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We have ex am ined 21 sam ples of crude oils ac cu mu lated in the Mid dle Cam brian sand stone res er voirs from the Pol ish part of the Bal tic re -
gion. All the crude oils have sim i lar pa ram e ters and in di ces, which sug gests gen er a tion from the same source rock. Evap o ra tive frac tion -
ation and biodegradation pro cesses were de tected in oil col lected from the B4-N1/01 bore hole. All crude oils have high grav i ties and
low-sul phur con tents, less than 0.3 wt.%, which sug gests that their source rock con tained low-sul phur kerogen de pos ited in a clastic en vi -
ron ment. A low asphaltenes con tent (be low 0.3 wt.%) and high sat u rate/ar o matic hy dro car bon ra tios in di cate long mi gra tion dis tances or
high ther mal ma tu ri ties. The lon gest mi gra tion dis tance was prob a bly at tained by oils from the Żarnowiec and B16 de pos its. The biomarker
data in di cate an al gal or i gin for the source or ganic mat ter de pos ited un der con di tions of clastic sed i men ta tion. The sta ble car bon iso tope
data sup port this ob ser va tion. The ma tu rity of the oils ana lysed var ies from ca. 0.75 to ca. 1.05% on the vitrinite reflectance scale. Un like the 
B6, B16, Dębki and Żarnowiec ac cu mu la tions, oils from the B3 and B4 ac cu mu la tions re veal the low est ma tu rity. 

Dariusz Więcław, Maciej J. Kotarba, Adam Kowalski, Fac ulty of Ge ol ogy, Geo phys ics and En vi ron men tal Pro tec tion, AGH Uni ver sity
of Sci ence and Tech nol ogy, Mickiewicza 30, PL-30-059 Kraków, Po land, e-mails: wieclaw@agh.edu.pl, kotarba@agh.edu.pl,
akowalsk@agh.edu.pl (re ceived: De cem ber 21, 2009; ac cepted: May 17, 2010).

Key words: Bal tic re gion, lower Pa leo zoic, oil or i gin, biomarkers, sta ble car bon iso topes, oil-oil cor re la tion. 

INTRODUCTION 

Dis tinct oil shows in the Cam brian strata from the Pol ish
part of the Bal tic re gion were en coun tered for the first time in
the Olsztyn IG 2 bore hole drilled in the 1960s. Since then, four
small oil ac cu mu la tions (Żarnowiec, Żarnowiec W, Dębki and
Białogóra) have been dis cov ered in the Pol ish on shore area.
More re cently, oil in flow in the Malbork IG 1 bore hole has
been re ported (Sikorski and Solak, 1991; Domżalski et al.,
2004). The first off shore oil ac cu mu la tion was dis cov ered in
1981 (B3 struc ture) in Mid dle Cam brian sand stones. Apart
from this site, oil de pos its: B6, B8, B16, B24 and B34 and
gas-con den sate de pos its: B4, B6, B16 and B21 were lo cal ized
in the an ti cli nal struc tures of the Łeba Block (Domżalski and
Mazurek, 2003; Domżalski et al., 2004). All dis cov ered on-
and off shore oil and gas ac cu mu la tions are hosted in the
Paradoxides paradoxissimus Zone of Mid dle Cam brian strata
(Karnkowski et al., 2010). To tal re serves of dis cov ered ac cu -
mu la tions are 10 Gm3 of gas and ca. 30 Mt of oil (Domżalski et
al., 2004). The un dis cov ered hy dro car bons in the Pol ish Ex clu -
sive Eco nomic Zone of the Bal tic Sea are es ti mated at

ca. 100 Gm3 of gas and sev eral hun dred-mil lion met ric tonnes
of oil (Domżalski et al., 2004). 

The main pur pose of the pres ent study is the char ac ter iza tion
of oils ac cu mu lated in the Mid dle Cam brian strata of the Pol ish
part of the Bal tic re gion (Fig. 1), iden ti fi ca tion of their source
rocks, ma tu rity, mi gra tion dis tance and sec ond ary pro cesses. 

Pre lim i nary geo chem i cal char ac ter is tics of oils ac cu mu -
lated in Mid dle Cam brian sand stones from the Pol ish part of
the Bal tic Sea and the ad ja cent on shore area have been pre vi -
ously re ported by e.g., Reicher (1995), Schleicher et al. (1998),
Karnkowski (1999) and Bojakowska and Sokołowska (2001).
The or i gin of nat u ral gases ac cu mu lated in the Mid dle Cam -
brian res er voirs in this re gion is dis cussed by Kotarba (2010).
Apart from the Cam brian res er voirs, oil ac cu mu la tions and
shows have also been dis cov ered in Pre cam brian, Or do vi cian,
Si lu rian and De vo nian strata in other coun tries of the Bal tic re -
gion (Rus sia, Lith u a nia, Lat via and Swe den) (Zdanaviciute and 
Bojesen-Koefoed, 1997; Zdanaviciute and Lazauskiene, 2004,
2007; Pedersen et al., 2006). Oils reservoired in Or do vi cian
and youn ger strata have been thought to orig i nate from a source 
dif fer ent than the Mid dle Cam brian oils (Zdanaviciute and
Lazauskiene, 2004). 



SAMPLES AND ANALYTICAL PROCEDURES 

SAMPLES

In to tal, 21 crude oil sam ples were col lected (Ta ble 1) from
on shore [Białogóra 3 (Bg), Dębki (Db) 2, 4, 5K and 7K,
Malbork (Mb) IG 1, Żarnowiec (Zn) 6K, 7, 8K and IG 4] and
off shore [B3-5/93, B3-6/92, B3-7/94, B3-9/95, B4-N1/01,
B6-1/82, B6-2/85, B6-3/02, B8-1/83 and B16-1/85 (2 sam -
ples)] bore holes (Fig. 1). All the bore holes sam pled are pro duc -
ing ex cept for the Malbork IG 1 bore hole. 

