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Abstract. The present study discusses the inorganic geochemistry of Lower—Middle Jurassic rocks from Central
Northern Bulgaria and the quantity, quality and maturity of the organic matter, with a focus on selected samples
from the Bukorovo Member of the Ozirovo Formation and the Stefanets Member of the Etropole Formation. We
present new ICP-OES and ICP-MS major element data, elemental analysis (C, H, N, and S), Rock-Eval data and
vitrinite reflectance measurements. The results show that the rocks from the two members studied have different
lithological characteristics. The organic matter in all samples demonstrates fair to good potential, represented by
kerogen type 111, with previous studies indicating the presence also of mixed kerogen type II/III in the deeper parts
of the sedimentary basin. All analyzed samples fall within the boundaries of the “oil window”, which makes them
promising for generation and future exploration of hydrocarbons in Central Northern Bulgaria.

Keywords: Bukorovo Member, Stefanets Member, elemental analysis, organic matter, Rock Eval.

1. Introduction

Geochemical studies of sedimentary rocks and the
contained organic matter play a key role in under-
standing the geological history, sequence, and type
of sedimentation, as well as the hydrocarbon-gener-
ating potential of a given sedimentary basin. The re-
sults of such studies contribute to paleogeographic
analyses of the depositional environment and can
also guide exploration activities toward prospective
areas for oil and gas discoveries.

The Moesian Platform is a region with a rich
geological history and diverse sedimentary com-
plexes. The discovered hydrocarbon deposits con-
firm the existence of an effective petroleum system,
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making Central Northern Bulgaria a prime target for
research. In this context, a particularly promising
area for studying potential hydrocarbon-generating
complexes is the zone where thick Lower-Mid-
dle Jurassic rocks are developed. These rocks are
considered the main source of oil and gas genera-
tion in Central Northern Bulgaria (Georgiev, 2000).
Among them, the Bukorovo Member of the Ozirovo
Formation and the Stefanets Member of the Etro-
pole Formation are regarded as some of the most
likely source rocks for the known oil fields in the
region (Botoucharov et al., 2015, 2016, 2020).

The main objective of the present study is to
analyze the geochemical characteristics of Lower—
Middle Jurassic rocks enriched in organic matter,
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sampled from three representative borehole sections
located in the region of discovered hydrocarbon
deposits in Central Northern Bulgaria (Fig. 1). By
integrating our new results with the available geo-
logic data from the published literature, we aim to
expand better characterize the oil-generating poten-
tial of the Lower—Middle Jurassic strata from the
Moesian Platform in Central Northern Bulgaria.

2. Geological setting

The Moesian Platform is a relatively undeformed
part of the Earth’s crust between the Southern Car-
pathians and the Balkanides, forming the foreland
of the Alpine orogen (e.g., Dabovski, Zagorchev,
2009). The studied area covers the south-central
part of the Moesian Platform and partially its south-
ern margin (Fig. 1).

During the Jurassic, the Moesian Platform was
an area of marine sedimentation, with rifting and
epicontinental sedimentation renewed during the
Early and Middle Jurassic (Dabovski et al., 2002;
Sapinov, 1983; Sapunov, Metodiev, 2009). The
platform was subjected to extensional tectonics and
the differentiation between fault blocks was a key

factor in the development of a strongly dissected
relief (Georgiev, Dabovski, 2001). The bathymet-
ric relationships of the gradually subsiding blocks
along the southern margin of the Early—Middle
Jurassic Moesian Platform determined the course
of marine transgression through time and the spa-
tial position of the basin (Sapunov, Chumachenko,
1989; Georgiev, Botoucharov, 2007).

The varying timing of marine transgression, to-
gether with the synsedimentary activity of major
faults, predetermined the differentiation in sedi-
mentation and the thickness of the deposited stra-
ta. In the southern parts of the basin, deep-water
Lower—Middle Jurassic sediments were accumu-
lated, which are the most suitable for oil and gas
generation. Their thickness decreases significantly
northwards, where mixed (carbonate-terrigenous)
lithofacies were deposited in a shallow-marine
environment. In the most subsided southwestern
zones of the study area, the Lower—Middle Juras-
sic succession locally exceeds 1000 m in thickness,
whereas northwards it becomes much thinner. In the
Beglej area, a normal bathymetric zonation likely
developed, and the Lower—Middle Jurassic section
is considerably thick (in well R-1 Beglej is 1336 m),
making it a promising site for investigation. In the
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Fig. 1. Tectonic map of Central Northern Bulgaria showing the location of the study area and the positions of the sampled boreholes

(after Botoucharov, 2012, modified).
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northeastern parts of the study area, sedimentation
was shallow marine, influenced by the Pleven horst
complex, whereas in the northwestern parts, the
neritic zone was strongly affected by the uplifted
Vratsa horst (Georgiev, Botoucharov, 2007).

