.09 1.97 0.81 15.63 18.86 0.08 0.67 0.04 0.03 0.03 0.01 36.6

8 64.5 17.58 0.61 0.21 17.1 23.15 0.08 0.18 0.01 0.01 0.01 0 41

Marlstone, 
calcite

dominated

9 70 30.34 6.04 1.80 2.27 27.7 0.06 1.47 0.09 0.01 0.04 0.02 31.7

10 78 10.24 2.09 0.69 11.21 32.77 0.13 0.47 0.04 0.01 0.02 0 42.5

11 80 10.68 2.38 0.53 6.08 36.77 0.11 0.36 0.05 0.02 0.02 0 43.6

12 83 11.99 3.31 0.88 2.43 41.81 0.15 0.41 0.07 0.04 0.02 0.01 39.9

13 96 10.98 3.18 1.44 1.50 42.84 0.13 0.55 0.08 0.11 0.03 0.01 39.9

14 111 12.45 2.59 0.80 2.52 36.33 0.14 0.53 0.05 0.15 0.02 0.01 45

15 113 22.39 5.46 2.68 1.47 35.35 0.20 1.19 0.28 0.04 0.06 0.04 31.9

16 127 18.28 5.18 2.57 1.69 38.01 0.25 1.12 0.14 0.04 0.04 0.03 33.6

17 137.5 6.98 1.18 0.63 2.66 44.58 0.15 0.24 0.03 0.06 0.01 0.01 43.6

18 150 27.69 1.87 0.87 1.09 32.43 0.16 0.39 0.13 0.01 0.02 0.02 36.6

19 164 13.99 1.82 1.16 1.21 43.88 0.20 0.41 0.07 0.12 0.03 0.02 37.7

20 185 17.16 1.04 0.76 7.51 29.38 0.23 0.36 0.03 0.07 0.02 0.01 43.8

21 189.5 23 1.39 1.20 8.88 26.89 0.22 0.71 0.04 0.05 0.03 0.02 37.7

Lower
sequence

(LS)

Marly
laminated
magnesite

22 216 36.81 0.31 0.96 21.41 13.46 0.41 0.10 0.02 0.01 0.01 0.02 28.3

23 219 12.91 0.85 1.24 35.35 5.99 0.29 0.29 0.02 0.01 0.02 0.03 42.8

24 224 24.05 1.79 2.51 20.39 17.10 0.45 0.80 0.06 0.01 0.05 0.05 33.8

25 238 46.93 4.89 1.17 24.44 2.36 1.24 2.79 0.03 0.01 0.02 0.01 20.4

26 243.5 16.61 0.94 1.19 32.75 6.29 1.19 0.48 0.04 0.01 0.02 0.02 40.6

27 245 16.44 0.73 2.66 35.98 4.79 0.69 0.27 0.03 0.01 0.04 0.08 39.1

28 248.3 19.39 0.66 1.34 30.28 6.50 2.28 0.29 0.03 0.01 0.02 0.03 39.4

29 255 12.26 0.60 1.20 36.68 4.58 0.70 0.22 0.03 0.01 0.03 0.05 43.8

30 258 40.14 3.40 8.85 20.92 6.15 1.71 1.60 0.11 0.01 0.11 0.19 21

31 265 15.93 1.30 1.95 33.62 5.84 1.40 0.62 0.05 0.01 0.03 0.03 39.9

Marly Mg
dolomite,

Silty
Mg-marls-

tone,
Mg-clay

32 283 20.75 1.35 1.89 26.3 13.79 1.16 0.45 0.05 0.01 0.03 0.04 35.7

33 286 29.18 2.27 3.46 24.87 11.49 1.56 0.66 0.08 0.02 0.04 0.06 29

34 297.5 23.76 2.09 1.92 28.62 9.19 1.53 0.44 0.07 0.01 0.03 0.03 34.3

35 309 33.83 4.62 5.93 21.84 9.25 2.23 1.23 0.19 0.02 0.07 0.08 24.1

36 317.5 22.68 2.19 2.72 25.39 12.59 1.45 0.53 0.08 0.01 0.04 0.05 33.7

37 324 34.6 3.65 5.08 23.11 7.70 1.98 1.07 0.12 0.02 0.06 0.1 25.7

38 329 34.22 4.05 5.51 19.05 10.76 1.83 1.61 0.13 0.02 0.06 0.11 25.6

39 335 27.27 0.06 0.15 23.9 13.48 2.11 0.07 0.01 0.02 0.07 0.01 35.8

40 336 23.11 0.28 0.19 22.58 14.3 2.10 0.07 0.01 0.02 0.04 0.01 39.6

41 340 43.08 1.51 5.53 22.88 2.96 1.9 0.34 0.04 0.02 0.03 0.1 27.2

42 341 46.15 2.37 8.17 20.53 2.93 2.22 0.53 0.07 0.02 0.04 0.15 22.8

43 343 52.4 4.39 11.55 16.66 0.68 2.12 2.39 0.12 0.02 0.03 0.2 15.6

Minimum US 6.98 0.61 0.21 1.09 9.24 0.06 0.18 0.01 0.01 0.01 0 31.7

Maximum US 34.79 6.8 2.68 19.4 44.58 0.25 2.63 0.28 0.15 0.06 0.04 50.7

Average US 17.41 2.79 1.18 7.33 31.19 0.14 0.82 0.07 0.04 0.03 0.01 39.59

Standard deviation US 7.71 1.77 0.69 6.37 9.57 0.06 0.6 0.06 0.04 0.01 0.01 4.75

Minimum LS 12.26 0.06 0.15 16.66 0.68 0.29 0.07 0.01 0.01 0.02 0.01 15.6

Maximum LS 52.4 4.89 11.55 36.68 17.1 2.28 2.79 0.19 0.02 0.11 0.2 43.8

Average LS 28.75 2.01 3.42 25.8 8.28 1.48 0.77 0.06 0.01 0.04 0.07 31.74

Standard deviation LS 11.83 1.52 3.05 5.89 4.55 0.64 0.74 0.05 0.01 0.02 0.06 8.14

* – Loss on ig ni tion.
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Ta ble 2

Amounts of trace el e ments (mg/kg) in sed i ments

Sequence
Descrip-

tion
No

Depth
(m)

Ba Co Cs Rb Sc Sr Th U V Zr

Clayey carbonates 1 11.5 109.2 8.90 1.11 12.74 2.02 190.7 0.71 0.61 13.14 12.84

Upper
sequence

(US)

Marly
dolomite

2 13.5 108.89 12.10 2.42 19.66 2.02 906.53 0.50 1.11 34.28 6.15

3 27 451.39 10.88 11.79 70.33 3.02 815.82 1.41 0.81 20.15 24.08

4 32 233.55 5.26 2.63 29.22 2.02 1227.88 1.72 0.81 12.13 6.77

5 42.5 171.73 8.79 6.26 60.31 3.03 875.04 2.42 1.21 18.18 19.6

6 54 201.46 14.49 10.79 116.76 4.11 984.89 2.06 0.51 39.06 31.86

7 55.5 153.83 5.91 4.28 35.35 2.04 773.63 2.55 2.24 16.30 10.59

8 64.5 93.51 1.21 1.41 9.85 0.50 794.57 0.40 0.80 8.04 9.15

Marlstone, 
calcite

dominated

9 70 307.76 10.57 16.82 82.17 4.10 1521.65 3.49 1.85 18.47 36.32

10 78 515.36 3.44 7.68 25.97 2.02 1232.52 3.13 3.13 10.11 23.65

11 80 388.01 2.23 6.09 24.58 1.02 926.26 1.93 2.03 14.22 32.61

12 83 277.61 3.78 13.47 33.68 2.04 1404.16 2.55 1.33 15.31 14.9

13 96 437.44 10.27 19.43 37.13 3.05 1291.05 2.75 1.73 19.33 14.34

14 111 258.83 6.60 13.20 32.07 2.03 1144.74 2.33 2.84 16.24 14.41

15 113 415.01 19.58 32.83 79.74 7.14 1258.59 7.85 3.26 61.18 35.28

16 127 371.24 20.40 47.42 78.53 6.12 1707.29 3.47 1.84 41.82 27.03

17 137.5 226.72 5.95 16.22 16.02 1.01 1193.97 0.91 1.11 12.09 7.76

18 150 263.97 11.56 3.17 20.46 2.05 701.04 1.64 0.61 18.42 19.85

19 164 247.16 11.75 1.72 19.65 3.04 944.89 1.72 1.32 17.22 16.00

20 185 171.79 8.08 2.83 16.98 1.01 659.36 1.52 2.22 17.18 8.19

21 189.5 149.99 11.88 2.92 31.11 2.01 600.56 1.31 1.51 17.11 10.57

Lower
sequence

(LS)

Marly
laminated
magnesite

22 216 82.59 10.94 0.31 4.96 1.03 1316.13 0.10 0.31 8.26 5.27

23 219 134.59 15.69 0.81 12.85 2.02 2197.53 0.30 0.40 9.11 5.67

24 224 338.81 29.88 1.44 26.49 4.11 2510.78 1.33 0.92 21.56 13.96

25 238 108.22 7.75 0.53 19.31 1.06 861.64 0.74 0.42 4.24 21.96

26 243.5 121.83 15.63 1.02 12.79 2.03 1484.67 0.51 0.51 12.18 8.32

27 245 69.89 32.99 0.82 10.69 3.08 1276.57 0.21 0.41 18.50 5.45

28 248.3 117.96 20.24 1.12 11.80 2.03 1869.33 0.20 0.61 10.17 4.47

29 255 105.73 16.98 0.92 9.86 1.02 1514.95 0.31 0.41 11.18 4.27

30 258 110.46 95.17 5.10 50.03 8.50 720.34 0.64 0.64 33.99 21.77

31 265 82.85 21.79 2.56 17.80 2.05 1147.90 0.31 0.51 11.25 9.41

Marly Mg- 
dolomite,

Silty
Mg-marl-

stone,
Mg-clay

32 283 176.39 18.99 10.69 18.16 3.11 2992.01 0.83 0.83 14.53 10.27

33 286 153.10 29.78 21.29 29.05 4.19 2209.94 0.84 0.63 20.97 18.67

34 297.5 131.09 13.42 24.24 19.77 2.08 1557.95 0.94 0.31 16.65 29.44

35 309 174.03 47.89 60.01 48.94 6.33 2301.13 1.48 0.53 30.59 37.23

36 317.5 228.64 25.35 34.35 25.97 4.14 3252.12 0.83 0.52 21.73 15.62

37 324 89.44 54.92 93.43 61.66 5.26 1174.56 0.74 0.42 35.77 24.31

38 329 92.25 59.44 94.24 51.58 7.34 1244.16 0.73 0.73 38.79 24.74

39 335 183.54 4.43 0.95 1.16 0.53 1187.45 0.84 0.53 4.22 14.56

40 336 183.02 2.20 0.42 0.73 0.52 1063.38 1.36 1.57 4.18 8.47

41 340 39.02 40.33 4.44 8.02 5.42 123.58 0.87 0.43 76.96 9.11

42 341 32.58 54.73 5.54 11.84 8.69 105.12 1.41 0.43 83.61 12.16

43 343 17.29 64.4 12.75 52.62 11.89 24.53 1.19 0.22 106.97 19.45

Minimum US 93.51 1.21 1.41 9.85 0.50 600.56 0.40 0.51 8.04 6.15

Maximum US 515.36 20.40 47.42 116.76 7.14 1707.29 7.85 3.26 61.18 36.32

Average US 272.26 9.24 11.17 41.98 2.67 1048.22 2.28 1.61 21.34 18.46

Standard deviation US 121.53 5.21 11.62 29.00 1.67 301.81 1.57 0.81 12.95 9.97

Minimum LS 17.29 2.20 0.31 0.73 0.52 24.53 0.10 0.22 4.18 4.27

Maximum LS 338.81 95.17 94.24 61.66 11.89 3252.12 1.48 1.57 106.97 37.23

Average LS 126.06 31.04 17.13 23.00 3.93 1460.72 0.76 0.56 27.06 14.75

Standard deviation LS 71.25 23.29 28.74 18.29 3.05 866.2 0.42 0.28 27.63 8.98
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Ta ble 3

Amounts of ma jor (weight %) and trace el e ments B, Li, Sr (mg/kg) in core sam ples at 10-m in ter vals

Sequence
Descrip-

tion
Depth

(m)
SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 MnO Cr2O3 B Li Sr

Upper
sequence

(US)