ANALYTICAL PROCEDURE 

The oils were ana lysed for API grav ity, ac cord ing to the
Pol ish Stan dard PN-90/C-04004, and for sul phur con tent with 
a Leco SR-12 analyser. Be fore the deasphalting, sam ples were 
topped un der ni tro gen (5 hrs) at a tem per a ture of 60°C. The
asphaltene frac tion was pre cip i tated with n-hex ane. The re -
main ing maltenes were then sep a rated into compositional
frac tions of sat u rated hy dro car bons, ar o matic hy dro car bons
and res ins by col umn chro ma tog ra phy, us ing alu mina:sil ica

gel (2:1 v/v) col umns (0.8 ́  25 cm). The frac tions were eluted 

with n-hex ane, to lu ene, and to lu ene:meth a nol (1:1 v/v), re -
spec tively. For sta ble car bon iso tope anal y ses the oils and
their in di vid ual frac tions were combusted in an on-line sys -
tem. Sta ble car bon iso tope anal y ses were per formed us ing a
Finnigan Delta Plus mass spec trom e ter. The sta ble car bon

iso tope data are pre sented in the d-no ta tion rel a tive to the
V-PDB stan dard (Coplen, 1995), at an es ti mated an a lyt i cal
pre ci sion ±0.2‰. 

All the oils were ana lysed with high res o lu tion gas chro ma -

tog ra phy. For this pur pose 1ml of sam ple di luted in CS2 was in -
tro duced into a split-less in jec tor of a Hewlett Packard 5890 se -

ries II GC held at a tem per a ture of 300°C. From there the sam -

ple was trans ferred through a 50 m ´ 0.2 mm Agilent DB1 col -

umn (0.5 mm film thick ness) us ing a con stant, 0.3 ml/min flow
of ni tro gen as the car rier gas. The col umn oven was pro -

grammed to hold at 30°C for 5 min utes and then to in crease to

320°C at 3°C/min, at which point it was held for 20 min utes.
Com po nents eluting the col umn were de tected with a flame

ion iza tion de tec tor (FID) held at 325°C.
Biomarker dis tri bu tions were de ter mined by an a lysing the

maltene frac tion on a com put er ized GC-mass spec trom e ter
(MS) sys tem, us ing a Hewlett Packard 6890 GC with a

DB-1701 60 m ´ 0.31 mm col umn (0.25 mm film thick ness,
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Fig. 1. Sketch map show ing lo ca tion of crude oil sam pling sites 

Fault sys tem af ter Pokorski (2010)



bonded phase: 14% cyanopropylphenyl – 86% dimethylpo -
lysiloxane co pol y mer). The GC (gas chro ma tog ra ph) was di -
rectly in ter faced to a JEOL GC-Mate mag netic sec tor MS.
Splitless in jec tion was made to the in jec tor op er ated iso ther -
mally at 300°C. The tem per a ture pro gram was as fol lows: 50 to 
150°C at 50°C/min, 150 to 300°C at 3°C/min and 300°C hold
for 9 min utes. He lium was used as a car rier gas at flow rate of 2
ml/min . Dy namic mass res o lu tion was 3000 (50 per cent val -
ley). Mul ti ple ion de tec tion was ac com plished by switch ing the 
ac cel er at ing volt age at a con stant mag netic field.  The se lected
ions were m/z 187.1486 (diamondoids), m/z 191.1800
(terpanes), m/z 217.1956 (steranes), m/z 231.1174 (triaromatic
ste roids) and m/z 253.1956 (monoaromatic ste roids). Ten ta tive 
peak iden ti fi ca tions were based on elu tion time and con firmed
in many cases with mass spec tra (Philp, 1985) and MS-MS. 

The ar o matic hy dro car bon frac tions of the oils were ana -
lysed with the GC for phenantrene and its de riv a tives. Anal y sis
was car ried out with an Agilent 7890A gas chromatograph

equipped with fused sil ica cap il lary col umn (60 m ´ 0.32 mm
i.d.) coated with 95% methyl/5% phenylsilicone phase

(DB-5MS, 0.25 mm film thick ness). He lium was used as a car -

rier gas. The GC oven was pro grammed from 40 to 300°C at a

rate of 3°C min–1. The gas chromatograph was cou pled with a

5975C in ert mass se lec tive de tec tor (MSD). The MS was op er -
ated at an ion source tem per a ture of 200°C, ion is ation en ergy of 
70 eV, and a cy cle time of 1 sec in the mass range from 40 to
600 Daltons. 

RESULTS AND DISCUSSION 

IDENTIFICATION OF SECONDARY PROCESSES 

Crude oil in ac cu mu la tions may un dergo many sec ond ary
changes, in clud ing biodegradation, wa ter-wash ing, ox i da tion,
frac tional evap o ra tion and ther mal crack ing (Blanc and
Connan, 1994; Pe ters et al., 2005). 

Biodegradation is usu ally rec og nized by anal y sis of n-al -
kanes and acy clic isoprenoids in the sat u rated hy dro car bon
frac tion, or by C6–C7 hy dro car bon dis tri bu tions in the whole oil 
(Pe ters et al., 2005). Wa ter-wash ing usu ally co in cides with
biodegradation and these pro cesses, to gether with ox i da tion
and evap o ra tion of low-boil ing frac tions af fect most oil geo -
chem i cal pa ram e ters (e.g., Thomp son, 1983, 2010; Palmer,
1984, 1993; Blanc and Connan, 1994;  Napitupulu et al., 2000;
Mas ter son et al., 2001; Akinlua et al., 2006). 
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T a  b l e  1

Grav ity, sul phur con tent, frac tions and sta ble car bon iso tope com po si tion of crude oils reservoired
in the Mid dle Cam brian sand stones 

Bore hole/sam ple Depth
[m]