During the Early Jurassic, sedimentation was
dominated by carbonate and clayey-carbonate de-
posits with increased clay content in the Bukorovo
Member of the Ozirovo Formation. At the beginning
of the Middle Jurassic, marine sediments shales and
siltstones enriched in organic matter were deposited
within the Stefanets Member of the Etropole For-
mation.

The Bukorovo Member of the Ozirovo Forma-
tion (upper Pliensbachian to Aalenian) consists
of shales, marls, and clayey siltstones (Sapunov,
1969), formed in a relatively dynamic sedimentary
environment, transitioning from neritic to littoral
settings.

The Stefanets Member of the Etropole Forma-
tion (Aalenian to lower Bajocian) (Sapunov, Chu-
machenko, 1989) is represented mainly by dark
gray to black shales in the sampled sections. The
depositional environment was poorly oxygenated to
periodically anoxic, which favored the preservation
of organic matter (Georgiev et al., 2024).

3. Samples and methods

Five core rock samples were selected from three
borehole sections: R-1 Beglej, R-2 Beglej, and R-1
Glava (Fig. 1, Table 1). Four of the samples originate
from the Stefanets Member of the Etropole Forma-
tion, and one sample is from the Bukorovo Member
of the Ozirovo Formation. Sample Buk-4 is of marls
(Bukorovo Member, Ozirovo Formation), whereas
samples St-16A, St-17, St-12, and St-13 are shales
(Stefanets Member, Etropole Formation).

The major elemental content of the samples
was analyzed by Actlabs (Canada) using a standard
multi-acid digestion procedure (HF + HCIO, + HCI
+ HNO,). Element concentrations were determined

Table 1. Lower—Middle Jurassic rock samples (core material)

by ICP-OES or ICP-MS, both methods having a re-
producibility of £10% at one standard deviation.

Additional elemental analysis of the samples
was performed using a FlashSmart analyzer (Ther-
mo Scientific) at the Geological Institute of the Bul-
garian Academy of Sciences (BAS). This method
is designed for the determination of carbon (C), hy-
drogen (H), nitrogen (N), sulfur (S), and oxygen (O)
in various samples, including organic, inorganic,
solid, and liquid materials. It operates on the prin-
ciple of complete combustion of the sample at high
temperatures (approximately 950-1000 °C). The
resulting gases are carried by a helium flow into a
chromatographic column, where they are separated
and detected by a thermal conductivity detector
(TCD).

To determine the quantity, quality, and thermal
maturity of organic matter in the sedimentary rocks,
one of the latest versions of the Rock Eval 6 ana-
lyzer (Vinci Technologies) was used at the Monta-
nuniversitit Leoben (Austria).

The instrument is fully automated and equipped
with two micro-furnaces that can be heated from
200 °C to a maximum of 850 °C. The devices are
controlled by thermocouples in continuous contact
with the samples analyzed. Thermal cracking occurs
in an inert nitrogen (N2) atmosphere at initial tem-
peratures from 200 °C to 650 °C, followed by oxi-
dation in an oxygen-rich environment up to 850 °C.
A flame ionization detector (FID) measures the CH
gases released during pyrolysis (S, and S, peaks),
and two infrared (IR) cells record the amounts of
CO and CO: produced during kerogen cracking and
catalytic oxidation of residual organic matter.

In addition, vitrinite reflectance values (%Ro)
were measured for the samples studied. For this
purpose, a Leica DM 2500 P microscope equipped
with an MSP 200 microphotometer, a fluorescence
observation module, a full set of immersion objec-
tives, and a Leica MC170 HD camera for captur-
ing microimages was used in the Laboratory of
Organic Petrology, Sofia University “St. Kliment
Ohridski”.