Marly
dolomite

10-20 12.10 0.62 0.60 18.40 25.50 0.16 0.24 0.02 0.01 0.02 0.02 95 290 1200

20-30 9.61 1.60 1.05 9.19 34.50 0.10 0.73 0.05 0.01 0.03 0.03 87 84 1300

30-40 22.20 2.47 1.14 17.80 18.80 0.16 1.47 0.04 0.01 0.03 0.01 73 460 1200

40-50 12.80 1.64 0.97 11.90 30.80 0.11 0.75 0.04 0.02 0.04 0.02 140 130 1000

50-60 18.00 2.37 0.94 12.50 25.80 0.12 1.11 0.05 0.01 0.03 0.03 96 210 860

60-70 14.30 2.21 0.98 7.48 33.00 0.12 0.63 0.05 0.01 0.05 0.02 110 110 1300

Marlstone, 
calcite

dominated

70-80 24.40 2.11 0.60 10.40 25.10 0.12 1.18 0.03 0.01 0.02 0.03 71 81 740

80-90 7.82 1.46 0.46 2.97 43.40 0.25 0.24 0.03 0.05 0.03 0.01 69 34 1700

90-100 8.64 0.83 1.03 13.60 32.10 0.32 0.25 0.03 0.04 0.03 0.02 280 85 1400

100-110 5.74 0.91 0.44 2.68 45.80 0.20 0.18 0.03 0.12 0.02 0.01 100 20 1600

110-120 19.00 3.10 1.05 3.75 34.30 0.19 0.61 0.07 0.08 0.03 0.02 81 27 1400

120-130 9.15 1.54 0.94 4.13 40.40 0.25 0.37 0.04 0.11 0.03 0.01 62 20 1300

130-140 10.00 0.99 0.78 5.40 39.00 0.14 0.23 0.03 0.08 0.04 0.02 57 20 1200

140-150 12.40 1.55 0.96 2.57 41.10 0.23 0.35 0.05 0.08 0.04 0.02 72 20 1400

150-160 12.20 1.79 0.96 6.71 35.80 0.19 0.41 0.05 0.05 0.04 0.02 39 20 580

160-170 14.00 1.35 0.86 6.94 35.00 0.17 0.32 0.04 0.06 0.04 0.01 52 21 610

170-180 13.50 1.67 0.94 6.41 35.90 0.35 0.46 0.04 0.04 0.02 0.02 76 33 630

180-190 16.70 1.84 1.24 7.68 32.30 0.27 0.54 0.06 0.03 0.04 0.03 76 50 620

190-200 44.90 7.33 1.63 4.42 14.00 1.78 1.90 0.12 0.05 0.06 0.03 77 20 320

200-210 12.60 1.47 1.42 7.38 36.30 0.19 0.57 0.06 0.01 0.04 0.03 74 62 670

Lower
sequence

(LS)

Marly
laminated
magnesite

210-220 21.70 1.92 1.64 20.80 14.80 2.04 0.71 0.07 0.01 0.03 0.02 4400 390 3300

220-230 13.40 0.78 1.22 34.10 6.95 0.31 0.30 0.03 0.01 0.03 0.04 300 190 1500

230-235 13.10 1.02 1.23 33.30 7.22 0.36 0.44 0.03 0.01 0.03 0.03 190 170 1300

235-240 12.10 0.66 0.75 36.30 5.58 0.35 0.24 0.02 0.01 0.02 0.03 320 140 1600

240-245 14.50 0.93 2.08 32.80 6.31 0.52 0.39 0.03 0.01 0.03 0.05 680 160 1300

245-250 14.90 0.88 1.89 29.90 8.90 0.99 0.41 0.04 0.01 0.03 0.05 2100 130 1200

250-255 13.60 0.91 1.33 31.60 8.50 0.82 0.36 0.04 0.01 0.03 0.04 1600 110 1200

255-260 16.70 1.28 1.64 29.10 8.39 1.39 0.59 0.04 0.01 0.04 0.04 2900 130 1300

260-265 18.30 1.96 1.64 26.80 9.22 1.48 1.15 0.06 0.01 0.04 0.04 3700 140 1100

Marly Mg- 
dolomite,

Silty
Mg-marl-

stone,
Mg-clay

265-271 10.80 0.75 0.90 28.70 12.70 1.10 0.37 0.03 0.01 0.03 0.03 2600 150 2300

271-281 15.00 0.86 1.08 24.70 16.60 0.99 0.32 0.04 0.02 0.03 0.02 1600 170 3400

281-291 18.70 1.13 1.57 25.20 14.50 1.02 0.34 0.05 0.01 0.03 0.03 1300 270 2500

291-301 18.70 1.34 1.40 26.70 12.30 1.15 0.32 0.06 0.01 0.03 0.03 1000 440 1900

301-311 12.50 0.88 1.15 23.20 18.80 0.17 0.37 0.03 0.02 0.03 0.03 140 120 1200

311-321 16.80 1.20 1.49 23.50 17.00 0.99 0.31 0.04 0.01 0.04 0.04 810 400 4200

321-331 16.30 0.90 1.17 22.60 18.10 1.04 0.31 0.03 0.01 0.03 0.03 1400 420 2500

331-342 19.60 0.90 2.17 31.40 5.62 0.97 0.31 0.03 0.01 0.03 0.05 830 220 480

Minimum US 5.74 0.62 0.44 2.57 14.00 0.10 0.18 0.02 0.01 0.02 0.01 39 20 320

Maximum US 44.90 7.33 1.63 18.40 39.00 1.78 1.90 0.12 0.12 0.06 0.03 280 460 1700

Average US 15.00 1.94 0.95 8.12 30.25 0.27 0.63 0.05 0.04 0.03 0.02 89 90 1052

Standard deviation
US

8.48 1.40 0.29 4.70 7.96 0.36 0.46 0.02 0.04 0.01 0.01 50 112 393

Minimum LS 10.80 0.66 0.75 20.80 5.58 0.17 0.24 0.02 0.01 0.02 0.02 140 110 480

Maximum LS 21.70 1.96 2.17 36.30 18.80 2.04 1.15 0.07 0.02 0.04 0.05 4400 440 4200

Average LS 15.69 1.08 1.43 28.28 11.26 0.92 0.43 0.04 0.01 0.03 0.04 1522 221 1899

Standard deviation
LS

3.01 0.37 0.39 4.55 4.61 0.48 0.22 0.01 0.00 0.00 0.01 1252 117 995



The mineral con tent of the sed i ments from the Kremna
Ba sin is re flected in their chem i cal com po si tion. The lower
se quence (216–343 m) has higher MgO, Na2O, Fe2O3, SiO2,
B and Li con tents, while the up per se quence (13.5–216 m)
has a higher CaO con tent (Ta bles 1, 3). The en tire core has a
very low Al2O3 con tent (0.06–6.80%; Ta ble 1), ow ing to the
low clay con tent and a spe cific clay min er al ogy with Mg
clays pre dom i nant.

Bulk or ganic geo chem i cal pa ram e ters
and Rock Eval data

The OM con tent, ex pressed as to tal or ganic car bon (Corg),
var ies across a wide range of 0.32 to 12.38% (Ta ble 4). The
same ob ser va tion is ap pli ca ble to the amounts of extrac- ta ble 
or ganic mat ter (bi tu men) and both free (S1) and py rol y sis-
de rived bound hy dro car bons (S2), ob tained by Rock-Eval
py rol y sis (Ta bles 4, 5). Sam ples from the up per sequence
are characterised by en hanced Corg, S1, S2 and ni tro gen
con tents (Ta bles 4, 5). These re sults in di cate that variations
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Fig. 2. Lithological col umn of ZLT-2 bore hole.



in min eral pro por tions are fol lowed by a no ta ble change in
the OM con tent. The el e vated con cen tra tion of OM in the
lower se quence, de tected only in the depth in ter val 329 to
336 m (Ta ble 4) can be re lated to coal lay ers (allochtonous
OM, de rived from the bio mass of land plants), ob served on a
mac ro scopic scale dur ing the sam pling.
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Fig. 3. Char ac ter is tic X-ray diffractograms of sed i ments from the Kremna Ba sin.

Fig. 4. Petrographic anal y ses of vol ca nic ma te rial from the
Kremna Ba sin: (A) thin-sec tion im age of vol ca nic ma te rial con -
tain ing bi o tite and glass, 262 m; (B) thin-sec tion im age of the
same sam ple as un der (A) show ing sul phide min er als as cen ters of
spheru lites; (C) thin-sec tion im age of vol ca nic ma te rial with lam i -
na tion and sil ica min er als in lenses, 77.5 m; (D) SEM im age of the
same sam ple as un der (C).

Fig. 5. Mod i fied van Krevelen di a gram Hy dro gen In dex (HI)
vs. Ox y gen In dex (OI) (Lang ford and Blanc-Valleron, 1990).
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Ta ble 4
Val ues of bulk or ganic geo chem i cal pa ram e ters

Sequence Description No Depth (m) Corg (%)1 N (%) S (%) C/S2 C/N3 Bitumen
(mg/g Corg)

HC4

(mg/g Corg)
Asphaltenes + NSO5

(mg/g Corg)

Clayey carbonates 1 11.5 10.64 0.31 0.97 29.28 40.03 117.11 3.44 113.67

Upper
sequence

(US)

Marly
dolomite

2 13.5 4.13 0.16 0.38 29.02 30.10 334.79 5.69 329.10

3 27 12.07 0.35 1.20 26.85 40.22 59.93 1.20 58.73

4 32 4.01 0.16 0.37 28.93 29.23 112.89 2.61 110.29

5 42.5 5.71 0.28 0.77 19.80 23.78 95.02 5.63 89.40

6 54 11.04 0.44 1.05 28.07 29.26 134.26 7.56 126.70

7 55.5 5.52 0.20 0.47 31.36 32.19 122.10 6.85 115.25

8 64.5 3.03 0.07 0.24 33.71 50.48 78.35 4.67 73.68

Marlstone,
calcite

dominated

9 70 4.72 0.14 0.78 16.16 39.32 111.41 5.90 105.51

10 78 3.24 0.11 0.37 23.38 34.35 93.18 5.19 87.99

11 80 5.78 0.17 0.57 27.07 39.65 124.6 5.69 118.91

12 83 2.65 0.12 0.50 14.15 25.75 90.2 4.78 85.42

13 96 3.62 0.16 0.76 12.72 26.38 80.93 3.70 77.23

14 111 10.23 0.33 0.95 28.75 36.15 135.51 5.76 129.75

15 113 1.58 0.11 0.70 6.03 16.75 136.27 5.44 130.83

16 127 1.45 0.08 0.57 6.79 21.14 94.19 4.08 90.11

17 137.5 6.30 0.20 0.75 22.43 36.73 74.38 3.17 71.21

18 150 5.71 0.26 0.51 29.89 25.61 33.58 1.35 32.23

19 164 1.71 0.07 0.31 14.73 28.49 88.03 4.14 83.89

20 185 8.86 0.27 0.71 33.32 38.27 108.82 5.88 102.95

21 189.5 5.81 0.23 0.61 25.43 29.46 31.87 1.37 30.51

Lower
sequence

(LS)

Marly
laminated
magnesite

22 216 1.42 0.06 0.15 25.27 27.60 183.71 8.08 175.63

23 219 2.07 0.08 0.30 18.42 30.17 213.71 8.29 205.42

24 224 0.32 0.10 0.56 1.53 3.73 276.69 13.56 263.13

25 238 0.46 0.06 0.54 2.27 8.94 270.49 11.33 259.16

26 243.5 2.14 0.08 0.50 11.43 31.2 213.75 10.58 203.17

27 245 1.04 0.03 0.55 5.05 40.43 266.2 5.14 261.06

28 248.3 3.02 0.09 0.48 16.80 39.13 329.45 10.51 318.94

29 255 2.40 0.06 0.42 15.26 46.65 323.46 11.39 312.08

30 258 0.81 0.07 1.83 1.18 13.49 158.19 5.33 152.86

31 265 1.37 0.04 0.58 6.31 39.94 218.77 16.39 202.39

Marly Mg
dolomite,

Silty
Mg-marl-

stone,
Mg-clay

32 283 1.23 0.04 0.44 7.46 35.86 270.12 7.89 262.23

33 286 0.88 0.03 0.60 3.92 34.21 262.38 12.10 250.28

34 297.5 1.69 0.06 0.41 11.00 32.85 326.03 25.46 300.57

35 309 0.51 0.04 0.97 1.40 14.87 251.39 10.26 241.13

36 317.5 1.48 0.06 0.48 8.23 28.77 389.65 13.13 376.52

37 324 2.08 0.08 0.83 6.69 30.32 336.19 17.25 318.95

38 329 12.38 0.48 3.88 8.51 29.74 40.41 2.55 37.86

39 335 4.50 0.20 0.30 40.05 26.24 81.17 4.69 76.48

40 336 5.88 0.26 0.37 42.43 26.37 80.37 2.61 77.76

41 340 2.69 0.12 1.37 5.24 26.14 89.33 4.63 84.70

42 341 1.89 0.08 1.81 2.79 27.55 89.27 6.65 82.62

43 343 0.77 0.06 2.50 0.82 14.97 81.95 3.96 77.99

Minimum US 1.45 0.07 0.24 6.03 16.75 31.87 1.20 30.51

Maximum US 12.07 0.44 1.20 33.71 50.48 334.79 7.56 329.1

Average US 5.36 0.20 0.63 22.93 31.67 107.02 4.53 102.48

Standard deviation US 3.09 0.10 0.25 8.48 7.85 61.50 1.82 60.54

Minimum LS 0.32 0.03 0.15 0.82 3.73 40.41 2.55 37.86

Maximum LS 12.38 0.48 3.88 42.43 46.65 389.65 25.46 376.52

Average LS 2.32 0.10 0.90 11.00 27.69 216.03 9.63 206.40

Standard deviation LS 2.61 0.10 0.89 11.66 10.76 102.01 5.49 98.04

1 Corg – Or ganic car bon con tent; 2 C/S is given as mo lar ra tio; 3 C/N is given as mo lar ra tio; 4 HC – Con tent of sat u rated and ar o matic hy dro car bons; 5 NSO – Po lar com pounds

con tain ing N, S and O.