Grav ity
[oAPI]

Sul phur
[wt.%]

Frac tions
[wt.%] Sat/Aro

Sta ble car bon iso topes
δ13C [‰]

Sat Aro Res Asph Sat Oil Aro Res Asph

B16-1/85 (1) 1876–1887 60.2 0.04 96.7   2.0 1.3   0.01 48.4 –30.3 –29.8 –28.9 –29.0 –28.2

B16-1/85 (2) 1904–1915 45.8 0.06 90.9   4.8 4.1 0.2 18.9 –29.7 –29.7 –29.0 –29.0 –29.5

B3-5/93 1714.5–1775 43.2 0.06 84.2 13.3 2.4 0.1   6.3 –30.0 –29.9 –29.4 –29.7 –29.1

B3-6/92 1389–1410,
1415–1458 60.3 0.04 79.9 17.4 2.8   0.03   4.6 –30.6 –30.3 –29.9 –29.9 –28.4

B3-7/94 1420–1424,
1428–1447 41.7 0.04 82.7 15.8 1.5   0.03   5.2 –30.5 –30.5 –29.9 –29.9 –29.3

B3-9/95 1478–1479.8 43.6 0.10 85.2 12.2 2.5 0.1   7.0 –30.0 –29.9 –29.6 –30.0 –29.7

B4-N1/01 1201–1208 47.6 0.23 78.4 13.2 8.4   0.03   6.0 –30.3 –29.9 –29.4 –29.7 –28.9

B6-1/82 1414–1480 62.1 0.05 95.4   2.5 2.1   0.05 38.9 –29.8 –29.6 –29.2 –29.3 –28.8

B6-2/85 1464–1472 43.5 0.05 88.2   8.5 3.2 0.1 10.4 –29.8 –29.7 –29.3 –29.6 –28.9

B6-3/02 1447–1476 60.2 0.05 84.2   9.3 6.6   0.03   9.1 –30.0 –29.8 –29.4 –29.5 –29.2

B8-1/83 2200–2224 41.8 0.04 79.8 16.4 3.5 0.3   4.9 –30.7 –30.4 –29.8 –29.6 –29.3

Białogóra 3 2713.4–2733 49.2 0.03 86.7 11.0 2.3   0.02   7.9 –30.9 –30.7 –30.0 –30.2 –29.1

Dębki 2 2675–2723 46.3 0.03 88.1   9.7 1.8 0.4   9.1 –30.2 –30.0 –29.2 –29.3 –30.0

Dębki 4 2692–2728 51.8 0.03 85.3 11.9 2.8   0.07   7.2 –30.9 –31.0 –30.6 –30.2 –30.6

Dębki 5K 2826–2841 48.5 0.03 84.6 12.1 3.3   0.04   7.0 n.a. n.a. n.a. n.a. n.a.

Dębki 7K 2785.5–2834 56.4 0.04 85.2 11.5 3.1 0.2   7.4 –31.0 –30.9 –30.6 –30.3 –30.9

Malbork IG 1 3234–3270 n.a. n.a. 91.0   5.8 2.4 0.8 15.7 –30.0 –29.9 –29.4 –28.9 –29.2

Żarnowiec IG 4 2738.2–2771.8 47.6 0.01 92.2   6.8 1.0   0.04 13.6 –31.1 –30.7 –30.0 –30.4 –29.7

Żarnowiec 6K 2874–2892 48.5 0.10 97.0 2.4 0.5 0.1 40.4 –30.3 –30.2 –29.3 –29.2 –29.4

Żarnowiec 7 2721–2732 54.7 0.01 87.8 10.7 1.5 0.1   8.2 –30.9 –30.8 –30.5 –30.3 –30.6

Żarnowiec 8K 2807–2836 76.0 0.02 94.2   2.0 3.8   0.03 48.2 –30.4 –30.1 –29.2 –29.5 –28.9

Sat – sat u rated hy dro car bons, aro – ar o matic hy dro car bons, Res – res ins, Asph – asphaltenes, n.a. – not ana lysed



208 Dariusz Więcław, Maciej J. Kotarba and Adam Kowalski

Fig. 2. Whole oil chromatogram of (A) B3-5/93 and (B) B4-N1/01 sam ples 

Num bers re fer to car bon at oms in the n-alkane chain, ECB – ethylcyclobuthane,
MCH – methylcyclohexane, DMCP – dimethylcyclopentane, Pr – pristane, Ph – phytane



The whole oil GC anal y sis of the oils ana lysed in di cated
that in al most all sam ples n-C6–n-C7 hy dro car bons are the
dom i nant com po nents (Fig. 2A). Only in the oil col lected from
the B4-N1/01 bore hole methylcyclohexane pre vails (Fig. 2B).
In the oil col lected from the in ter val of 1 904–1 915 m in the
B16-1/85 bore hole [sam ple B16-1/85 (2)] the dom i nat ing com -
po nent is n-C10H22. Oil sam pled from the B4-N1/01 bore hole
has low val ues of n-heptane/methylcyclohexane, heptane (HR) 
and isoheptane (IHR) ra tios, and in creased val ues of the to lu -
ene/n-heptane ra tio (Ta ble 2; Figs. 3 and 4) in di cat ing
biodegradation pro cesses (Thomp son, 1983). Ad di tion ally,
other in di ces of light hy dro car bons (Ta bles 2 and 3; Figs. 5
and 6) cal cu lated for this oil dif fer en ti ates it from the other oils
stud ied. The Halpern C7 hy dro car bon ra tios (Halpern, 1995)
(Ta ble 3; Figs. 5 and 6) show good cor re la tion of all oils ana -
lysed ex cept for the pre vi ously men tioned two sam ples:
B4-N1/01 and B16-1/85 (2). While the dis tinct ness of the first
sam ple was ex plained above the hy dro car bon com po si tion of
the sec ond one is a typ i cal. The very high val ues of al most all
TR in di ces (Ta ble 3 and Fig. 5) are prob a bly the re sult of evap -
o ra tion of light hy dro car bons from this oil dur ing long stor age.
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T a  b l e  2

