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Abstract

The formation of the principal hydrocarbon resource base of Eastern Azerbaijan is predominantly associated with deeply
buried source kitchens within the Middle Eocene to Upper Miocene succession of the South Caspian Basin offshore area.
Analogues of these deposits are widely distributed within uplifted onshore structural zones, where they crop out or occur
at relatively shallow depths. Geochemical investigation of outcrop samples and rock fragments from mud volcano ejecta
revealed that the Middle Eocene (Middle Koun Formation) and Middle-Upper Miocene (Diatom Formation) oil shales are
characterized by exceptionally high organic carbon content. The Oligocene-Miocene Maikop Series, traditionally regarded
as the principal source rocks of the region, are markedly inferior to these strata in terms of organic matter enrichment.
Rock-Eval pyrolysis, thermogravimetric analysis, and kinetic modeling confirm that the Eocene and Diatom shales contain
a Type Il oil-generating kerogen characterized by low activation energy and active stepwise degradation. The Maikop
shales are source rocks with a predominance of Type 11 kerogen, the degradation of which requires high activation ener-
gies and exhibits gas-generating potential. The mineral composition of the samples, characterized by a low degree of
illitization, and FTIR spectroscopy data indicating the pronounced presence of long-chain aliphatic compounds, point to
the low thermal maturity of the kerogen, which is corroborated by petrographic analysis results. Microscopic investigations
and pyrolysis data suggest that shale oil may be retained within the kerogen matrix in an adsorbed or swollen state. The
integration of geological and geochemical parameters that characterize the occurrence of immature, high-carbon strata
with an effective thickness of up to 40 m at depths of up to 4 km confirms the high potential of their thermal conversion
to synthetic hydrocarbons. The research results form a scientific basis for future projects on the development of unconven-
tional hydrocarbons in oil shale strata.
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Introduction

The global energy transition of the 21st century is characterized by the active development of a
broad range of unconventional hydrocarbon resources, reflecting efforts to diversify the resource base
and enhance the resilience of energy supply amid the ongoing transformation of the global energy
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sector [1-3]. According to contemporary global assessments, oil and natural gas, including resources
from unconventional shale formations, continue to play a decisive role in ensuring global energy
security in the medium term, while their long-term significance is primarily addressed within sce-
nario-based projections.

From a geological perspective, petroleum source shale sequences constitute a continuous evolu-
tionary series; however, they differ fundamentally in technological terms [4-7]. The first group com-
prises mature shale formations in which organic matter has already been transformed into mobile
hydrocarbons, and the active exploitation of which formed the basis of the first wave of the “shale
revolution” [8, 9]. The second group consists of immature oil shales containing primary solid organic
matter (kerogen) and representing a substantial strategic reserve for the subsequent stages of industry
development [10, 11].

The scale of the technological breakthrough in the exploitation of the first group of resources,
enabled by horizontal drilling and multistage hydraulic fracturing, is reflected in current industry
statistics. In the United States, the share of gas produced from shale and tight formations has reached
79 %; in 2024, a decline in production volumes compared to 2023 was recorded for the first time,
which may indicate the onset of depletion in the most productive areas. China also demonstrates
substantial technological and industrial progress; in 2023, its average daily shale gas production
reached 71 million m?, accounting for 12 % of national output. At the same time, geological resource
assessments indicate a substantial potential resource base (118.67 trillion m?), the development of
which requires the introduction of new extraction methods [12]. Despite technological progress, the
efficient development of mature formations still critically depends on high-productivity zones [13].
Intensive exploitation of these zones leads to a rapid decline in production rates, thereby limiting the
long-term sustainability of this development model [14]. In this context, research is increasingly shifting
toward immature oil shales, the specific characteristics of which require thermal conversion processes
rather than hydrodynamic production methods [15, 16]. According to global estimates, the reserves of
these resources reach approximately 690.2 billion tons of oil equivalent, significantly exceeding the
volume of conventional oil [17]. However, the realization of this potential is determined not only by
geological factors but also by the efficiency of technologies and economic conditions [18]. Therefore,
resource development strategies range from surface processing for shallow deposits to in-situ conver-
sion methods, which represent a key technological solution for deep reservoirs [16].