Depth

Sample Drill (m) Formation Member Age Lithology
Buk-4 R-1 Glava 3880 Ozirovo Bukorovo 1, Shale

St-16-A R-2 Beglej 4107,5 Etropole Stefanets J, Aal Argillite
St-17 R-1 Beglej 4046,5 Etropole Stefanets J, Aal Argillite
St-12 R-1 Glava 3791 Etropole Stefanets ], Aal Argillite
St-13 R-1 Glava 3804 Etropole Stefanets J, Aal Argillite
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4. Results and discussion

The measurement of major elements, along with the
determination of total carbon, hydrogen, nitrogen,
and sulfur contents, and the Rock-Eval pyrolysis
data, enable a comprehensive geochemical analy-
sis — not only of the chemical composition but also
a preliminary assessment of the hydrocarbon-gener-
ating potential of the studied Lower—Middle Juras-
sic rocks.

4.1. ICP-MS Analyses

Major Elements. The content of major chemical ele-
ments in the samples is presented in Table 2. Some
of the major elements, such as sodium (Na) and
magnesium (Mg), show relatively similar values in
the analyzed samples. Sodium ranges from 0.38 to
0.55 wt% in the Stefanets Member and 0.47 wt%
in the Bukorovo Member, whereas Mg ranges from
0.80 to 1.12 wt% in the Stefanets Member and is
1.19 wt% in the Bukorovo Member. Iron (Fe) also
exhibits similar concentrations — 2.10-3.14 wt% in
the Bukorovo Member and 2.83-3.64 wt% in the
Stefanets Member.

One of the most significant differences between
the two formations is related to calcium (Ca) con-
tent. In the Stefanets Member, values range from
1.81 to 3.64 wt%, whereas in the Bukorovo Mem-
ber, they reach significantly higher levels from 8.85
to 19.48 wt%. This contrast clearly reflects the dif-
ferent lithologies of the two formations. Samples
from the Bukorovo Member are marls, rocks rich in
calcite and dolomite, which probably explains the
high Ca concentration.

Another important distinguishing element is alu-
minum (Al). The lowest value was measured in sam-

ple Buk-4 from the Bukorovo Member (3.40 wt%),
whereas the Stefanets Member samples range from
4.55 to 6.69 wt%. Conversely, the Al content in the
Stefanets Member is generally higher — between
6.72 and 9.96 wt%, reflecting an increased clay
component in these rocks.

The titanium (T1) content also shows differences
between the two members. In the Stefanets Mem-
ber, values vary from 0.50 to 0.69 wt%, whereas in
the Bukorovo Member they are lower, ranging from
0.20 to 0.35 wt%.

In summary, the Bukorovo Member of the Ozi-
rovo Formation is richer in carbonate components,
while the Stefanets Member of the Etropole Forma-
tion is richer in clay-rich sediments. Other major
elements show similar concentrations in both for-
mations.

4.2. CHNS Analysis of rock samples

The results of the elemental analysis of the five
studied rock samples are presented in Table 3. The
sample from the Bukorovo Member has a relatively
high total carbon (Ci:) content of 6.09%. Its hy-
drogen content is relatively low at 0.20%, which
may indicate a high thermal maturity of the organic
matter — meaning the rock has progressed further
through catagenesis, losing part of its hydrogen.
The nitrogen content in the Bukorovo Member is
0.055%. Sulfur is measured at 1.10%; this relatively
high value could also be related to anoxic marine
sedimentation conditions.

In the Stefanets Member samples, C, values are
relatively lower, ranging from 2.11% to 2.25%. Un-
like the Bukorovo Member, hydrogen content is sig-
nificantly higher, between 0.47% and 0.83%, which
may reflect lower thermal maturity or more anoxic

Table 2. Elemental analysis of Lower—Middle Jurassic rock samples

Bukorovo Member Stefanets Member
Bg Buk-4 Bg St-16-A Bg St-17 Bg St-12 Bg St-13
Na wt% 0.47 0.52 0.38 0.55 0.51
Mg wt% 1.19 0.92 0.80 0.94 1.23
Al wt% 3.40 7.31 6.72 9.03 9.96
S wt% *1.099 0.50 0.67 1.19 0.86
K wt% 0.86 1.13 1.45 2.68 2.19
Ca wt% 19.48 1.98 1.98 1.81 1.93
Ti wt% 0.20 0.53 0.50 0.69 0.62
Fe wt% 2.10 2.83 3.37 3.62 3.60