In di ces cal cu lated based on whole oil GC anal y sis

Bore hole/
sam ple

To lu ene/
n-C7H16

n-C7H16/
MCH HR HHI CH/

MCH IHR n-C7H16/
2-MH

m-+o-+p-
xylene/
n-C8H18

Temp

[oC]
C11-in dex CPI(17–23)

Pr/
Ph

Pr/ 
n-C17

Ph/
n-C18

B16-1/85 (1) 0.10 2.01 58.5 2.54 0.28 5.01 3.30 0.23 130 0.20 1.09 3.68 0.34 0.13

B16-1/85 (2) 0.19 1.70 68.1 1.66 0.06 0.97 6.53 0.40 116 0.18 1.05 2.16 0.35 0.21

B3-5/93 0.13 1.59 47.7 1.89 0.41 1.90 4.10 0.17 124 0.11 1.05 1.81 0.42 0.27

B3-6/92 0.13 1.58 45.1 1.99 0.45 1.96 3.88 0.34 125 0.12 1.05 2.92 0.43 0.17

B3-7/94 0.12 1.52 44.9 1.87 0.42 1.93 3.89 0.34 124 0.12 1.05 2.35 0.43 0.21

B3-9/95 0.15 1.56 44.9 1.80 0.38 1.57 4.15 0.35 123 0.12 1.05 1.96 0.43 0.25

B4-N1/01 0.34 0.17   6.9 0.25 0.29 0.48 2.57 2.01 124 0.12 1.10 2.31 0.51 0.31

B6-1/82 0.06 2.15 51.0 2.77 0.36 5.33 2.72 0.19 130 0.22 1.13 3.27 0.38 0.18

B6-2/85 0.11 1.93 52.3 2.53 0.39 5.37 3.21 0.31 128 0.13 1.04 2.97 0.34 0.13

B6-3/02 0.09 2.25 55.5 3.15 0.39 4.30 2.98 0.09 130 0.19 1.06 2.69 0.36 0.17

B8-1/83 0.15 1.33 41.5 1.65 0.41 1.44 4.14 0.38 125 0.11 1.06 2.05 0.44 0.25

Białogóra 3 0.20 1.62 46.3 2.33 0.45 2.67 3.40 0.19 132 0.11 1.05 2.61 0.37 0.16

Dębki 2 0.15 1.61 47.8 2.23 0.40 2.62 3.47 0.38 131 0.12 1.03 2.00 0.36 0.20

Dębki 7K 0.14 1.71 47.3 2.53 0.44 2.77 3.28 0.16 132 0.13 1.04 2.86 0.35 0.14

Żarnowiec IG 4 0.22 1.46 45.9 1.92 0.38 2.15 3.69 0.47 130 0.11 1.05 1.89 0.40 0.24

Żarnowiec 6K 0.14 1.79 65.4 2.07 0.20 3.45 4.02 0.23 129 0.20 0.97 4.23 0.38 0.11

Żarnowiec 7 0.14 1.69 47.0 2.45 0.39 3.52 2.86 0.15 134 0.12 1.06 2.85 0.31 0.13

Żarnowiec 8K 0.13 1.83 47.3 2.83 0.42 3.47 2.82 0.08 134 0.24 1.14 3.47 0.35 0.16

MCH – methylcyclohexane; HR (heptane ra tio) = 100x n-C7H16/Σ(CH+C7HCs), CH – cyc lo hex ane, HCs – hy dro car bons; HHI = (n-C6H14 +
n-C7H16)/(CH+MCH); IHR (isoheptane ra tio) = (2- + 3-MH)/(1c3- + 1t3- + 1t2-DMCPs), MH – methylhexane; Temp = 140 + 15[ln(2,4-DMP/2,3-DMP)] 
(Mango, 1997), DMP – dimethylpentane; C11-in dex = n-C11/(n-C10 thru n-C30) (Lewan and Buchardt, 1989); CPI(17–23) = [(C17+C19+C21)+
(C19+C21+C23)]/[2*(C18+C20+C22)], for other ex pla na tions see Fig ure 2

Fig. 3. To lu ene/n-heptane ra tio ver sus
n-heptane/methylcyclohexane ra tio 

Scheme af ter Thomp son (1987) 
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Fig. 5. Star di a gram of C7 oil trans for ma tion ra tios  

Scheme of star di a gram af ter Halpern (1995);
ex pla na tion of in di ces as in Ta ble 3

Fig. 4. Heptane ra tio ver sus isoheptane ra tio 

Kerogen type curves af ter Thomp son (1983) 