The technical feasibility of in-situ oil shale conversion has been convincingly demonstrated
through field and pilot programs in the United States, where Shell’s Mahogany project, as well as trials
conducted by Chevron and ExxonMobil, confirmed the viability of the concept of prolonged in-situ
heating of kerogen-bearing strata. The decline in commercial activity in this field after 2010 was not
driven by technological limitations, but rather by the economic non-competitiveness of energy-intensive
thermal processes in the context of the rapid expansion of low-cost shale oil and gas production [11].
Over the past decade, the center of research has shifted to China, where technologies for electric, steam,
and microwave heating, as well as catalytic and autothermal pyrolysis schemes, have been actively
developed in the Ordos and Songliao basins, as evidenced by a number of experimental and pilot
studies [19, 20]. The application of these approaches enables the production of lighter oil, an increase
in product yield of more than 60 %, the elimination of the need for hydraulic fracturing, and a reduction
in environmental impact [18, 21, 22]. Recent studies [23-25] indicate that key scientific and engineering
challenges are focused on improving energy efficiency, optimizing heat transfer, and controlling the
evolution of pore-fracture systems as interconnected thermochemical and structural processes that
govern the effectiveness of in-situ conversion [26-29]. Taken together, the results of these studies, along
with assessments of technological feasibility and resource applicability, allow in-situ conversion to be
regarded as a key and most promising long-term pathway for the production of synthetic hydrocarbons
under conditions of increasing technological maturity of the industry [30, 31].

The advancement of the aforementioned technological approaches requires a robust scientific
foundation, within which the assessment of the oil and gas potential of oil shales is considered a key
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geological and geochemical task, forming the fundamental basis for planning future pilot projects
and experimental-industrial operations [32-34]. This assessment is based not only on stratigraphic
position, burial depth, and thickness of enriched intervals, but also on the systematic
characterization of organic matter, including its content, kerogen type, and degree of thermal
maturity [35, 36]. Along with this, the analysis of the phase state of hydrocarbons in the rock,
specifically their distribution among solid organic matter, free fluids in the pore space, and compo-
nents retained in a sorbed (both adsorbed and absorbed) state within the organic-mineral matrix,
acquires fundamental importance [37, 38]. A systematic geological and geochemical assessment
based on the integrated interpretation of these parameters, rather than their isolated consideration,
allows for increased reliability in forecasting generation potential and for a well-founded determi-
nation of resource development strategy [39-44].

The South Caspian Basin is known for significant hydrocarbon reserves concentrated in the
productive Cenozoic section of an ultra-thick sedimentary cover reaching 25-30 km [45]. In the
deep-water part of the basin, the main source rock formations of Paleogene-Miocene age occur at
depths of more than 6 km, where they have reached the peak of generation, ensuring the formation
of conventional oil and gas fields [46-48]. However, in the uplifted onshore marginal zones, these
same deposits occur at relatively shallow depths or crop out at the surface as thick oil shale units.
Given the ongoing depletion of conventional hydrocarbon resources [49], this study presents the
first systematic geological and geochemical assessment of these deposits to evaluate their potential
as a resource base for surface retorting and in-situ conversion technologies.

Geological setting of the study area

Surface outcrops of oil shales. In Eastern Azerbaijan, more than 100 oil shale outcrops have
been documented within a stratigraphic interval ranging from the Middle Eocene to the Upper Mio-
cene (Fig.1). This outcrop belt extends for approximately 128 km along the regional Caucasian struc-
tural trend, from northwest to southeast.

In the southeastern plunge of the Greater Caucasus, the Eocene succession is composed pre-
dominantly of clay-rich sediments. The brown lithofacies of the Middle Eocene (Middle Koun) are
lithologically and visually distinct from the underlying white and overlying green deposits. In the
northern part of Gobustan, oil shale interbeds occurring in the upper part of the section are ex-
tremely thin (1-2 cm), as observed at the Ambizler and Shikhandagh localities. Southward, the
intensity of rhythmic interbedding between oil shales and clays increases. A representative example
is the Aghburun area, where up to 2700 oil shale-clay cycles have been recorded within a 118 m
thick succession. The thickness of individual beds increases from 2-3 cm at the base to 10-15 cm
at the top of the section. In Central Gobustan, an inversion in shale distribution is observed, with
the principal oil shale-bearing packages concentrated in the lower part of the Jengichay section.
From the northwest (from Diyalli area) toward the southeast to the center of Gobustan, an alterna-
tion of oil shale beds reaching 10 m in thickness is traced in the lower parts of the section. South-
ward from central Gobustan, the total thickness of the Middle Koun shale-bearing strata increases
from approximately 250 to 400 m [46].

The Lower Maikop shales (Oligocene) in the Shamakhi-Gobustan and Pre-Talysh regions are rep-
resented by dense black rocks interbedded with thin layers of other lithofacies, as observed in the
Jeyrankechmez-Gayiblar section. In the Talysh region, the shale-bearing strata is associated with the
Perimbel Formation, which attains a maximum thickness of more than 1.5 km in the Vileshchay area.