Mod i fied van Krevelen, Hy dro gen In dex (HI) vs. Ox y -
gen In dex (OI) di a gram (Lang ford and Blanc-Valleron,
1990) shows that sam ples from the up per and lower se -
quence of the bore hole ZLT-2, in ad di tion to the OM con -
tent, also dif fer with re gard to the OM type. The OM of
sediments from the up per se quence com prises kerogen I/II,
II, I and II/III types, whereas the OM of sam ples from the
lower se quence con sists of kerogen II/III, III and II types
(Fig. 5).

There is no sig nif i cant dif fer ence in sul phur con tent be -
tween sam ples (Ta ble 4), al though sed i ments from the lower
se quence are gen er ally en riched in this el e ment. Higher con -
cen tra tions of to tal or ganic car bon, ac com pa nied by lower
con cen tra tions of sul phur, re sulted in a no ta bly higher C/S
ra tio in the up per se quence (Ta ble 4).

Pre ferred uti li za tion of car bon and bac te rial fix a tion of

ni tro gen re sult in low er ing of C/N val ues with in creas ing
depth (Ta ble 4), as it is re ported for lac us trine sed i ments
(Meyers and Ishiwatari, 1993).

The bi tu men of all sam ples in ves ti gated is mainly rep re -
sented by asphaltenes and po lar-NSO com pounds, whereas
the rel a tive amounts of sat u rated and ar o matic hy dro car bons
are low (Ta ble 4), in di cat ing low ma tu rity. Val ues of Pro duc -
tion Index (PI) lower than 0.1 con firms the low OM ma tu -
rity (Ta ble 5). Two sam ples have val ues of PI = 0.15. How-
ever, these sam ples con tain low amounts of Corg (0.46% and 
0.81%, re spec tively; Ta bles 4, 5) and there fore the Rock Eval 
pa ram e ters should be treated with cau tion (Kluska et al.,
2013). The max i mal tem per a ture (Tmax), which cor re sponds
to S2 peak max i mum, var ies in a wide range (Ta ble 5). How -
ever, this vari a tion in Tmax is re lated to dif fer ent kerogen
types, rather than to ther mal ma tu rity (Pe ters et al., 2005). 
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Ta ble 5

Re sults of Rock-Eval py rol y sis for se lected sam ples

Sequence Description No Depth (m)
S11 (mg 

HC 2/g sample)
S23 (mg HC/g

sample)
S34 (mg

CO2/g sample) 
HI5 (mg HC/

(g Corg) 
OI6 (mg CO2/

g Corg)5 S2/S3 PI7 Tmax
(°C)8

Upper
sequence

(US)

Marly dolomite

3 27 2.35 53.42 2.69 442.58 22.29 19.86 0.04 430

6 54 7.78 112.31 3.93 1017.3 35.60 28.58 0.06 425

7 55.5 3.51 41.96 1.73 760.14 31.34 24.25 0.08 430

8 64.5 1.01 25.69 1.31 847.85 43.23 19.61 0.04 428

Marlstone,
calcite

dominated

9 70 1.35 33.64 1.67 712.71 35.38 20.14 0.04 427

10 78 0.63 24.21 1.57 747.22 48.46 15.42 0.03 429

12 83 0.47 12.18 1.92 459.62 72.45 6.34 0.04 424

14 111 2.84 77.74 3.81 759.92 37.24 20.40 0.04 430

18 150 1.29 17.19 3.53 301.05 61.82 4.87 0.07 424

19 164 0.38 9.44 1.41 552.05 82.46 6.70 0.04 427

20 185 2.84 84.25 2.79 950.9 31.49 30.20 0.03 425

21 189.5 0.95 46.21 1.73 795.35 29.78 26.71 0.02 429

Lower
sequence

(LS)

Marly
laminated
magnesite

22 216 0.47 7.08 1.10 498.59 77.46 6.44 0.06 452

23 219 0.89 13.56 1.15 655.07 55.56 11.79 0.06 442

25 238 0.24 1.41 0.95 306.52 206.52 1.48 0.15 423

28 248.3 0.59 21.01 1.46 695.70 48.34 14.39 0.03 428

30 258 0.16 0.93 1.14 114.81 140.74 0.82 0.15 434

31 265 0.23 6.05 1.21 441.61 88.32 5.00 0.04 425

Marly Mg
dolomite, Silty

Mg-marl-
stone, Mg-clay

32 283 0.14 5.76 1.19 468.29 96.75 4.84 0.02 437

33 286 0.10 2.62 1.04 297.73 118.18 2.52 0.04 445

35 309 0.10 0.77 1.08 150.98 211.76 0.71 0.11 425

37 324 0.26 8.98 1.47 432.77 70.84 6.11 0.03 439

38 329 0.31 8.54 2.30 68.98 18.58 3.71 0.04 436

39 335 0.17 16.72 3.00 371.56 66.67 5.57 0.01 442

41 340 0.10 5.53 1.98 205.58 73.61 2.79 0.02 438

Minimum US 0.38 9.44 1.31 301.05 22.29 4.87 0.02 424

Maximum US 7.78 112.31 3.93 1017.3 82.46 30.20 0.08 430

Average US 2.12 44.85 2.34 695.56 44.29 18.59 0.04 427.33

Standard deviation US 2.07 32.01 0.97 215.12 18.60 8.69 0.02 2.35

Minimum LS 0.10 0.77 0.95 68.98 18.58 0.71 0.01 423

Maximum LS 0.89 21.01 3..00 695.7 211.76 14.39 0.15 452

Average LS 0.29 7.61 1.47 362.17 97.95 5.09 0.06 435.85

Standard deviation LS 0.23 6.23 0.60 196.17 57.99 4.07 0.05 8.67

1 S1 – Free hy dro car bons; 2 HC – Hy dro car bons; 3 S2 – Pyrolysate hy dro car bons;  4 S3 – Amount of CO2 gen er ated from ox y gen ated func tional groups; 5 HI – Hy dro gen In dex =

S2 × 100/Corg; 6 OI – Ox y gen In dex = S3 × 100/Corg; 7 PI – Pro duc tion In dex = S1/(S1+S2);  8 Tmax – Tem per a ture cor re spond ing to S2 peak max i mum.



Char ac ter is tics of liq uid pyrolysates – Bulk or ganic
geo chem i cal pa ram e ters

The gen er a tive po ten tial of sam ples from the up per se -
quence, rich in or ganic mat ter containing kerogen I and II
types, was in ves ti gated us ing con ven tional py rol y sis (Stoja- 
noviæ et al., 2010). Py rol y sis was per formed on bi tu men-
free sam ples 3 and 6. Heated at 400°C for 4 hours, the bi tu -
men-free sam ples gen er ated a to tal liq uid pyrolysate of
4980 ppm and 13114 ppm, and hy dro car bons of 1796 and
5996 ppm, re spec tively (Ta ble 6). The yields are con sis tent
with those of a source rock with good po ten tial (Pe ters et

al., 2005) and sup port the as sump tion, de rived from el e -
men tal anal y sis and Rock-Eval py rol y sis of the ini tial sam -
ples (Ta bles 4, 5). Sam ple 6 showed a higher liq uid hy dro -
car bons po ten tial (Ta ble 6), con sis tent with the Rock-Eval
data (Ta ble 5). Apart from the liq uid pyrolysate, the pyro-
lytic ex per i ments also pro duced gas eous prod ucts that may
be gen er ated by di rect deg ra da tion of kerogen or as sec ond -
ary prod ucts of the deg ra da tion of liq uid hy dro car bons. The
gaseous prod ucts were not an a lyzed. How ever, their pres -
ence is proved by mea sur ing pres sure in the au to clave at the
end of py rol y sis, in re la tion to the ini tial pres sure, which ty-
pically was ~5 bar (Ta ble 6).
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Ta ble 6

Val ues of bulk or ganic geo chem i cal pa ram e ters in liq uid pyrolysates

Sample
Yield of liquid

pyrolysates1 (ppm)

Yield of liquid
pyrolysates (mg/g

Corg)

Yields of HC2

(ppm)
Yields of HC
(mg/g Corg)

Group composition of liquid pyrolysates

po
3 (bar) P4 (bar)Saturated + aromatic

HC (%)
NSO + asphaltenes

(%)

3 4980 41.26 1796 14.88 36.07 63.93 5.0 5.9

6 13114  118.79  5996 54.31 45.72 54.28 4.9 5.5
1 Rel a tive to the bi tu men-free sam ple; 2 HC – Hy dro car bons;  3 po – Ini tial pres sure; 4 p – Pres sure at the end of py rol y sis.

Fig. 6. Char ac ter is tic To tal Ion Cur rents (TICs) of the sat u rated frac tions in sed i men tary rocks from the up per se quence (A, B) and the
lower sequence (C, D). n-alkanes are la belled ac cord ing to their car bon num ber; Pr – pristane; Ph – phytane; PMI – 2,6,10,15,
19-pentamethylicosane; i-24 – C24 regular isoprenoid; i-25 – C25 regular isoprenoid; Sq – squalane; S – sulphur; b des ig nates con fig u ra -
tions at C17 in hopanes; bb and ba des ig nate con fig u ra tions at C17 and C21 in hopanes.



Mo lec u lar com po si tion of the or ganic mat ter

The total ion cur rents (TICs) of sat u rated frac tions of
the sam ples in ves ti gated are shown in Figure 6. The main
con stit u ents are n-al kanes, isoprenoids, and polycyclic al -
kanes with sterane and hopane skel e ton. The n-alkanes are
the pre dom i nant biomarkers in all the sam ples. How ever,
samples showed dif fer ences with re spect to n-alkane pat -
terns and abun dances of isoprenoids and ste roids (Fig. 6),
which were con sis tent with dif fer ent OM types (Fig. 5).

The total ion cur rents (TICs) of sat u rated frac tions of
liq uid pyrolysates were dom i nated by n-al kanes, typ i cal of
oil dis tri bu tion, whereas n-alkenes were ob served in low
amounts (Fig. 7A). 

n-Al kanes and acy clic isoprenoids
On the ba sis of m/z 71 mass chromatograms (Fig. 8), in

al most all of the sam ples, n-al kanes are iden ti fied in the
range C15 to C35 (Ta ble 7). In all sam ples, the CPI val ues
for the full range of n-al kanes (C16–C34) are higher than
2.4, in di cat ing the sig nif i cant pre dom i nance of odd-chain
homo logues (Ta ble 7). CPI val ues for short-chain n-al kanes 
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Fig. 7. Char ac ter is tic To tal Ion Cur rent (TIC) of the sat u rated
frac tion (A) and char ac ter is tic GC–MS chromatogram of n-al -
kanes (m/z 71) (B) in liq uid pyrolysate. D – n-alkenes with same
num ber of car bon at oms as n-al kanes; NPr – norpristane; * –
phthalate con tam i na tion; for other peak as sign ments, see Fig. 6
leg end.