T a  b l e  3

Val ues of Halpern (1995) C7 ra tios

Borehole TR1 TR2 TR3 TR4 TR5 TR6 TR7 TR8 C1 C2 C3 C4

B16-1/85 (1) 5.17 50.7 16.7 15.4 32.1 0.19 2.96 3.43 0.03 0.37 0.18 0.05

B16-1/85 (2) 17.0   91.6 18.1 14.0 32.1 1.87 3.78 4.01 0.02 0.37 0.08 0.06

B3-5/93 4.05 30.9   9.5   7.5 17.0 0.64 2.84 5.10 0.02 0.62 0.21 0.08

B3-6/92 3.73 28.4   9.2   7.3 16.5 0.67 2.74 5.02 0.02 0.62 0.23 0.06

B3-7/94 3.38 28.1   9.1   7.2 16.3 0.44 2.74 5.02 0.02 0.63 0.22 0.06

B3-9/95 4.55 31.2   9.5   7.5 17.1 0.60 2.87 2.56 0.02 0.32 0.10 0.03

B4-N1/01 1.35   4.0   3.3   1.5   4.8 0.41 3.26 0.97 0.08 0.62 0.22 0.06

B6-1/82 2.56 43.4 18.2 16.0 34.2 0.46 3.12 3.38 0.03 0.38 0.19 0.05

B6-2/85 4.97 46.1 16.9 14.4 31.3 0.61 3.17 3.46 0.02 0.38 0.17 0.05

B6-3/02 4.23 49.2 18.7 16.5 35.2 0.00 3.22 4.98 0.02 0.54 0.27 0.07

B8-1/83 3.25 21.9   6.3   5.3 11.6 0.61 2.43 4.58 0.02 0.61 0.23 0.06

Białogóra 3 5.53 28.2   8.7   8.3 17.1 0.35 2.15 4.38 0.02 0.50 0.30 0.07

Dębki 2 4.54 29.3   9.0   8.4 17.5 0.52 2.26 4.55 0.02 0.53 0.28 0.07

Dębki 7K 4.09 29.3   9.4   8.9 18.4 0.33 2.26 4.45 0.02 0.51 0.29 0.07

Żarnowiec IG 4 5.00 23.2   6.6   6.3 12.9 0.51 1.95 4.23 0.03 0.52 0.27 0.07

Żarnowiec 6K 6.78 48.6 12.9 12.1 25.0 0.09 2.61 5.32 0.03 0.54 0.25 0.08

Żarnowiec 7 4.42 31.4 11.0 11.0 22.0 0.27 2.22 4.19 0.03 0.46 0.30 0.08

Żarnowiec 8K 3.74 29.8 10.4 10.6 21.0 0.17 2.13 4.10 0.03 0.45 0.31 0.08

TR1 = to lu ene/1,1-DMCP, DMCP – dimethylcyclopentane; TR2 = n-C 7H16/1,1-DMCP; TR3 = 3-methylhexane/1,1-DMCP; TR4 =
2-methylhexane/1,1-DMCP; TR5 = P2/1,1-DMCP, P2 = 2-methylhexane + 3-methylhexane; TR6 = 1-cis-2-DMCP/1,1-DMCP; TR7 =
1-trans-3-DMCP/1,1-DMCP; TR8 = P2/P3, P3 = 2,2-dimethylpentane + 2,3-dimethylpentane + 2,4-dimethylpentane + 3,3-dimethylpentane 
+ 3-ethylpentane; C1 = 2,2-dimethylpentane/P3; C2 = 2,3-dimethylpentane/P3; C3 = 2,4-dimethylpentane/P3; C4 = 3,3-dimethylpentane/P3



The dis tri bu tion of n-al kanes and isoprenoids (Fig. 2), and
the val ues of hy dro car bon and biomarker in di ces (Ta bles 2
and 4) re veal that sec ond ary pro cesses de tected in oil from the
B4-N1/01 bore hole were not ex ten sive as the chromatogram
does not show the char ac ter is tic “hump” of an un re solved com -
plex mix ture (Fig. 2; Pe ters et al., 2005, p. 106). 

The ther mal crack ing of oil is sig nif i cant in ac cu mu la tions

at a tem per a ture range of 150–175°C, as sug gested by

Claypool and Mancini (1989). How ever, oil ac cu mu la tions oc -
cur ring in res er voirs un der this tem per a ture range (e.g., Mango, 
1991; Horsfield et al., 1992; Pep per and Dodd, 1995) in di cate
that oil may be ther mally sta ble at higher tem per a tures, as well. 

A set of or ganic com pounds oc cur ring in oil (con den sate)
that are in dic a tive of ther mal crack ing are diamondoids (Pe ters
et al., 2005). The low con tent of 3- and 4-methyldiamantanes in 
the crude oils ana lysed (from 1.7 to 6.2 ppm; Ta ble 5), in di cates 
the ab sence of ther mal crack ing (Dahl et al., 1999). The low
con cen tra tions of stigmastane (from 2.1 to 7.1 ppm; Ta ble 4)
that are high in un cracked oils (Dahl et al., 1999) sug gest that
all oils are at the ini tial phase of ther mal crack ing. 

GENETIC TYPE AND DEPOSITIONAL ENVIRONMENT
OF SOURCE ORGANIC MATTER

The oils de pos ited in the Mid dle Cam brian sand stones

show a grav ity range from 41.7 to 76°API (Ta ble 1 and Fig. 7).
The low est value of this in dex was found in oil col lected from
the B8-1/83 bore hole, while oil col lected from the
Żarnowiec 8K bore hole has the high est grav ity (Ta ble 1 and
Fig. 7). All crude oils are very low in sul phur (be low 0.3 wt.%), 
sug gest ing a low-sul phur kerogen as their source rock (Orr,
1986) and its de po si tion un der con di tions of clastic sed i men ta -
tion (see Moldowan et al., 1985). The high est sul phur con tent
was mea sured in oil col lected from the B4-N1/01 bore hole
(Fig. 7) where biodegradation pro cesses took place. The most
prob a ble source-rocks for these oils, i.e, the Up per Cam -
brian–Tremadocian suc ces sion in the Pol ish part of the Bal tic
re gion, has low-sul phur kerogen (Więcław et al., 2010a, b). Al -
though the oils ana lysed have too high grav i ties to al low di rect
de ter mi na tion of the ge netic type of source kerogen (Fig. 7), the 
in ves ti ga tions of Więcław et al. (2009) re veal that sul phur con -
cen tra tions in oils gen er ated dur ing hy drous py rol y sis (HP) ex -
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T a  b l e  4

Se lected biomarker char ac ter is tics of crude oils 

Bore hole/
sam ple

C27 C28 C29
Gam/
Hop

Dia/
Hop

Bis/
Hop

C26/ 
C24

Mor/
Hop

H31S/
(S+R)