* The result for S in sample Buk-4, was taken from Table 3 (measured using an elemental analyzer).
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Table 3. Contents of total carbon, hydrogen,

nitrogen, and sulfur in the studied rock samples, measured using an elemental

analyzer
Ozirovo Formation
Bukorovo Member
Total Carbon Hydrogen Nitrogen Sulfur
Sample
P (Cron) (H) N) ()
Bg-Buk4 6.087 0.204 0.055 1.099
Etropole Formation
Stefanets Member
Sample Total Carbon Hydrogen Nitrogen Sulfur
(Cror) (H) N) )
Bg-St16A * 2.109 0.681 0.094 0.529
ST-17 2.254 0.469 BDL 0.681
ST-12 2211 0.787 BDL 1.153
Bg-St13 * 2.124 0.832 0.098 0.786

The data are presented in weight percent, and elements below the detection limit are indicated as “BDL” (below detection limit).
Samples marked with an asterisk (*) were measured twice, and the reported values represent the arithmetic mean of the two meas-

urements; the standard deviation is within 1%.

depositional conditions, favoring better preserva-
tion of marine organic matter. Nitrogen content in
two of the studied samples is higher, ranging from
0.09% to 0.10%.

The differences between the two members are
clearly pronounced: total carbon and sulfur are
higher in the Bukorovo Member (Ozirovo Forma-
tion), whereas nitrogen and hydrogen are higher in
the Stefanets Member (Etropole Formation).

4.3. Rock Eval Analysis of the samples studied

The analysis is based on data obtained from the
Rock Eval 6 analyzer, compared with reference
values of the parameters, and taking into account
the thermal maturity levels of the samples studied
(Table 4).

The overall evaluation includes an assessment of
the most important indicators of quantity, quality,
and thermal maturity of the organic matter, as illus-
trated in the tables and figures discussed.

The main parameters in Rock-Eval analysis
determined at a low degree of thermal maturity:
S, —represents the amount of free hydrocarbons re-
leased up to 250-300 °C (mg HC/g rock); S, — a
higher-temperature parameter associated with new-
ly generated cracking hydrocarbons that volatilize
at temperatures above 300 °C (mg HC/g rock); the
temperature increases by 25 °C per minute until it
reaches 600-850 °C; S, — reflects the amount of
CO, released during pyrolysis (thermal cracking)
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(mg CO,/g rock); HI (Hydrogen Index) — indicates
the type of kerogen and is calculated as HI = S,/
TOC:; it is a numerical ratio expressed in mg HC/g
TOC; OI (Oxygen Index) — a numerical ratio calcu-
lated as Ol = S,/TOC, representing the amount of O,
in CO, relative to the amount of organic carbon in
the sample, characterizing the type of organic mat-
ter (mg CO,/g TOC); PI (Production Index) — cal-
culated as PI =S, / (S, + S,); T,,, — the maximum
temperature at which the largest amount of hydro-
carbons is released.

4.3.1. Quantitative indicators

Total Organic Carbon (TOC) is related to the
amount of organic matter in the rocks. It is the most
important parameter for assessing the potential of a
given sedimentary rock to generate oil and gas. In
this study, based on TOC values, the rocks demon-
strate fair to good hydrocarbon generation potential
(Table 5). TOC values for the Stefanets Member
range from 1.20 to 1.51 wt%, indicating a favorable
content of organic matter. The Bukorovo Member
sample shows a TOC of 0.60 wt%, placing it within
the range of fair organic content. The S, values are
relatively low, which is attributed to the advanced
thermal maturity of the samples, leading to deple-
tion of their remaining generative potential.