Fig. 8. Char ac ter is tic GC–MS chromatograms of n-al kanes
(m/z 71) in sed i men tary rocks from the up per se quence (A, B) and
the lower se quence (C, D). For peak as sign ments, see Fig. 6 leg -
end.
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Ta ble 7

Val ues of or ganic geo chem i cal pa ram e ters cal cu lated from the dis tri bu tions and abun dances of n-al kanes and isoprenoids

Sequence Description No Depth (m)
n-Alkane

range
CPI

(C16-C34)
1

CPI
(C16-C24)

2

CPI
(C24-C34)

3

n-Alkane
maximum

(C15-C24)/
(C25-C35)

4 LAD5 Pr6/Ph7 Pr/n-C17 Ph/n-C18

Clayey carbonates 1 11.5 16 - 35 4.92 2.15 5.61 C29 0.34 1.21 0.20 0.54 1.06

Upper
sequence

(US)

Marly
dolomite

2 13.5 15 - 35 4.53 2.05 5.08 C29, C27 0.47 1.15 0.33 0.26 0.60

3 27 15 - 35 3.92 1.29 5.70 C31, C29 0.70 1.96 0.15 0.51 1.58

4 32 16 - 37 2.94 1.28 3.11 C31, C29 0.29 3.28 0.35 0.52 0.60

5 42.5 16 - 35 4.53 2.40 4.96 C27, C29 0.61 0.95 0.16 0.43 1.83

6 54 15 - 35 5.58 2.86 6.21 C27 0.40 0.98 0.25 0.37 1.38

7 55.5 15 - 35 4.79 2.21 5.76 C31, C23 0.87 1.05 0.32 0.24 1.07

8 64.5 15 - 35 2.58 1.34 3.20 C22 2.47 0.67 0.66 0.48 0.39

Marlstone,
calcite

dominated

9 70 15 - 35 3.47 1.97 3.68 C29, C22 0.77 1.02 0.18 0.40 1.60

10 78 17 - 33 2.95 1.42 4.08 C22 2.51 0.67 0.44 0.35 0.32

11 80 14 - 33 2.79 1.23 3.91 C21 1.39 0.91 0.40 0.41 0.68

12 83 14 - 35 3.17 1.39 4.19 C22, C21 1.53 1.16 0.36 0.20 0.67

13 96 14 - 35 3.33 1.26 5.56 C21, C22 1.63 1.64 0.23 0.15 0.78

14 111 14 - 35 5.99 1.83 8.02 C31 0.34 2.20 0.18 0.30 3.65

15 113 15 - 35 2.57 1.29 2.83 C22, C21 3.43 0.65 0.33 0.22 0.59

16 127 14 - 33 2.88 1.40 3.44 C22, C21 1.84 0.90 0.38 0.19 1.25

17 137.5 16 - 35 6.16 1.93 7.32 C31 0.28 2.68 0.18 0.77 3.47

18 150 16 - 35 2.43 1.37 2.54 C22, C21 2.14 0.62 0.52 0.65 1.07

19 164 15 - 35 3.86 2.48 3.98 C22, C21 2.56 0.44 0.30 0.37 1.07

20 185 16 - 35 6.19 2.66 7.10 C29, C31 0.28 1.89 0.07 0.42 7.21

21 189.5 16 - 35 4.85 1.78 5.92 C31, C29 0.44 1.91 0.08 0.32 3.76

Lower
sequence

(LS)

Marly
laminated
magnesite

22 216 15 - 35 2.47 1.33 2.81 C29, C31 0.79 1.12 0.49 0.94 2.41

23 219 15 - 35 4.25 1.54 5.42 C31, C29 0.47 1.62 0.06 0.69 14.16

24 224 15 - 35 3.72 1.80 4.27 C21, C22 1.02 1.00 0.11 0.25 3.15

25 238 15 - 35 2.86 1.70 2.57 C22 4.17 0.32 1.72 0.62 0.64

26 243.5 15 - 35 4.32 2.69 3.88 C17 1.62 1.13 0.14 0.22 25.72

27 245 15 - 35 3.01 1.36 3.70 C22, C21 1.32 1.20 0.35 0.50 1.91

28 248.3 15 - 35 2.91 2.72 2.37 C17 0.99 1.71 0.25 0.17 4.04

29 255 15 - 35 6.49 7.48 3.50 C17 2.27 1.62 0.28 0.06 3.62

30 258 15 - 35 4.66 2.15 5.64 C29 0.67 1.44 1.24 0.38 1.99

31 265 15 - 35 3.53 1.96 3.49 C22, C21 1.90 0.88 0.17 0.46 24.87

Marly Mg
dolomite,

Silty
Mg-marl-

stone,
Mg-clay

32 283 15 - 35 3.79 1.57 4.55 C29, C31 0.75 1.61 0.40 0.53 3.18

33 286 16 - 35 3.91 1.84 4.56 C29, C22 0.92 1.32 0.43 0.14 1.29

34 297.5 15 - 33 3.40 2.12 3.29 C17 1.38 1.40 2.17 1.39 3.87

35 309 16 - 35 3.38 1.98 4.13 C17 1.34 0.93 1.44 0.24 0.63

36 317.5 16 - 35 2.50 1.41 3.21 C21, C29 1.27 0.92 0.52 0.82 2.20

37 324 16 - 34 3.32 1.48 4.79 C29 0.79 1.36 0.22 0.66 4.74

38 329 16 - 35 3.54 1.51 5.10 C29, C31 0.90 1.04 0.10 0.56 6.89

39 335 16 - 33 2.43 1.09 3.06 C29, C31 0.84 1.50 0.54 0.33 0.55

40 336 16 - 33 5.10 1.80 8.45 C29, C27 0.75 1.02 0.6 0.31 0.45

41 340 16 - 35 4.19 1.13 6.42 C31, C29 0.44 2.71 0.88 0.19 0.13

42 341 15 - 35 4.06 1.27 5.68 C31, C29 0.54 2.25 0.33 0.45 0.39

43 343 15 - 35 3.83 1.25 4.91 C31, C29 0.43 2.08 0.20 0.42 0.55

Minimum US 2.43 1.23 2.54 0.28 0.44 0.07 0.15 0.32

Maximum US 6.19 2.86 8.02 3.43 3.28 0.66 0.77 7.21

Average US 3.98 1.77 4.83 1.25 1.34 0.29 0.38 1.68

Standard deviation US 1.27 0.52 1.58 0.96 0.76 0.15 0.16 1.68

Minimum LS 2.43 1.09 2.37 0.43 0.32 0.06 0.06 0.13

Maximum LS 6.49 7.48 8.45 4.17 2.71 2.17 1.39 25.72

Average LS 3.71 1.96 4.36 1.16 1.37 0.57 0.47 4.88

Standard deviation LS 0.94 1.31 1.42 0.82 0.52 0.57 0.31 7.28



(C16–C24) range from 1.09 to 7.48, most prob a bly re sulting
from rel a tively high con tents of n-C17 and n-C21 (Fig. 8, Ta -
ble 7). The CPI val ues for long-chain n-al kanes (C24–C34)
are higher than 2.3 (Ta ble 7). Av er age CPI val ues for three
dif fer ent ranges (full, short and long) are com pa ra ble, in di -
cat ing uniform, low ma tu rity level (Ta ble 7). The sam ples
in ves ti gated dif fer sig nif i cantly ac cord ing to n-alkane max -
ima and the dis tri bu tions of n-al kanes, i.e. the abun dance of
short- and mid-chain homo logues (C15–C24) vs. abun dance
of long-chain homo logues (C25–C35; Ta ble 7; Fig. 8).

Both pyrolysates have sim i lar n-alkane dis tri bu tions, in
which the n-al kanes C16–C20 are pre dom i nant, as is typ i cal
for aquatic or ganic mat ter (Fig. 7B). The CPI val ues for the
three dif fer ent ranges (full, short and long) for the pyrolysa-
tes are close to 1, which is typ i cal of a ma ture oil dis tri bu -
tion (Ta ble 8).

The isoprenoids, pristane (Pr) and phytane (Ph), were
iden ti fied in all sam ples (Figs 6, 8). Gen er ally, higher val ues
of Pr/Ph ra tio, fol lowed by more com mon vari a tions of this
pa ram e ter were ob served in the lower se quence (Ta ble 7). In
sam ples from the lower se quence, the non-reg u lar isopre-
noid, squalane, C30, was iden ti fied (Figs 6C, D, 8C, D). In
the up per se quence, squalane is ab sent or pres ent in very low
amounts. The reg u lar C24 isoprenoid was ob served ex clu -
sively in sed i ments from depth in ter val 219–265 m (lower se -
quence, Figs 6C, 8C).

The C25 isoprenoid was ob served only in sam ples from
depths above 265 m, with val ues of the Pr/Ph ra tio £ 0.35,
(Figs 6A, C, 8A, C). Care ful check ing of the mass spec tra
(ra tio of frag men ta tions ions, 239 and 253 as well as the
abun dance of frag men ta tion ion 113) of the cor re spond ing
peak (Vink et al., 1998; Pe ters et al., 2005) showed that in
the upper se quence, the peak rep re sents the irreg u lar C25

isoprenoid, 2,6,10,15,19-pentamethylicosane (PMI). In the
sed i ments of the lower se quence, the peak is a mix ture of
reg u lar and irreg u lar C25 isoprenoids, with a dom i nance of
the lat ter. The irregular PMI is re lated to methanogenic ar-
chaea (Schouten et al., 1997; Vink et al., 1998). The regular 
C25 isoprenoid is in ter preted as an in di ca tor of high sa lin ity
(Waples et al., 1974; Wang and Fu, 1997; Grice et al.,
1998a, b; Yangming et al., 2005). How ever, the el e vated
con tent of the reg u lar C25 isoprenoid was also iden ti fied in
al ka line en vi ron ments (Šajnoviæ et al., 2008b). In ad di tion it 

was re ported that some fam i lies of methanogenic archaea
(Methanobacterium thermoautotrophicum) also syn the size the 
pre cur sor of the reg u lar C25 isoprenoid (Risatti et al., 1984).

Un like bi tu men in the ini tial sam ples, squalane and
PMI were ab sent from the liq uid pyrolysates (Fig. 7). The
values of Pr/Ph ra tio were higher than in the ini tial bi tu men
(Ta bles 7, 8), which may be ex plained by the fact that the
deg ra da tion of kerogen dur ing lab o ra tory sim u la tions re -
sults in the uni form for ma tion of both pristane and phytane
(Stojanoviæ et al., 2009, 2010).

Chromans
Alkylated 2-methyl-2-(4,8,12-trimethyltridecyl)chromans

(MTTCs) were de tected in ar o matic frac tions by ion chromato-
grams of m/z = 121 + 135 + 149 (Fig. 9). Sam ples from the
lower se quence con tained 8-methyl-MTTC, 5,8-dimethyl-
MTTC, 7,8-dimethyl-MTTC and 5,7,8-trimethyl-MTTC
(Fig. 9B), whereas in sam ples from the up per se quence only 
dimethyl- and trimethyl- MTTCs de riv a tives were ob served
(Fig. 9A). In all sam ples, 5,7,8-trimethyl-MTTC was the
most abun dant com pound. On the ba sis of em pir i cal ob ser -
va tions, it was sug gested by Sinninghe Damsté et al. (1989)
that in sed i ments from non-hypersaline en vi ron ments, 5,7,8-
trimethyl-MTTC dom i nates and 8-methyl-MTTC is comple-
tely miss ing. There fore, it might be as sumed that sam ples
from the up per se quence were de pos ited un der non-sa line
conditions. For sam ples from the lower se quence, 5,7,8-tri-
methyl-MTTC was the most prom i nent com pound, but
8-methyl-MTTC also oc curred, which in di cates cer tain dif -
fer ences in depositional en vi ron ment be tween the se quences.
For a more elab o rate char ac teri sa tion of palaeosalinities, the
MTTC ra tio was de fined by Sinninghe Damsté et al. (1987,
1993) as MTTC ra tio = 5,7,8-trimethyl-MTTC/to tal MTTCs
(Ta ble 9).

Chromans were not iden ti fied in the liq uid pyrolysates. 

Arylisoprenoids
In sam ples 3, 4, 14, 23, 26, 27, 28, 31 and 32, isoreni-

ratane (I) and sev eral other digenetic prod ucts of isorenira-
tene (II–X) are iden ti fied (Fig. 10).

Arylisoprenoids are ab sent from the liq uid pyrolysates.
This re sult is ex pected, ow ing to the sen si tiv ity of their side
chain to ther mal stress.

OR GANIC GEO CHEM I CAL STUDY OF THE LOWER MIO CENE KREMNA BA SIN, SER BIA 199

CPI – Car bon Pref er ence In dex; 1 CPI (C16-C34) = 1/2 × [Sodd(n-C17 - n-C33)/Seven(n-C16 - n-C32) + Sodd(n-C17 - n-C33)/Seven(n-C18 - n-C34)]; 2 CPI
(C16-C24) = 1/2 × [Sodd(n-C17 - n-C23)/Seven(n-C16 - n-C22) + Sodd(n-C17 - n-C23)/Seven(n-C18 - n-C24)]; 3 CPI (C24-C34) = 1/2 × [Sodd(n-C25 -
n-C33)/Seven(n-C24 - n-C32) + Sodd(n-C25 - n-C33)/Seven(n-C26 - n-C34)]; n-Cx des ig nates n-alkane homologue, and x rep re sents num ber of car bon at oms; 4 

(C15-C24)/(C25-C35) = [S(n-C15 - n-C24)/S(n-C25 - n-C35)]; 5 LAD = [S(n-C27 - n-C31)/S(n-C23 - n-C27)]; 6 Pr – Pristane; 7 Ph – Phytane.