C29SR C29

ββαα
C29Ts/
C29H

Ts/
Tm

Gam/
C31Hop

Dia/
Reg

TA(I)/
TA(I + II)

C29ster
[ppm]

B3-6/92 0.69 0.11 0.21 0.40 0.53 0.08 5.00 0.37 0.51 0.45 0.61 0.99 1.98 1.52 1.85 0.56 6.9

B3-7/94 0.74 0.07 0.19 0.58 0.55 0.00 4.85 0.28 0.56 0.45 0.62 1.07 2.36 1.77 2.51 0.64 4.2

B4-N1/01 0.63 0.12 0.25 0.24 0.48 0.15 5.09 0.14 0.60 0.47 0.62 0.78 1.52 0.81 1.97 0.48 2.1

B6-3/02 0.59 0.17 0.24 n.c. n.c. n.c. n.c. n.c. n.c. 0.41 0.46 n.c. n.c. n.c. 2.22 n.c. 2.1

Białogóra 3 0.66 0.10 0.24 n.c. n.c. n.c. n.c. n.c. n.c. 0.41 0.53 n.c. n.c. n.c. 2.01 0.67 6.5

Dębki 7K 0.73 0.09 0.18 n.c. n.c. n.c. n.c. n.c. n.c. 0.41 0.55 n.c. n.c. n.c. 2.98 0.67 7.1

Żarnowiec 7 0.52 0.18 0.30 n.c. n.c. n.c. n.c. n.c. n.c. 0.41 0.43 n.c. n.c. n.c. 1.18 0.44 5.6

C27 = C27ααα20R sterane/(C27+C28+C29)ααα20R steranes; C28 = C28ααα20R sterane/(C27+C28+C29)ααα20R steranes; C29 = C29ααα20R

sterane/(C27+C28+C29)ααα20R steranes; Gam/Hop = gammacerane/17α hopane; Dia/Hop = C30 diahopane/17α hopane; Bis/Hop =

28,30-bisnorhopane/17α hopane; C26/C24 = C26(S+R) tricyclic terpanes/C24 tetracyclic terpane; Mor/Hop = (normoretane+moretane)/(norhopane+17α
hopane); H31S/(S+R) = homohopane 22S/(22S+22R); C29SR =  epim er is ation of reg u lar steranes C29 ra tio; C29ββαα = ra tio of ββ-epimeres of reg u lar

steranes C29 to their to tal quan tity; C29Ts/C29H = C29 18á norneohopane/C29 norhopane; Ts/Tm = C27 18α trisnorhopane/C27 17α trisnorhopane,

Gam/C31Hop = gammacerane/C31 22R hopane; Dia/Reg = C27 βα 20S diasterane/C29 ααα 20R sterane; TA(I) = C20 + C21 triaromatic ste roids; TA(II) =

C26-C28 (20S+20R) triaromatic ste roids; C29ster = C29ααα20R sterane con tent; n.c. – not cal cu lated due to lack or low in ten sity of biomarkers

Fig. 6. Cor re la tion of oils us ing star di a gram
of C7-hy dro car bon ra tios

Ex pla na tion of in di ces as in Ta ble 3



per i ments from low-sul phur Type-II kerogen are al ways be low
1 wt%. By con trast, the high-sul phur (Type-IIS) kerogen al -
ways gen er ates, in de pend ently of ma tu rity, high sul phur oils
(>2 wt.% S). 

The frac tion com po si tion and sat u rate/ar o matic (sat/aro) ra -
tios were sug gested to be in flu enced by mi gra tion dis tance. The
crude oils in ves ti gated have very low con tents of asphaltenes,
usu ally be low 0.2 wt.%, with the high est value of 0.8 wt.% in oil
col lected from oil in flow in the Malbork IG 1 (Mb  IG 1) bore -
hole (Ta ble 1 and Fig. 8). Low con cen tra tions of asphaltenes in -
versely cor re late with high sat u rated-hy dro car bon con tents and
high sat/aro ra tios (Ta ble 1 and Fig. 8). Sta tis ti cally, the high est
val ues of this ra tio are noted for oils from the Żarnowiec and B16 
de pos its. These oils prob a bly mi grated over the lon gest dis tance.
Val ues of this ra tio can be af fected by ma tu rity and by ther mal
crack ing pro cesses. 

The dis tri bu tions of n-al kanes and isoprenoids in all crude
oils are sim i lar, monomodal, with a dis tinct max i mum in the
short-chain hy dro car bons range (Fig. 2), char ac ter is tic of hy -
dro car bons gen er ated from ma rine or ganic mat ter (e.g., Pe ters
et al., 2005). The CPI val ues >1.0 in di cate de po si tion of source
or ganic mat ter un der con di tions of clastic sed i men ta tion
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T a  b l e  5

In di ces cal cu lated based on phenantrene and its de riv a tives and diamandoids dis tri bu tion
 and se lected diamandoids con cen tra tion of crude oils

Bore hole/sam ple MPI1 MPR Rcal
[%]

3+4-MD
[ppm] MAI MDI DMAI1 DMDI-1 DMDI-2 Rcal(MDI)

[%]

B16-1/85 (1) 1.04 1.42 0.99 n.a. n.a. n.a. n.a. n.a. n.a. n.a.

B16-1/85 (2) 1.13 1.48 1.04 n.a. n.a. n.a. n.a. n.a. n.a. n.a.

B3-5/93 0.70 0.97 0.79 n.a. n.a. n.a. n.a. n.a. n.a. n.a.

B3-6/92 0.79 0.72 0.84 6.2 0.49 0.27 0.44 0.37 0.61 1.08

B3-7/94 0.72 0.66 0.80 4.3 0.78 0.26 0.45 0.38 0.56 1.07

B3-9/95 0.66 0.77 0.77 n.a. n.a. n.a. n.a. n.a. n.a. n.a.