In sample Bg St-16A, the lowest TOC value
was measured, placing it among rocks with a fair
potential for hydrocarbon generation. The analysis



Table 4. Key Reference Parameters from Rock Eval Analysis (after Peters, 1986, Peters and Cassa, 1994, with modifications)

Quantitative Parameters Maturity Parameters Qualitative Parameters (Kerogen)
Index TOC S, S, Degree Tmax PI Type HI S,/S, H/C
Poor 0-0.5 | 0-0.5 0-2.5 Immature <435 <0.1 1 >600 >15 >1.5
Fair 0.5-1 | 0.5-1 2.5-5 I 300-600 10-15 1.2-1.5
Early 435-445 0.1-0.15
Good 1-2 1-2 5-10
g /1 200-300 5-10 1-1.2
<
= | Peak | 445450 | 0.25-0.4
Very o4 | 24 | 1020
good 11 50-200 1-5 0.7-1
Late 450470 >0.4
Exelent >4 >4 >20 Overmature >470 - v <50 <1 <0.7

Table 5. Rock Eval analysis results for samples from the Bukorovo Member and Stefanets Member in the studied area. Drilling

information and sample locations are provided in Table 2.

% Quantitative Parameters Qualitative Parameters (Kerogen) Thermal Maturity

g TOC TC TIC S, S, S, HI Ol S,/S, T PI %Ro

Buk-4 0.60  6.17 556 0.17 0.47 X 78.0 X X 452 0.26 0.91
*St16-A 1.20 X X 0.15 0.47 0.27 38.5 22.0 1.74 457 0.24 X
*St-11 1.68 X X 0.03 0.945  0.26 56 15 X 435 0.03 X
*13-A 1.88 X X 0.045 0.58 0.42 30.5 22.5 X 433 0.07 X
*2-D 1.69 X X 0.095 0.41 0.25 24 14.5 X 464 0.19 X

St-17 1.41 231 0.90 0.27 0.30 X 22.0 X X 455 0.23 0.73

St-12 1.51 2.08 0.56 0.27 1.23 X 81.0 X X 444 0.18 091

St-13 1.35  2.00 0.66 0.14 0.79 X 58.0 X X 443 0.15 0.91

* The sample indicators are taken from Botoucharov et al., 2015. Samples for which OI and S,/S; were not measured are marked

with (x).

of this sample shows higher S, values compared to
S,. This result is attributed to the thermal maturity
of the sample at the end of the “oil window,” which
suggests potential for late residual generation.

Sample Bg St-17 shows high TOC values, con-
firming a good hydrocarbon generation potential.
Here as well, higher S, values compared with S, are
observed.

According to TOC contents, the sample Bg St-
12 exhibits the highest hydrocarbon generation po-
tential compared with the other four studied sam-
ples. This sample also shows the S,>S, trend. The
ratio of residual to already generated hydrocarbons
is also the highest.

Sample Bg St-13, like the others, shows good
hydrocarbon generation potential. Again, S,>S, is
observed. Sample Bg Buk-4 demonstrates the low-

est TOC value compared to the previous samples.
Here, S, is also higher, albeit slightly, than S,.

Parameters S, vs. TOC for the samples studied
are demonstrated in Figure 2. All studied samples
show results similar to the referenced samples 2-D,
St-16A, 13-A, and St-11 (Botoucharov et al., 2015).
Sample St-12 has the highest generation potential in
terms of TOC value, but all studied samples from
the Stefanets Member fall within the “good” poten-
tial range.

4.3.2. Qualitative indicators (type of kerogen)

One of the most informative indicators for deter-
mining the type of organic matter are HI and the S,/
S, ratio (Fig. 3, Table 5).
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Fig. 2. Diagram comparing S2 and TOC in the studied samples
compared to previous results.

In the samples from the Stefanets Member, a
trend of decreasing HI values with decreasing TOC
is observed. HI values range from 22 to 81 mg HC/g
TOC. All samples can be classified as kerogen type
IIT and even type IV. The same observation applies
to the sample from the Bukorovo Member.

However, in this interpretation, the thermal ma-
turity of the organic matter must be taken into ac-
count, because HI is a parameter numerically deter-
mined from S, and TOC. According to Peters (1986)
and Peters and Cassa (1994), it is recommended that
samples for the study of organic matter be selected
in the immature (diagenesis) or early-mature stage
(beginning of catagenesis). Rocks that are before or
at the beginning of the “oil window” demonstrate
their full generation potential in pyrolysis studies.
In other cases, lower quantitative and qualitative re-
sults for the organic matter are obtained, depending
on its thermal maturity. Since the maturity of the
studied samples is high, according to PI and %Ro
(Table 5; see below), the measured hydrogen index
values are reduced in these cases. This is due to the
strongly decreased residual hydrocarbon content
(S,) and the relatively more stable or slowly de-
creasing TOC values.