Table 8

Val ues of or ganic geo chem i cal pa ram e ters cal cu lated from the dis tri bu tions and abun dances of n-al kanes and isoprenoids
in liq uid pyrolysates

Sample
n-Alkane

range
CPI (C16-C34) CPI (C16-C24) CPI (C24-C34)

n-Alkane
maximum

(C15-C24)/
(C25-C35) 

LAD Pr/Ph Pr/n-C17 Ph/n-C18

3 13 - 35 1.14 0.96 1.08 C16, C17 1.39 0.99 0.93 0.88 0.98

6 13 - 35 1.16 1.07 1.01 C16, C17 1.11 0.97 1.04 0.77 0.94

For ab bre vi a tions see Ta ble 7 leg end.



Ste roids and hopanoids
The distributions of ste roid biomarkers are characte-

rised by the pres ence of C27–C29 sat u rated steranes with
5a(H)14a(H)17a(H) and 5b(H)14a(H)17a(H) 20R confi-
gurations, unsaturated sterenes in the same range with dou -
ble bonds in the D2, D4 and D5 po si tions, re spec tively, as
well as steradienes (Fig. 11). A similar dis tri bu tion of ste -
roids was re ported in Malm Zeta lam i nated car bon ates from
the Franconian Alb, SW Ger many (Schwark et al., 1998).
Ther mo dy nam i cally more sta ble sterane iso mers, with
5a(H)14a(H)17a(H) 20S and 5a(H)14b(H)17b(H) 20R or 
20S con fig u ra tions, are not pres ent. Such ste roid dis tri bu -
tions in di cate a low ther mal ma tu rity of the OM, con sis tent
with the bi tu men com po si tion, PI and CPI dis cussed above
(Ta bles 4, 5, 7). The sed i ments in ves ti gated are characteri-

sed by the dom i nance of C29 com pounds or C27 com pounds
(Ta ble 9), in di cat ing a prev a lence of ter res trial, or aquatic
OM, re spec tively (Volkman, 1986), al though el e vated
amounts of C29 ste roids in sam ples con tain ing kerogen I
and I/II types (Fig. 5) also can be re lated to a con tri bu tion
from green al gae (Volkman, 2003). The main dif fer ence be -
tween sed i ments from the up per and lower se quences with
re gard to ste roid biomarkers is ex pressed as elevated con -
tents of C28 ste roids in the lower se quence (Ta ble 9).
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Fig. 9. Char ac ter is tic GC–MS chromatograms of MTTCs (m/z
121+135+149) in sed i men tary rocks from the up per se quence (A)
and the lower se quence (B).

Fig. 10. Char ac ter is tic GC–MS chromatograms of arylisopre-
noids (m/z 133) in sed i men tary rocks from the up per se quence (A)
and the lower se quence (B). C. The struc tures of arylisoprenoids
iden ti fied in the sam ples. * Un iden ti fied com pound, M+ 544?, ba -
sic ion, m/z 133.

1 % C27 = 100 × C275a(H)14a(H)17a(H)-Sterane/[SC27-C29 5a(H)14a(H)17a(H)-Steranes]; 2 % C28 = 100 × C285a(H)14a(H)17a(H)-Sterane/[SC27-
C29 5a(H)14a(H)17a(H)-Steranes]; 3 % C29 = 100 × C29(5a(H)14a(H)17a(H)-Sterane/[SC27-C29 5a(H)14a(H)17a(H)-Steranes]; 4 DC27 = 100 × C27 (D

2

+ D4 + D5)-Sterenes/[S(C27-C29)(D2 + D4 + D5)-Sterenes]; 5 DC28 Sterenes = 100 × C28(D2 + D4 + D5)-Sterenes/[S(C27-C29)(D2 + D4 + D5)-Sterenes]; 6 DC29

Sterenes = 100 × C29(D2 + D4 + D5)-Sterenes/[S(C27-C29)(D2 + D4 + D5)-Sterenes]; 7 Ster/Hop = [S(C27-C29)(D2 + D4 + D5)-Sterenes + S(C27-
C29)(5a(H)14a(H)17a(H) + 5b(H)14a(H)17a(H))-Steranes]/[S(C29-C32)17a(H)21b(H)-Hopanes + S(C29-C31)17b(H)21a(H)-Hopanes + S(C29-C33)
17b(H)21b(H)-Hopanes + C2717a(H)-Hopane + C2717b(H)-Hopane + C30Hop-17(21)-ene + C27Hop-17(21)-ene + C27Hop-13(18)-ene + C30Hop-13
(18)-ene]; 8 C30bb/C30(bb+ab) = C3017b(H)21b(H)-Hopane/(C3017b(H)21b(H)-Hopane + C3017a(H)21b(H)-Hopane); 9 C31(S)/C31(S+R) = C31 17a(H)
21b(H)22(S)-Hopane/(C3117a(H)21b(H)22(S)-Hopane + C3117a(H)21b(H)22(R)-Hopane); 10 GI – Gammacerane In dex = 100 × G/(G + C3017a(H)21b
(H)-Hopane); 11 MTTC - 2-Methyl-2-(4,8,12-trimethyltridecyl)chromans (MTTC) ra tio = 5,7,8-Trimethyl-MTTC/(8-Methyl-MTTC + 5,8-Dimethyl-
MTTC + 7,8-Dimethyl-MTTC + 5,7,8-Trimethyl-MTTC); 12 N.D. - Not de ter mined due to the ab sence of steranes, sterenes, C3117a(H)21b(H)22(S)-
hopane and gammacerane. For sam ple 34 pa ram e ters cal cu lated from the dis tri bu tions of ste roids and hopanoids are miss ing.
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Ta ble 9

Val ues of or ganic geo chem i cal pa ram e ters cal cu lated from the dis tri bu tions and abun dances of ste roids, hopanoids and chromans

Sequence
Descrip-

tion
No

Depth
(m)

% C27 
1 % C28 

2 % C29 
3 % DC27 

4 % DC28 
5 % DC29 

6 Ster/Hop 7
C30bb/
C30(bb 
+ab) 8

C31(S)/
C31(S+R) 9 GI 10 MTTC 11

Clayey carbonates 1 11.5 27.32 29.16 43.52 23.45 27.81 48.75 0.11 0.82 N.D. N.D. 0.79

Upper
sequence

(US)

Marly
dolomite

2 13.5 34.78 20.72 44.50 49.89 18.24 31.87 0.06 0.75 N.D. N.D. 0.75

3 27 34.12 16.69 49.19 35.52 14.82 49.66 0.24 0.76 N.D. N.D. 0.82

4 32 32.36 15.68 51.96 26.90 15.13 57.97 0.20 0.83 N.D. N.D. 0.79

5 42.5 26.78 20.39 52.82 32.08 21.17 46.76 0.14 0.82 0.06 N.D. 0.81

6 54 N.D. 12 N.D. N.D. 27.93 15.28 56.80 0.20 0.84 N.D. N.D. 0.84

7 55.5 N.D. N.D. N.D. 30.04 9.46 60.50 0.32 0.80 0.10 N.D. 0.82

8 64.5 21.21 9.23 69.57 20.26 7.80 71.94 0.13 0.75 0.12 N.D. 0.76

Marlstone, 
calcite

dominated

9 70 N.D. N.D. N.D. 26.14 14.60 59.26 0.09 0.79 0.15 N.D. 0.82

10 78 32.73 19.78 47.49 27.00 17.17 55.83 0.17 0.74 0.17 N.D. 0.84

11 80 34.72 19.77 45.50 32.84 15.63 51.54 0.34 0.72 0.04 N.D. 0.83

12 83 42.55 18.26 39.20 50.62 16.42 32.96 0.30 0.47 N.D. 17.14 0.63

13 96 40.14 12.40 47.47 59.47 13.23 27.30 0.31 0.46 N.D. 33.52 0.79

14 111 51.45 7.86 40.69 42.48 10.62 46.90 0.30 0.56 N.D. 23.68 0.75

15 113 25.52 18.08 56.40 38.34 1.82 59.84 0.46 0.39 N.D. 5.95 0.86

16 127 52.57 15.42 32.00 N.D. N.D. N.D. 0.18 0.39 N.D. N.D. 0.67

17 137.5 N.D. N.D. N.D. 32.63 13.71 53.66 0.18 0.74 N.D. N.D. 0.71

18 150 N.D. N.D. N.D. 32.63 9.85 57.51 0.44 0.71 N.D. N.D. 0.50

19 164 43.24 15.76 41.00 48.92 12.01 39.07 0.30 0.75 N.D. N.D. 0.74

20 185 N.D. N.D. N.D. 48.28 10.11 41.62 0.56 0.87 0.17 N.D. 0.80

21 189.5 N.D. N.D. N.D. 40.90 12.68 46.42 0.47 0.77 N.D. N.D. 0.81

Lower
sequence

(LS)

Marly
laminated
magnesite

22 216 26.52 51.92 21.56 36.88 40.49 22.63 0.58 0.51 0.25 13.73 0.72

23 219 N.D. N.D. N.D. 66.29 13.04 20.67 0.35 0.84 N.D. 67.08 0.82

24 224 N.D. N.D. N.D. 53.83 15.83 30.34 0.31 0.80 N.D. 63.09 0.78

25 238 25.98 29.68 44.35 N.D. N.D. N.D. 0.48 0.11 0.15 12.31 0.61

26 243.5 N.D. N.D. N.D. 41.79 25.56 32.65 3.64 0.68 0.14 45.00 0.77

27 245 48.78 25.20 26.02 47.15 30.62 22.22 0.27 0.86 N.D. 30.44 0.78

28 248.3 51.35 24.54 24.11 36.22 14.45 49.33 0.55 0.79 N.D. 37.10 0.81

29 255 25.36 42.10 32.55 29.84 35.87 34.30 0.71 0.81 N.D. 55.76 0.78

30 258 29.52 36.50 33.98 27.65 31.32 41.03 0.60 0.69 0.30 24.95 0.71

31 265    27.51 17.54 54.95 5.02 0.57 0.31 24.52 0.79

Marly Mg
dolomite,

Silty
Mg-marl-

stone,
Mg-clay

32 283 37.80 26.96 35.24 47.12 26.54 26.33 0.48 0.73 N.D. 40.45 0.69

33 286 31.60 22.15 46.24 27.11 42.68 30.21 0.51 0.66 N.D. 35.04 0.58

34 297.5 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.73

35 309 32.40 33.47 34.13 N.D. N.D. N.D. 0.23 0.44 N.D. 8.77 0.61

36 317.5 43.01 30.62 26.37 53.44 22.50 24.06 0.53 0.64 N.D. N.D. 0.60

37 324 42.69 29.45 27.86 43.45 27.73 28.81 0.74 0.72 N.D. 62.01 0.70

38 329 34.90 40.20 24.91 41.40 30.77 27.84 1.44 0.66 N.D. 37.85 0.71

39 335 11.91 9.91 78.18 17.08 9.37 73.55 0.18 0.83 N.D. N.D. 0.63

40 336 8.28 8.41 83.31 9.55 8.04 82.41 0.45 0.74 N.D. 23.55 0.61

41 340 7.29 21.98 70.73 5.67 11.84 82.49 0.19 0.83 N.D. N.D. 0.67

42 341 9.72 19.87 70.41 N.D. N.D. N.D. 0.11 0.78 N.D. 22.32 0.57

43 343 12.55 15.90 71.55 11.46 6.90 81.64 0.08 0.74 0.16 N.D. 0.43

Minimum US 21.21 7.86 32.00 20.26 1.82 27.30 0.06 0.39 0.00 0.00 0.50

Maximum US 52.57 20.72 69.57 59.47 21.17 71.94 0.56 0.87 0.21 33.52 0.86

Average US 36.32 16.16 47.52 36.99 13.14 49.86 0.27 0.70 0.05 4.01 0.77

Standard deviation US 9.44 10.35 11.28 10.22 7.42 12.67 0.15 0.15 0.07 9.43 0.09

Minimum LS 7.29 8.41 21.56 5.67 6.90 20.67 0.08 0.11 0.00 0.00 0.43

Maximum LS 51.35 51.92 83.31 66.29 42.68 82.49 5.02 0.86 0.31 67.08 0.82

Average LS 28.22 27.58 44.20 34.64 22.84 42.53 0.83 0.69 0.06 28.76 0.69



The sterane dis tri bu tions in pyrolysates ob tained at 400°C
are typ i cal for oils (Fig. 12A), which con firms the good po ten -
tial of the sed i ments in ves ti gated and shows that catagenesis
was sim u lated suc cess fully by py rol y sis. Apart from the reg u -
lar 5a(H)14a(H)17a(H)20(R)-steranes, C27–C29 iso mers
with ther mo dy nam i cally more sta ble 5a(H)14a(H)17a(H)
20(S)-, 5a(H)14b(H)17b(H)20(R)-, and 5a(H)14b(H)17b(H)
20(S)-con fig u ra tions, as well as the typ i cal geoisomers, ba-
and ab-diasteranes, were pres ent (Fig. 12A). As in bi tu men
of ini tial sam ples 3 and 6, C27 and C29 steranes are more
abundant in liq uid pyrolysates than C28 homo logues (Ta bles
9 and 10). Val ues of the most used sterane mat u ra tion pa ram -
e ters based on the ra tios of C29 sterane iso mers, C29abb(R)/
(C29abb(R)+aaa(R)) and C29aaa(S)/C29aaa(S+R) in all

pyrolysates are lower than equi lib rium val ues (Pe ters et al.,
2005; Ta ble 10).