B4-N1/01 0.71 0.74 0.80 3.3 0.72 0.31 0.00 0.40 0.75 1.18

B6-1/82 1.01 1.36 0.98 n.a. n.a. n.a. n.a. n.a. n.a. n.a.

B6-2/85 0.98 1.00 0.96 n.a. n.a. n.a. n.a. n.a. n.a. n.a.

B6-3/02 1.38 2.58 1.20 1.7 0.73 0.23 0.51 0.38 0.60 0.99

B8-1/83 0.78 1.08 0.84 n.a. n.a. n.a. n.a. n.a. n.a. n.a.

Białogóra 3 0.83 0.80 0.87 2.5 0.58 0.27 0.51 0.38 0.45 1.11

Dębki 5K 0.99 1.35 0.96 n.a. n.a. n.a. n.a. n.a. n.a. n.a.

Dębki 7K 1.23 1.27 1.11 2.0 0.70 0.19 0.49 0.33 0.44 0.90

Żarnowiec 7 1.64 2.58 1.36 2.0 0.72 0.17 0.57 0.27 0.44 0.84

Żarnowiec 8K 1.40 1.36 1.21 n.a. n.a. n.a. n.a. n.a. n.a. n.a.

Żarnowiec IG 4 1.02 1.51 0.98 n.a. n.a. n.a. n.a. n.a. n.a. n.a.

MPI1 = 1.5(2-MP+3-MP)/(P+1-MP+9-MP), MP – methylphenantrene; MPR = 2-MP/1-MP; Rcal = 0.60MPI1+0.37 for MPR<2.65
(Radke, 1988); MAI = 1-MA/(1-MA+2-MA) (Chen et al., 1996), MA – methyladamantane; MDI = 4-MD/(1-MD+3-MD+4-MD)
(Chen et al., 1996), MD – methyldiamantane; DMAI1 = 1,3-DMA/(1,3-DMA+1,2-DMA) (Zhang et al., 2005), DMA –
dimethyladamantane; DMDI-1 = 4,9-DMD/(3,4-DMD+4,9-DMD) (Zhang et al., 2005), DMD – dimethyldiadmantane; DMDI-2 =
4,9-DMD/(4,8-DMD+4,9-DMD) (Zhang et al., 2005); Rcal(MDI) = 2.4389MDI+0.4363 (Chen et al., 1996); n.a. – not ana lysed

Fig. 7. Sul phur con tent ver sus grav ity plot 

Clas si fi ca tion of source kerogen type af ter Orr (2001)



(Moldowan et al., 1985). This is sup ported by high val ues of
diasterane/sterane ra tios and dom i na tion of tricyclic terpanes
over tetracyclic terpane, and norhopane over norneohopane
con cen tra tions (Ta ble 4; Pe ters et al., 2005). Pristane/phytane
(Pr/Ph) ra tios higher then 2.0 (Ta ble 2) in di cate that sub-oxic
con di tions pre vailed dur ing de po si tion of the source rock
(Didyk et al., 1978; Hughes et al., 1995; ten Ha ven, 1996).
This con cept is sup ported by cor re la tion be tween
pristane/n-C17 and phytane/n-C18 in di ces (Fig. 9). The in -
creased val ues of pristane/phytane ra tio (over 2.5) for some oils 
may re flect their high ma tu rity (Koopmans et al., 1996;
Al-Arouri et al., 1998). 

A sim i lar dis tri bu tion of reg u lar aaa steranes in all crude
oils (Ta ble 4 and Fig. 10) sug gests their com mon source. Ac -
cord ing to Czochanska et al. (1988), these oils were gen er ated 
from ma rine plank ton. This com po si tion cor re lates with bi tu -
men ex tracted from the Cam brian–Tremadocian suc ces sion
of the Pol ish part of the Bal tic re gion (Więcław et al., 2010a). 

The sta ble car bon iso tope com po si tion of the crude oils
and their in di vid ual frac tions (Ta ble 1) cor re sponds to the
biomarker data and in di cates that a sin gle ge netic type of or -
ganic mat ter was the source of these oils (a max i mum dif fer -

ence in d13C of whole oil equals to 1.4‰; Fig. 11).  In some
oils, asphaltenes are de pleted in the 13C iso tope rel a tive to res -
ins, which is char ac ter is tic of oil gen er ated from al gal kerogen 
(Galimov, 1973, 1986). Al though this ef fect can be also a re -
sult of biodegradation pro cesses (Stahl, 1980), these pro -
cesses were con firmed only in oil col lected from the
B4-N1/01 bore hole, as noted ear lier. Some dif fer ences in sta -
ble car bon iso tope com po si tion fol low changes in source rock 
fa cies, changes in ma tu rity (Waples and Tornheim, 1978;
Chung et al., 1981; Lewan, 1983) or mi gra tion dis tance
(Stahl, 1980). 

MATURITY 

The ma tu rity of crude oils was de ter mined based on light
hy dro car bons (Ta ble 2) and biomarker dis tri bu tions (Ta ble 4),
phenantrene and its methyl de riv a tives as well as diamondoids
(Ta ble 5). In di rectly, oil den sity and n-alkane and isoprenoid
dis tri bu tions were also used for this pur pose. 