Previous studies have highlighted similar issues
with samples at advanced stages of organic mat-
ter transformation (Botoucharov et al., 2015, 2016,
2020).

Based on the newly presented data, and in the
context of available analyses for the southern sub-
siding part of the Moesian Platform and the Western
Fore-Balkan, as well as paleogeographic considera-
tions, it can be reasonably inferred that the organic
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Fig. 3. Diagram showing the kerogen type in the studied sam-
ples compared to previous results.

matter in the lower to middle Jurassic marine sedi-
ments is kerogen III and II/III. In the deepest part
of the basin, the presence of kerogen type Il can also
be assumed, which cannot be confirmed analytically
due to the extremely high thermal maturity south of
the Beglej wells. According to the obtained S,/S,
ratio (for sample St-16A), this studied rock has a
very good potential and may generate gas due to the
advanced catagenetic alteration that occurred at sig-
nificant depth.

Figure 2 shows a comparison between the stud-
ied samples and previously published results for
samples 2-D, 13-A, St-11, and St-16A (Botoucha-
rov et al., 2015). The samples compared were also
taken from the Stefanets Member in borehole P-1
Beglej. The results of all samples show similar and
comparable Hl and T, values.

The paleogeographic position of the studied
area and the pyrolysis results indicate that the de-
posited organic matter is type Il or mixed type 11/
III kerogen.

4.3.3. Thermal maturity of organic matter

The obtained T, values for the sediments from
the Stefanets Member vary within a relatively wide
range but fall within the “oil window.” They char-
acterize the maturity of the organic matter from
early to late stages according to the classification of
Peters (1986), as shown in Table 4. Two of the sam-
ples fall in the range of 435-445 °C, corresponding
to an early maturity stage. The other two samples
from the Stefanets Member and the Buk-4 sample



from the Bukorovo Member fall within the range of
450470 °C, representing a late maturity stage.

Regarding the maturity index (PI), the measured
values for the Stefanets Member samples range
from 0.15-0.24, corresponding to an early maturity
stage. This is consistent with the other maturity in-
dicators. The sample from the Bukorovo Member
falls in the range of 0.25-0.40, corresponding to the
peak of maturity.

The vitrinite reflectance is also in agreement
with the other analyses. According to the obtained
%Ro values, three of the Stefanets Member samples
and the Bukorovo Member sample fall in the middle
of the “oil window,” with values ranging from 0.73
to 0.91 %Ro.

Conclusions

The rocks from the Bukorovo and Stefanets Members
are among the most prospective sediments for organic
matter studies due to the paleogeographic marine set-
ting of deposition and relatively high organic carbon
content. The amount, quality, and maturity of organic
matter in five studied samples from the two members
were assessed here by Rock-Eval analysis.

The results were compared with reference val-
ues from the literature and with other published data
for Lower—Middle Jurassic sedimentary rocks from
the Moesian Platform and its surrounding regions.
Our new data shows that studied rocks are capable
of generating oil (under the recorded thermal ma-
turity) and gas (at higher levels of catagenetic al-
teration of the organic matter). Quantitative indica-
tors (particularly the amount of TOC) are similar
and relatively high in all samples from the Stefanets
Member, whereas the single sample analyzed from
the Bukorovo Member has a somewhat lower TOC
contents. Collectively, all studied samples are clas-
sified in the medium to good hydrocarbon-generat-
ing potential category.

Qualitative indicators (kerogen type) suggest
that all samples contain kerogen types Il and IV.
However, the high degree of maturity generally
leads to reduced hydrogen index values. The pres-
ence of mixed organic matter (kerogen type II/II1)
in samples with lower thermal maturity could be ex-
pected. According to T, , PI, and %Ro results, all
samples predominantly fall within the lower part of
the “oil window.”

ICP-MS and ICP-OES analyses revealed differ-
ences in the composition of the two formations: an
increased carbonate component in the Bukorovo
Member samples and higher clay content in the Ste-
fanets Member samples.

Elemental analyzer results further highlight dif-
ferences between the two formations: C,; and sul-
fur are higher in the marl sample from the Bukorovo
Member of the Ozirovo Formation, whereas nitro-
gen and hydrogen are higher in the Stefanets Mem-
ber of the Etropole Formation.
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