On the ba sis of a mass chromatogram, m/z 191 of the
sat u rated frac tions, the hopane com po si tion is characterised
by the pres ence of C27–C32 17a(H)21b(H), C29–C31 17b(H)
21a(H), and C27–C33 17b(H)21b(H) com pounds with the
ex cep tion of C28 homo logues in all three se ries (Fig. 13).
Other hopanoid-type con stit u ents of the sat u rated frac tion are 
C27 hop-13(18)-ene and C27 hop-17(21)-ene, whereas C30

hop-17(21)-ene was ob served in sam ples from the lower se -
quence (depth in ter val 219–265 m). The pres ence of un sat u -
rated hopenes, the dom i nance of bb-iso mers over ab-hopa-
nes and the com plete ab sence of ab-22(S) iso mers or low
val ues of C31(S)/(S+R) ra tio (< 0.3) con firm an imma ture
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Fig. 11. Char ac ter is tic GC–MS chromatograms of sterenes, m/z 215 (A, B) and steranes, m/z 217 (C, D) in sed i men tary rocks from the
up per se quence and the lower se quence. D2, D4 and D5 des ig nate dou ble bonds in po si tions 2, 4 and 5 in sterenes; aaa and baa des ig nate
con fig u ra tions at C5, C14 and C17 in 20(R) steranes.

Ta ble 10

Val ues of or ganic geo chem i cal pa ram e ters cal cu lated from the dis tri bu tions and abun dances of steranes and hopanes
in liq uid pyrolysates

Sample % C27 % C28 % C29 
C29aaa(S)/

C29aaa(S+R)
C29abb(R)/

(C29abb(R)+aaa(R))
C31(S)/

C31(S+R) 
C29ba/C29ab C30ba/C30ab Ts/(Ts+Tm)2

3 33.78 29.68 36.54 0.50 0.55 0.58 0.29 0.35 0.42

6 31.83 29.96 38.21 0.49 0.54 0.57 0.36 0.44 0.41

E.V. 0.52–0.55 0.67–0.71 0.57–0.62 0.151

1 – For sam ples of Ter tiary age; 2Tm – C2717a(H)-22,29,30-trisnorneohopane; for other ab bre vi a tions see Ta ble 9 and Fig ure 12 leg end.



stage for the OM (Ta ble 9; Fig. 13). The ab sence of C34 and
C35 hopanes could be ex plained by the high sen si tiv ity of
the side chains from bi o logic hopanoids, which were readily 
de graded in the up per, ox y gen ated part of the strat i fied wa -
ter col umn and/or to the lower con tri bu tion of those bac te ria 
that synthesise bacteriohopanetetrol.

Gammacerane was iden ti fied in the ma jor ity of sam ples 
from the lower se quence and in sev eral sam ples from the
up per se quence. Its pre cur sor, 2-gammacerene, formed by
the de hy dra tion of tetrahymanol (Pe ters et al., 2005), is
pres ent in al most all of the sam ples (Fig. 13).

Both pyrolysates con tain a greater quan tity of ther mo -
dy nam i cally more sta ble C29 and C30 ab-hopanes, compa-

red to the cor re spond ing ba-moretanes (C29ba/C29ab and
C30ba/C30ab be low 1; Ta ble 10), whereas un sta ble bb-ho-
panes and un sat u rated hopenes were not iden ti fied (Fig. 12B).
On the basis of the mass spec tra of the cor re spond ing peaks,
Ts and the 22R and 22S epim ers of C31–C35 homohopanes
were de ter mined in the pyrolysates (Fig. 12B). Val ues for
C31(S)/C31(S+R)-homohopanes in di cated that in isome-
risation 22(R) ® 22(S) equi lib ria had been achieved in both 
pyrolysates; which is es tab lished in the ear li est phase of
catagen e sis, at vitrinite reflectance, Ro » 0.60 (Pe ters et al.,
2005; Ta ble 10). This re sult, to gether with the ap pear ance
of the hopane dis tri bu tion in the liq uid pyrolysates (ion
fragmentogram m/z 191; Fig. 12B), which is typ i cal for ma -
ture source rocks and oils, pro vide proof that catagenesis
us ing py rol y sis at 400°C was sim u lated suc cess fully and
con firms the good po ten tial of the sam ples in ves ti gated.

Alkylnaphthalenes and alkylphenanthrenes
The main con stit u ents of the ar o matic frac tions of the

liq uid pyrolysates are alkylnaphthalenes and alkylphenan-
threnes, which showed dis tri bu tions typ i cal for ma ture
source rocks and oils (Fig. 14). The val ues of the correspon- 
ding ma tu rity ra tios are given in Ta ble 11.
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Fig. 12. Char ac ter is tic GC–MS chromatograms of steranes, m/z
217 (A) and hopanes, m/z 191 (B) in liq uid pyrolysate. 1 – C275a
(H)14a(H)17a(H)20(S)-sterane + C2813a(H)17b(H)20(S)-dia-
sterane; 2 – C275a(H)14b(H)17b(H)20(R)-sterane + C2913a(H)
17a(H)20(S)-diasterane; 3 – C275a(H)14b(H)17b(H)20(S)-ste-
rane + C2813a(H)17b(H)20(R)-diasterane; 4 – C275a(H)14a(H)
17a(H)20(R)-sterane; 5 – C2913a(H)17a(H)20(R)-diasterane; 6 – 
C285a(H)14a(H)17a(H)20(S)-sterane; 7 – C2913a(H)17b(H)20
(S)-diasterane; 8 – C285a(H)14b(H)17b(H)20(R)-sterane + C2913 
a(H)17b(H)20(R)-diasterane; 9 – C285a(H)14b(H)17b(H)20(S)-
sterane; 10 – C285a(H)14a(H)17a(H)20(R)-sterane; 11 – C29

5a(H)14a(H)17a(H)20(S)-sterane; 12 – C295a(H)14b(H)17b(H) 
20(R)-sterane; 13 – C295a(H)14b(H)17b(H)20(S)-sterane; 14 –
C295a(H)14a(H)17a(H)20(R)-sterane; b and a des ig nate con fig -
u ra tions at C17 in hopanes; bb, ba and ab des ig nate con fig u ra -
tions at C17 and C21 in hopanes; Ts – C2718a(H)-22,29,30-trisnor- 
neohopane; (S) and (R) des ig nate con fig u ra tion at C22 in hopanes.

Fig. 13. Char ac ter is tic GC–MS chromatograms of hopanoids
(m/z 191) in sed i men tary rocks from the up per se quence (A) and
the lower se quence (B). D2G – 2-gammacerene; G – gamma-
cerane; for other peak as sign ments, see Fig. 12 leg end.



DIS CUS SION

Min eral com po si tion and geo chem is try

The en tire sec tion stud ied be longs to an intrabasinal
lac us trine fa cies, al though Mg-clays at the bot tom of the ba -
sin fill in di cate a mar ginal sed i men tary en vi ron ment. The
lower se quence of the intrabasinal fa cies (216–343 m) is
most prob a bly more mar ginal, but that can not be strictly de -
fined on the ba sis of only one bore hole core. In gen eral, in
this lower se quence, sed i men ta tion oc curred in shal low wa -
ter with the pre dom i nant Mg ions de rived from ultra mafic
rocks, while sed i men ta tion of the up per se quence oc curred
in slightly deeper wa ter, with pre dom i nant Ca ions (Fig. 15;
Ta ble 1). The higher vari a tions of the Sr and Na2O con tents
in the lower se quence, com pared to the up per se quence of
the core stud ied (Fig. 16; Ta bles 1, 2), in di cates more vari -
able sed i men tary con di tions at the be gin ning of ba sin evo lu -
tion, i.e. the for ma tion of Mg-clays and marly magnesite,
and rare thin (up to 2 mm) lay ers with dis solved, readily sol -
u ble min er als in the lower se quence of the intrabasinal fa -
cies (Fig. 17). Pro nounced vol ca nic ac tiv ity, ev i denced by
sev eral tuff lay ers, in flu enced lower the palaeoproductivity
and/or pres er va tion of the or ganic mat ter (Fig. 2).

The sig nif i cant pos i tive cor re la tion be tween B and Na2O 
con tents (Fig. 18) in di cates that the high bo ron concentrations 
in the lower se quence of the intrabasinal fa cies (Ta ble 3) are
most prob a bly re lated to searlesite, iden ti fied by XRD anal -
y ses (Fig. 3C). This re sult is con sis tent with an ear lier study
of the Kremna Ba sin (Živkoviæ and Stojanoviæ, 1976),
which re ported the pres ence of searlesite. The presence of
bo ron min er als in the Kremna Ba sin was in ter preted as hy -
dro ther mal in or i gin (Iliæ, 1969; Obradoviæ et al., 1996).
How ever, bo ron rich sed i ments also can orig i nate from dia-
ge netic pro cesses in tuffaceous sed i ments in sa line-al ka line
lakes (Sheppard and Gude, 1973; Stamatakis, 1989; Šajno-
viæ et al., 2008b). In arid ar eas, bo ron is likely to be co-pre -
cip i tated with Mg and Ca hy drox ides as coat ings on the
sediment par ti cles and it also may oc cur as Na-metaborate
(Floyd et al., 1998; Alonso, 1999). 

The up per se quence of the intrabasinal fa cies (13.5–
216 m) was de pos ited in slightly deeper wa ter, with predo-
minant Ca ions (Ta ble 1), re sult ing in the for ma tion of more
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Ta ble 11

Val ues of or ganic geo chem i cal pa ram e ters cal cu lated from dis tri bu tions and abun dances of naph tha lene and phenanthrene
hy dro car bons in liq uid pyrolysates

Sample MNR1 DMNR2 DNx3 a/bDN 14 TNR 15 TNR 26 TMNR7 TNy8 MPI 19 MPI 310 Rc11 DMPI 112DMPI 213 PAI 114 PAI 215 DBT/P16

3 0.93 0.32 2.79 1.04 0.63 0.56 0.35 2.05 0.55 1.06 0.73 0.45 0.35 1.08 0.71 0.16

6 1.11 0.40 2.57 0.93 0.61 0.71 0.61 1.71 0.56 1.06 0.74 0.65 0.38 1.14 0.86 0.14
1MNR = 2-MN/1-MN (Radke et al., 1982b); 2DMNR = (2,6-+2,7-DMN)/(1,4-+1,5-+1,6-+2,3-+2,6-+2,7-DMN) (Yawanarajah and Kruge, 1994); 3DNx =
(1,3-+1,6-+1,7-DMN)/(1,4-+1,5-+2,3-DMN) (Stojanoviæ et al., 2007); 4a/ DN 1 = (1,4-+1,5-+2,3-DMN)/(2,6-+2,7-DMN) (Golovko, 1997); 5TNR 1 =
2,3,6-TMN/(1,3,5-+1,4,6-TMN) (Al ex an der et al., 1985); 6TNR 2 = (1,3,7-+2,3,6-TMN)/(1,3,5-+1,3,6-+1,4,6-TMN) (Radke, 1987); 7TMNR = 1,3,7-
TMN/(1,3,7-+1,2,5-TMN) (van Aarssen et al., 1999); 8TNy = (1,3,6-+1,3,7-TMN)/(1,3,5-+1,4,6-TMN) (Stojanoviæ et al., 2007); 9MPI 1 = 1.5 × (2-+3-
MP)/(P+1-+9-MP) (Radke et al., 1982a) ; 10MPI 3 = (2-+3-MP)/(1-+9-MP) (Radke, 1987) ; 11Rc = 0.6 MPI 1 + 0.37 (Radke and Welte, 1983); 12DMPI 1 =
4 × (2,6-+2,7-+3,5-+3,6-DMP+1-+2-+9-EP)/(P+1,3-+1,6-+1,7-+2,5-+2,9-+2,10- +3,9- +3,10-DMP) (Radke et al., 1982a); 13DMPI 2 = (2,6-+2,7-+3,5-
DMP)/(1,3-+1,6-+2,5-+2,9-+2,10-+3,9-+3,10-DMP) (Radke et al., 1982b); 14PAI 1 = (1-+2-+3-+9-MP)/P (Ishiwatari and Fukushima, 1979); 15PAI 2 =
SDMP/P (Ishiwatari and Fukushima, 1979); 16DBT/P = Dibenzothiophene/Phenanthrene (Hughes et al., 1995); MN – Methylnaphthalene; DMN – Dime-
thylnaphthalene; TMN – Trimethylnaphthalene; P – Phenanthrene; MP – Methylphenanthrene; DMP – Dimethylphenanthrene; EP – Ethylphenanthrene.