The dis tri bu tion of methylphenantrenes shows vari able ma -
tu ri ties for the crude oils: oil ac cu mu lated in the B3, B4 and B8
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Fig. 8. A plot of sat u rated hy dro car bons/ar o matic hy dro car bons
ra tio ver sus asphaltenes con tent

For ex pla na tions see Ta ble 1

Fig. 9. Ge netic char ac ter iza tion of oils in terms of pristane/n-C17 and
phytane/n-C18, ac cord ing to the cat e go ries of Obermajer et al. (1999) 

Fig. 10. Ter nary di a gram of C27, C28 and C29 reg u lar 
sterane com po si tion

For ex pla na tions see Ta ble 4



de pos its was gen er ated dur ing the peak of the oil win dow (Rcal

about 0.75–0.8%) and sam ples from the B6, B16, Dębki and
Żarnowiec ac cu mu la tions were gen er ated at the late phase of
the low-tem per a ture thermogenic pro cess (Rcal about
0.9–1.05%; Ta ble 5). Biomarker dis tri bu tion and val ues of the
C11 – in dex sup port the above re sults. In oils col lected from the
B16, B6 and Żarnowiec ac cu mu la tions in creased quan ti ties of
con den sate-range hy dro car bons were noted (Ta ble 2) and in
most oils (i.e. from the B6, Białogóra, Dębki and Żarnowiec
de pos its) only traces of biomarkers in di cate their high ma tu rity. 
Even in the few sam ples (i.e. B3-5/83 and B4-N1/01), where
mea sur able con cen tra tions biomarkers were in di cated, their
amounts are low. Sterane dis tri bu tions in di cate that the oils
ana lysed were gen er ated by ma ture or ganic mat ter (Fig. 12)

and very low con cen tra tions of C29aaa20R sterane (stigma -
stane) are typ i cal of the be gin ning of oil crack ing (Ta ble 4).
Low den si ties (Ta ble 1 and Fig. 7) and val ues of CPI in di ces

~1.0 (Ta ble 2) are in di rect in di ca tors of the high ma tu rity of the
oils ana lysed (e.g., Pe ters at al., 2005). 

The val ues of ma tu rity in di ces cal cu lated from
diamondoids dis tri bu tion are am big u ous due to the low con -
cen tra tion of these hy dro car bons, but gen er ally their val ues in -
di cate the same ma tu rity level as the methylphenanterene and
biomarker in di ces (Ta ble 5 and Fig. 13A). Only the MAI val -
ues, show ing very high ma tu rity (above 1.3% Ro; Ta ble 5 and
Fig. 13B), ap pear to be un re li able. 

The gen er a tion tem per a ture of hy dro car bons was es ti mated 
from dimethylpentane homo logues dis tri bu tion (Ta ble 2;

Mango, 1997). It var ies from 123 (B3-9/95) to 134°C
(Żarnowiec 7 and 8K). The low est tem per a ture cal cu lated for

oil sam ple B16-1/85 (2) – 116°C is prob a bly in valid due to the
sec ond ary pro cesses de scribed ear lier. The 1-D mod el ling of
hy dro car bon gen er a tion and ex pul sion pro cesses from the Up -
per Cam brian–Tremadocian source rock suc ces sion in the Pol -
ish part of the Bal tic re gion (Kosakowski et al., 2010) in di cates
that the main mass of the liq uid hy dro car bons was gen er ated at

a tem per a ture range of 120–140°C.
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Fig. 11. Sta ble car bon iso tope com po si tion of crude oils
and their in di vid ual frac tions

Fig. 12. Sterane C2920S/(20S+20R) ra tio

 ver sus C29bb/(bb+aa) ra tio 

Ma tu rity fields af ter Pe ters and Moldovan (1993) 

Fig. 13. Es ti ma tion of ma tu rity of oils based on cor re la tion of (A)

C29bb/(bb+aa) and (B) methyladamantane in dex ver sus
methyldiamantane in dex 

Ma tu rity ranges based on C29bb/(bb+aa) af ter Pe ters and Moldovan
(1993), and on methyladamantane and methyldiamantane

 in di ces af ter Chen et al. (1996) 



CONCLUSIONS 

The oils ac cu mu lated in the Mid dle Cam brian sand stones
from the Pol ish part of the Bal tic re gion re veal very sim i lar
geo chem i cal char ac ter is tics and were gen er ated from a sin gle
ge netic type of or ganic mat ter de pos ited un der com mon con di -
tions. These are nor mal or light oils with max i mum con cen tra -
tions of n-alkane dis tri bu tions at n-C6–n-C7 hy dro car bons
with out a “hump” of an un re solved com plex mix ture. Only oil
from the B4-N1/01 bore hole is slightly biodegraded and frac -
tion ally evap o rated. 

The ma rine or i gin (Type-I or -II kerogen) of source or ganic
mat ter dis persed in clastic sed i ments is sup ported by the dis tri bu -
tion of n-al kanes and isoprenoids, CPI val ues above 1.0, high
val ues of the diasterane/sterane ra tio, dom i na tion of tricyclic
terpanes over tetracyclic terpane and norhopane over
norneohopane, as well as high pristane/phytane ra tio val ues. The 
sta ble car bon iso tope com po si tion of oils and their in di vid ual
frac tions con firms the con clu sions from biomarker dis tri bu tions
and in di cates that a sin gle ge netic type of or ganic mat ter con tain -
ing an al gal com po nent was re spon si ble for the gen er a tion of all
the oils. This type of kerogen was rec og nized by Więcław et al.
(2010a, b) in the whole lower Pa leo zoic se quence. 

Oils ac cu mu lated in the Pol ish part of the Bal tic re gion
were gen er ated at the peak and the late phase of low-tem per a -
ture thermogenic pro cesses, in a ma tu rity range from ca. 0.75

to ca. 1.05% on the vitrinite reflectance scale. The least ma ture
oils ac cu mu lated in the B3 and B4 de pos its. The high est ma ture 
oils are in the B6, B16, Dębki and Żarnowiec de pos its and they
mi grated prob a bly the lon gest way. 

From the or ganic geo chem is try point of view, Więcław et
al. (2010a) pro posed the Mid dle Cam brian, Up per Cam -
brian–Tremadocian, Caradocian and Llandovery strata as the
most prob a ble source rocks. The tec tonic con di tions of the Pol -
ish part of the Bal tic re gion (Poprawa et al., 1999; Pokorski,
2010) in di cate that the all the source rocks iden ti fied may sup -
ply the Mid dle Cam brian res er voirs with hy dro car bons.
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