Fig. 14. Char ac ter is tic GC-MS chromatograms of (A) MN,
DMN and TMN (m/z 142 + 156 + 170), and (B) P, MP and DMP
(m/z 178 + 192 + 206) in liq uid pyrolysate. MN – methylnaphtha-
lene; DMN – dimethylnaphthalene; TMN – trimethylnaphthalene;
PrN – propylnaphthalene; EMN – ethylmethylnaphthalene; P –
phenanthrene; A – anthracene; MP – methylphenanthrene; DMP –
dimethylphenanthrene; EP – ethylphenanthrene.



uni form marlstone and do lo mite (Figs 2, 3A). The rare vol -
ca nic in put and sta ble sed i men tary con di tions were re spon -
si ble for the higher pro duc tiv ity and better pres er va tion of
the or ganic mat ter.

Con tent and pre cur sors of the or ganic mat ter

Lower se quence. The lower se quence con tains lower
amounts of to tal and sol u ble OM (Ta bles 4, 5). The OM of
these sed i ments is com posed of kerogen II/III, III and II
types (Fig. 5). This re sult in di cates a sig nif i cant con tri bu -
tion of the allochtonous bio mass of land plants from the lake 
catch ment to the OM of the sed i ments, par tic u larly in the
lower part of the se quence (265–343 m). The relatively low
OM con tent could be at trib uted to a lower palaeoproducti-
vity (i.e. in situ OM pro duc tion) and/or more in tense deg ra -
da tion (i.e. a higher re dox po ten tial in the en vi ron ment).

Samples from the lower part of the lower se quence are
characterised by the do minance of odd long-chain n-alkane
homo logues C27–C31, a (C15–C24)/(C25–C35) ra tio < 1 and
the prev a lence of C29 homologues in the C27–C29 sterane
and sterene dis tri bu tions (Ta bles 7, 9; Figs 8D, 11D), in di -
cat ing sig nif i cant in put of ter res trial OM (Bray and Ev ans,
1961; Volkman, 1986; Cranwell et al., 1987). Samples from 
up per part of the lower se quence (219–265 m, an in ter val of
chem i cal pre cip i ta tion of car bon ates) are characterised by
n-alkane max ima at C17, C21 or C22, (C15–C24)/(C25–C35) > 
1 and a ra tio of C27/C29 steranes and sterenes > 1 (Ta bles 7,
9; Figs 8C, 11B), im ply ing dominance of aquatic OM (Neto
et al., 1998; Pe ters et al., 2005).

The iden ti fi ca tion of PMI in sam ples with Pr/Ph £ 0.35
(Figs 6C, 8C) in di cates methanogenic archaea as the pre cur -
sor of the OM (Rissati et al., 1984; Schouten et al., 1997).

The regular C25 isoprenoid is a com mon in di ca tor of eleva-
ted sa lin ity (Waples et al., 1974; Wang and Fu, 1997; Grice
et al., 1998a, b; Yangming et al., 2005). How ever, the pres -
ence of this biomarker in the lower se quence in part also
may be re lated to the methanogenic archaea Methanobacte-
rium thermoautotrophicum, which syn the size C25 alkenes,
the hy dro ge na tion of which re sults in the for ma tion of the
reg u lar C25 isoprenoid. The pres ence of phytenes in these
sam ples (Figs 6C, 8C) cor rob o rates the pre vi ous as sump -
tion, as it was re ported that Methanobacterium thermoauto-
trophicum also syn the sizes C20 alkenes with a phytene skel -
e ton (Rissati et al., 1984).

Isorenieratene (I; see Fig. 10C for struc tures) is a caro-
tenoid, uniquely biosynthesized by the brown-col oured
strains of the photosynthetic green sul phur bac te rium (Chlo-
robiaceae). In sam ples (23, 26, 27, 28, 31 and 32), isorenie-
ratane, the hy dro ge nated coun ter part of isorenieratene and
other diagenetic prod ucts of isorenieratene were iden ti fied
(II–X, Fig. 10B, C). Al though isorenieratane also can orig i -
nate from b-car o tene (Koopmans et al., 1996b), a wides-
pread carotenoid syn the sized by al gae, bac te ria and land
plants (Pe ters et al., 2005), the pres ence of other diagenetic
prod ucts of isorenieratene (II–X; Fig. 10B) uniquely in di -
cates the con tri bu tion of a photosynthetic green sulphur
bacterium (Chlorobiaceae) to the pre cur sor OM. It also
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Fig. 15. Cor re la tion di a gram MgO/CaO vs. Na2O.

Fig. 16. Cor re la tion di a gram Sr vs. Na2O.

Fig. 17. Thin-sec tion im age of lay ers with dis solved, readily sol -
u ble min er als in the lower se quence of the intrabasinal fa cies
(sam ple 26).

Fig. 18. Cor re la tion di a gram B vs. Na2O.



should be noted that the diagenetic prod ucts of b-car o tene,
such as b-carotane and other de riv a tives with the prom i nent
typ i cal frag mentation ions m/z 119 and 120 (Koopmans et
al., 1997), were ab sent.

The main pre cur sor of 2-gammacerene and gammace-
rane is tetrahymanol. The prin ci pal source of tetrahymanol
ap pears to be bacterivorous cil i ates, which oc cur at the in -
ter face be tween oxic and anoxic zones in strat i fied wa ter
col umns. More over, tetrahymanol was re ported in ferns
(Zander et al., 1969), an an aer o bic ru men fun gus (Kemp et
al., 1984) and photosynthetic bac te ria (Kleeman et al.,
1990). Con sid er ing the pre vi ous dis cus sion, the pres ence of
2-gammacerene and gammacerane in the sam ples in ves ti -
gated partly can be re lated to bacterivorous cil i ates. In sev -
eral cil i ates, C30 hopan-3-b-ol was also iden ti fied. There -
fore, it is rea son able to spec u late that the abundant C27, C29

and C30 hopanoids with bb-con fig u ra tion in the sam ples
stud ied (Fig. 13), could be at trib uted at least to some ex tent
to cil i ate sources.

Abun dant hopanoid biomarkers (ster/hop ra tio < 1 in
the ma jor ity of the sam ples; Ta ble 9) in di cate a sig nif i cant
con tri bu tion of prokaryotic or gan isms to the sed i men tary
OM. This re sult is con sis tent with the sig nif i cant pro por tion
of kerogen II type in the OM (Fig. 5) and the con clu sions
drawn by Bohacs et al. (2000, 2003).

Bacteriohopanetetrol with mi nor con tri bu tion of 3-de-
soxyhopanes from prokaryotes and fungi, are con sid ered as
the main bi o log i cal pre cur sors of geohopanoids (Ourisson
et al., 1979; Rohmer et al., 1992). In ad di tion, Chaffee et al.
(1986) re ported that hopanes con tain ing less than 30 car bon
at oms could orig i nate from ferns, li chens and mosses. Ele-
vated amounts of hopanoids with less than 30 car bon at oms
(Fig. 13), ob served in some sam ples, may also sig nify me-
thanotrophic bac te ria (e.g., Methylococcus capsulatus or
Methylomonas methanica, which syn the sized aminobacte-
riohopanepentol; Neunlist and Rohmer, 1985), as a source
of the OM. These bac te ria had suit able con di tions, ow ing to
the pres ence of methanogenic archaea (see the dis cus sion
re lated to the ir reg u lar C25 isoprenoid, PMI), which pro duce 
meth ane as a source of methanotrophics.

C30 Hop-17(21)-ene was de tected in sam ples 20–32,
with the ex cep tion of sam ple 22 (Fig. 13B). Ac cord ing to Bo- 
ttari et al. (1972) and Volkman et al. (1986), C30hop-17(21)-
ene is in tro duced into sed i ments by bac te ria or in some cases
of ferns and mosses, whereas Brassell et al. (1980) sug gest a
diagenetic or i gin from the trans for ma tion of hop-22(29)-ene
(diploptene). Wolff et al. (1992) sug gest sul phate-re duc ing
bac te ria as a prob a ble source of C30hop- 17(21)-ene.

Up per se quence. The up per se quence is rel a tively rich
in OM that com prises kerogen I/II, II, I and II/III types (Ta -
bles, 4, 5). Sam ples from this se quence are char ac ter ised by
the dom i nance of C21 and C22 n-al kanes or long-chain odd
homo logues in the range C27 to C33, and the pre dom i nance
of ei ther C27 or C29 homo logues in the C27–C29 ste roid dis -
tri bu tion (Ta bles 7, 9; Figs 8A, B, 11A, C). n-Alkane (C15–
C24)/(C25–C35) ra tio vary in a wide range of 0.28–3.43 (Ta -
ble 7). These data in di cate mixed aquatic/ter res trial OM
sources (Pe ters et al., 2005).

Al though the n-alkane dis tri bu tions of sam ples 3, 6, 14,
20 and 21 show max ima at odd long-chain homo logues and

have CPI and (C15–C24)/(C25–C35) val ues > 1 (Ta ble 7),
Rock Eval data sug gest kerogen I and I/II types (Fig. 5; Ta -
ble 5). In ad di tion to an or i gin from higher land plants, there 
are re ports of C27–C31 n-al kanes orig i nat ing from strains of
Botryococcus braunii race A (e.g., Moldowan et al., 1985;
Derenne et al., 1988) by the re duc tion of the n-alkadienes
and trienes they biosynthesized (e.g., Banerjee et al., 2002,
and ref er ences therein). There fore, it can be as sumed that
the green uni cel lu lar microalga, Botryococcus braunii race
A was the source of the OM in the sed i ments of the up per
se quence. For pur pose of quan ti fi ca tion of the vari abil ity of
the long chain n-al kanes, Kluska et al. (2013) pro posed
novel pa ram e ter, the LAD (long n-alkane dis tri bu tion) ra tio.
This ra tio in cludes range of n-al kanes which are con sid ered
typ i cal for Botryococcus braunii race A. For the sam ples
men tioned (3, 6, 14, 20 and 21) this ra tio var ies in the range
0.98 to 1.96 (Ta ble 7). These val ues are sim i lar to those ob -
served dur ing an in ves ti ga tion of sed i ments from the Werra
cyclothem (Up per Perm ian, Fore-Sudetic Monocline, Po -
land), for which Botryococcus braunii race A also was pro -
posed as a source of the OM (Kluska et al., 2013). The sig -
nif i cant con tri bu tion of a green alga is fur ther sup ported by
the high rel a tive abun dance of C29 ste roid homo logues, ob -
served in these sam ples (Fig. 11A, Ta ble 9).

The iden ti fi ca tion of PMI in sam ples with val ues of the
Pr/Ph ra tio £ 0.35, in di cates methanogenic archaea as pre -
cur sors of the OM (Risatti et al., 1984; Schouten et al.,
1997; Vink et al., 1998). In sam ples 3, 4 and 14, isorenie-
ratane and other diagenetic prod ucts of isorenieratene were
iden ti fied (Fig. 10A), in di cat ing a photosynthetic green sul-
phur bacterium (Chlorobiaceae) as an OM source.

The pres ence of gammacerane and 2-gammacerene
(Fig. 13) partly can be re lated to bacterivorous cil i ates (Pe -
ters et al., 2005), whereas abun dant hopanoid biomarkers
in di cate a sig nif i cant con tri bu tion from prokaryotic or gan -
isms (pos si bly in clud ing methanotrophic bac te ria, ow ing to
el e vated amounts of C27 to C30 hopanes, Fig. 13A; Neunlist
and Rohmer, 1985) to the sed i men tary OM. 

Char ac ter is tics of depositional en vi ron ment

Lower se quence. The pristane to phytane ra tio is wi-
dely used as in di ca tor of re dox set tings (Didyk et al., 1978).
How ever, it also de pends on ther mal ma tu rity and in creases
with ther mal al ter ation of the OM. Low val ues of this ra tio
(< 0.8) were also reported in hypersaline en vi ron ments (ten
Ha ven et al., 1987; Pe ters et al., 2005). On the ba sis of the
amounts of NSO com pounds in bi tu men, val ues of PI, CPI,
and biomarker ma tu rity pa ram e ters (Tables 4, 5, 7 and 9),
the in flu ence of ther mal ma tu rity on this sam ple set could be 
ruled out. On the other hand, the dis tri bu tions of MTTCs
(Fig. 9B) and the val ues of the MTTC ra tio (Ta ble 9) show
that there are no in di ca tions of hypersalinity. There fore, a Pr/
Ph ra tio lower than 1 (with ex cep tion of 4 sam ples, Ta ble 7)
could im ply sed i men ta tion un der re duc ing con di tions. The
plot Pr/n-C17 vs. Ph/n-C18 ra tio (Shanmugam, 1985) cor rob -
o rates the pre vi ous as sump tion (Fig. 19).

The higher amount of C28 homologue in the dis tri bu -
tion of C27–C29 ste roids (Fig. 11B; Ta ble 9; Volkman 1986; 
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Wang and Fu, 1997) , the pres ence of squalane, C24 and C25

reg u lar isoprenoids (Fig. 6C; Waples, 1974; Grice et al.,
1998a, b), the higher val ues of GI (Ta ble 9; Pe ters et al.,
2005) and the dis tri bu tion of MTTCs (Fig. 9B; Sinninghe
Damsté et al., 1987, 1993), fol lowed by elevated MgO/CaO 
ra tio and el e vated con tent of Na2O (Fig. 15; Ta ble 1), in di -
cate that sed i ments from lower se quence were de pos ited un -
der alkaline con di tions. Similar con di tions were es tab lished
dur ing the in ves ti ga tion of the Lower Mio cene lac us trine
Valjevo-Mionica Ba sin, lo cated close to the Kremna Ba sin
(Šajnoviæ et al., 2008a, 2009), and the Piskanja bo rate de -
posit, Jarandol Ba sin, Ser bia (Szabó et al., 2009).

The pres ence of gammacerane, 2-gammacerene (Fig. 13),
MTTCs and isoreniratene diagenetic prod ucts (Figs 9B, 10B) 
im plies strat i fi ca tion of the wa ter col umn (Sinninghe Damsté
et al., 1995). The pres ence of isoreniratene diagenetic prod -
ucts (Fig. 10B) in di cates a photic zone of an oxia (Koopmans 
et al., 1996a; Kluska et al., 2013), char ac ter ised by pe ri ods
when the wa ter col umn was highly strat i fied and anoxic wa -
ters ex tended up into the photic zone. 

Up per se quence. Con sid er ing that there was no in flu ence 
of hypersalinity and ma tu rity, the Pr/Ph ra tio < 1 (Ta ble 7) and
plot Pr/n-C17 vs. Ph/n-C18 (Fig. 19; Shanmugam, 1985) im -
plies re duc ing con di tions.

Gen er ally, the lower val ues of Pr/Ph ra tio in the up per
se quence, fol lowed by less vari a tion of this pa ram e ter, in di -
cate more reductive set tings, i.e. de po si tion un der a higher
wa ter col umn by com par i son with sed i ments from the lower 
se quence (Ta ble 7). This re sult could im ply higher pre cip i -
ta tion that is con sis tent with the palaeoclimate re con struc -
tion ob tained from an in ves ti ga tion of the palaeoflora in
Serbia, which showed that dur ing the Lower Mio cene, pre -
cip i ta tion rates in creased, peak ing in the Eggenburgian/Ott-
nangian (Utescher et al., 2007). There fore, a higher amount
of OM (Ta bles 4, 5) in sed i ments from the up per se quence
to some ex tent could be re lated to more reducing con di tions
(re sult ing from a deep en ing of the wa ter col umn), which
contrib uted to better OM pres er va tion.

The low amounts of Na2O (Fig. 15; Ta ble 1) and the C28

homologue in the dis tri bu tion of C27–C29 steranes and ste-
renes (Ta ble 9; Fig. 11A, C), the ab sence of or trace amounts
of squalane, the ab sence of C24 and C25 reg u lar isoprenoids
(Fig. 6A, B), the dis tri bu tion of MTTCs (Fig. 9A) along with
the dominance of cal cite as the pri mary car bon ate and the
low MgO/CaO ra tio (Figs 2A, 15) show that sed i ments from
the up per se quence were formed in a fresh wa ter en vi ron ment.

The pres ence of 2-gammacerene (Fig. 13A), MTTCs
(Fig. 9A) and isoreniratene diagenetic prod ucts (Fig. 10A)
im plies that strat i fi ca tion of the wa ter col umn (Sinninghe
Damsté et al., 1995; Kluska et al., 2013) re sulted from tem -
per a ture dif fer ences within the higher wa ter col umn. A pho- 
tic zone of an oxia is also in di cated. 

In ves ti ga tion of the liq uid hy dro car bon gen er a tion
po ten tial and as sess ment of the con di tions

for achiev ing early catagenesis

The yields of to tal liq uid pyrolysate of 4980 and 13114, 
and hy dro car bons of 1796 ppm and 5996 ppm, re spec tively
(Ta ble 6) in di cate a good gen er a tion po ten tial for the orga-

nic-rich sed i ments of the up per se quence (sam ples 3 and 6).
Liq uid pyrolysates have typ i cal oil dis tri bu tions of biomar-
kers (n-al kanes, steranes, hopanes; Figs 7, 12) and alkyla-
romatics (Fig. 14), which con firms the good po ten tial of the
sed i ments in ves ti gated and shows that catagenesis was sim -
u lated suc cess fully by py rol y sis.

Val ues for C31(S)/C31(S+R)-homohopanes in di cate that
in isomerisation 22(R) ® 22(S) the equi lib ria was achieved
in liqiud pyrolysates; es tab lished in the ear li est phase of cata-
gen e sis, at vitrinite reflectance » 0.60 (Pe ters et al., 2005; Ta -
ble 10). On the other hand, the val ues of sterane mat u ra tion
pa ram e ters, C29abb(R)/(C29abb(R)+aaa(R)) and C29aaa
(S)/C29aaa(S+R) in pyrolysates are lower than the equi lib -
rium val ues (Pe ters et al., 2005; Ta ble 10). Bear ing in mind
that in the pre vi ous stud ies it was no ticed that equi lib ria in the 
sterane isomerisations are es tab lished at vitrinite reflectance
value of ap prox i mately 0.80% and tak ing into con sid er ation
the fact that equi lib ria were at tained in homohopane isomeri-
sations 22(R) ® 22(S) in both pyrolysates (Ta ble 10), it may
be as sumed that dur ing py rol y sis at 400°C the sam ple in ves ti -
gated reached an equiv a lence value of vitrinite reflectance
be tween 0.60 and 0.80% (Pe ters et al., 2005).

The low dibenzothiophene/phenanthrene ra tio (DBT/P; 
Ta ble 11) con firms for ma tion of the sed i ments of the up per
se quence in a fresh wa ter en vi ron ment. The values of naph -
tha lene and phenanthrene ma tu rity ra tios in pyrolysates are
sim i lar and in a range that is typ i cal for oils (Ta ble 11). Ap -
ply ing the equa tion Rc = 0.6 MPI 1 + 0.37 (Radke and Welte, 
1983), the vitrinite reflectance equiv a lent (Rc) of 0.70% for
pyrolysates of at 400°C was cal cu lated (Ta ble 11). This Rc
value is in full agree ment with the re sults, ob tained in the in -
ter pre ta tion of the terpane and sterane biomarkers (Ta ble 10).

There fore, it can be as sumed that py rol y sis of the sam -
ples in ves ti gated at 400°C achieved oil gen er a tion at a vitri-
nite reflectance equiv a lent of ~ 0.70%. Ap ply ing a gen er al -
ized di a gram that re lates vitrinite refelectance, depth and a
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Fig. 19. Plot of Pr/n-C17 vs. Ph/n-C18 (Shanmugam, 1985). I –
Al gal OM, re duc ing en vi ron ments; II – Mixed OM, re duc ing and
tran si tional en vi ron ments; III – Peat-coal en vi ron ments; IV – Ter -
res trial OM, oxic en vi ron ments.



re gional geo ther mal gra di ent (Suggate, 1998) of be tween 40 
and 50°C/km (Kostiæ, 2010), the min i mum depth of 2300–
2900 m was es ti mated, as that at which the sed i ments would 
be come a ther mally ma ture source rock (Fig. 20). The min i -
mum tem per a ture nec es sary for catagenetic gen er a tion of
hy dro car bons (tem per a ture = depth x geo ther mal gra di ent +
an nual mean sur face tem per a ture; Suggate, 1998) was cal -
cu lated at 103°C (t = 2.3 × 40 + 11 = 103°C). Us ing the ba -
sin-in de pend ent equa tion T = (lnRo+1.68)/0.0124 (Barker
& Pawlewicz, 1994) and a vitrinite reflectance, Ro, value of 
0.70%, the tem per a ture is es ti mated to be 107°C. The esti-
mated tem per a ture for hy dro car bon gen er a tion and the nec -
es sary depth are in good agree ment with cor re spond ing data 
for the ac tive source rocks in the re gion (Dragaš et al., 1991; 
Jovanèiæeviæ et al., 2002; Kostiæ, 2010; Mrkiæ et al., 2011). 

CON CLU SIONS

Lac us trine sed i ments of the Kremna Ba sin (bore hole
ZLT-2, at depths of up to 343 m) orig i nated from an ultra -
mafic source. One main intrabasinal fa cies with two se -
quences was dis tin guished. The lower se quence oc curs at
depths of 216–343 m, while the up per se quence is en coun -
tered from 13.5–216 m. The sediments con tain vari able
amounts and types of im ma ture OM.

A comprehensive anal y sis of the OM in di cates di verse
pre cur sors: bac te ria, al gae and, ter res trial plants. A higher
con tri bu tion of allochtonous bio mass of land plants from
the lake catch ment is ob served in the sed i ments of the lower 
part of the lower se quence (265–343 m). Biomarker dis tri -
bu tions re veal the fol low ing pos si ble sources of the OM in
the strat i fied wa ter col umn: methanogenic archaea, a photo- 
syn thetic green sulphur bacterium (Chlorobiaceae), bacteri- 

vorous cil i ates, var i ous bac te ria (photosynthetic and non-
photosynthetic), and the green uni cel lu lar microalga, Botry-
ococcus braunii race A (strictly in the up per se quence).

At the be gin ning of ba sin de vel op ment (216–343 m),
sed i men ta tion took place in shal low wa ter. This lower se -
quence con sists of Mg-rich sed i ments with lower amounts
of OM. In di ca tions of vol ca nic ac tiv ity in clude tuff lay ers
and the pres ence of searlesite. The OM of these sed i ments is
com posed of kerogen II/III, III and II types. Through time, a
slight deep en ing of ba sin oc curred. This was fol lowed by de -
po si tion of Ca-rich sed i ments (depth in ter val 13.5–216 m).
These sed i ments are richer in OM, which com prises kerogen
I/II, II, I and II/III types.

A higher wa ter level (more re duc ing con di tions) con trib -
uted to better OM pres er va tion and also re sulted in an el e -
vated con tent of autochthonous aquatic OM in the sed i ments
of the up per se quence. The tran si tion be tween the lower and
up per se quences is as so ci ated with a de crease of MgO/CaO
ra tio, a de crease of Na2O and B con tents, and an in crease in
the OM con tent. The main dif fer ences be tween the se quences 
with re gard to biomarker dis tri bu tion are ex pressed in the
more uni form and lower Pr/Ph ra tio, the lower amounts of
C28 ste roids and gammacerane in dex, the ab sence or sig nif i -
cantly lower amount of squalane, the ab sence of 8-methyl-
MTTC, C24 and C25 reg u lar isoprenoids, as well as C30 hop-
17(21)-ene in the sed i ments of the up per se quence.

The liquid pyrolysate and hy dro car bons yields ob tained 
in the pyrolitic ex per i ments, the dis tri bu tions of sat u rated
biomarkers and the alkylaromatics in pyrolysates sup ported
the as sump tion, de rived on the ba sis of the Rock-Eval data
and the anal y sis of the ini tial bi tu men, that the sam ples of
the up per se quence, rich in OM in its catagenetic phase,
could be a source of liq uid hy dro car bons. The values of
hopane, sterane and phenanthrene mat u ra tion pa ram e ters
in di cate that through py rol y sis at 400°C the sam ples in ves ti -
gated reached a value of vitrinite reflectance, equiv a lent to
ap prox i mately 0.70%. It was es ti mated that the sed i ments
in ves ti gated should oc cur at depths of 2300–2900 m to be -
come ac tive source rocks. The cal cu lated min i mum tem per -
a ture, nec es sary for catagenetic hy dro car bon gen er a tion, is
be tween 103 and 107°C.
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