The Upper Maikop deposits (Lower Miocene) in the Shamakhi-Gobustan region are subdivided
into clay-rich (northern) and sandy-clayey (southern) facies. With respect to shale occurrence, the
Riki Horizon is of particular interest, where numerous organic-rich interbeds are predominantly a few
centimeters thick, only occasionally reaching thicknesses of up to 1 m, as observed in the Gayiblar
section. The horizon is characterized by brown to dark-brown clays containing jarosite, gypsum, and
siderite concretions. The total thickness of the shale-bearing strata within the Riki Horizon reaches
250 m.
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Fig.1. Geological map of Eastern Azerbaijan showing the location of identified oil shale outcrops:

1 - Anig; 2 — Guruchay (Susay); 3 — Velvelechay; 4 — Alij (Garachay); 5 — Garachay-Jaghachukchay; 6 — Rustov; 7 — Bahgchali;

8 — Khanagah; 9 — Kamalchay; 10 — Tengealti; 11 — Gilgilchay; 12 — Zarat-Kheybari; 13 — Saridashchay; 14 — Altiaghaj;
15 — Bakhishli; 16 — Gilazi (Zarat); 17 — Lahij; 18 — Sadiyan; 19 — Diyalli; 20 — Dahar deresi; 21 — Sarsura; 22 — Khasidere;
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Fig.1. End
23 — Gurjuvan; 24 — Talyshnuru; 25 — Gizmeydan; 26 — Mirikend; 27 — Khinisli-Pirdireyi; 28 — Angekharan;
29 — Arabshalbash; 30 — Ambizler; 31 — Chargishlag; 32 — Kemchi; 33 — Shorabad-Yashma; 34 — Aghdere; 35 — Khilmilli;
36 — Goradil; 37 — Shikhandagh; 38 — Kurkechidag; 39 — Nabur; 40 — Bekle; 41 — Jayirli; 42 — Tuva; 43 — Garajuzlu;
44 — Ahudagh; 45 — Shimshedi; 46 — Boyuk Siyeki; 47 — Kichik Siyeki; 48 — Siyekilerarasi; 49 — Garatakhta; 50 — Kichik Mereze;
51 — Shikhzerli; 52 — Gayiblar; 53 — Shayiblar; 54 — Jeyrankechmez-Gayiblar; 55 — Jeyrankechmez; 56 — Galaja; 57 — Gibledagh;
58 — Jengidagh; 59 — Jengichay; 60 — Chobandagh; 61 — lyimish; 62 — Dashlija; 63 — Dostubozu; 64 — Sungur; 65 — Birgut;
66 — Baygushgaya; 67 — Alagishlag; 68 — Bayanata; 69 — Baygushlu; 70 — Donguzlug; 71 — Akhijan; 72 — Mayash; 73 — Aghburun;
74 — Yunusdagh; 75 — llkhidagh; 76 — Kecheller; 77 — Pirekeshkul; 78 — Garaislam; 79 — Islamdagh; 80 — Chayli (Goturdagh);
81 — Saridash; 82 — Girdagh; 83 — Girgishlag; 84 — Gungormez-Cheyildagh; 85 — Cheyildere; 86 — Cheyildagh-Nardaranakhtarma;
87 — Cheyildagh-Cheyilakhtarma; 88 — Dashmerdan; 89 — Gilinj; 90 — Solakhay; 91 — Nasosnu-Goytepe; 92 — Kusmelidagh;
93 — Uchtepe; 94 — Aghchala; 95 — Mushvigabad yolu; 96 — Damlamaja; 97 — Garaheybet; 98 — Shorbulag; 99 — Jorat;
100 — Orjandagh; 101 — Goredil; 102 — Fatmayi; 103 — Senger (Saray); 104 — Guzdek; 105 — Kecheldagh; 106 — Masazir;
107 — Binegedi; 108 — Zigilpiri-Khirdalan; 109 — Shabandagh; 110 — Tekdam; 111 — Vileshchay

Middle and Upper Miocene oil shale deposits of the Diatom Formation are genetically associated
with the Konkian, Sarmatian, and Meotian regional stages. In the Caspian-Guba region, the Rustov
Horizon of Upper Sarmatian age is distinguished, where oil shales are interbedded with carbonate-
clay deposits. The most significant outcrops of this horizon are concentrated within a 30-kilometers
wide belt between the Velvelechay and Gudyalchay rivers. In Central Gobustan, the diatomaceous
oil shale-bearing strata is represented by the Konkian (Baygushgaya Formation) and Meotian (Birgut
Formation) intervals. The thickness of this succession reaches 200 m at the Sundu and Bekle sites
(northwest), 250 m in the north, and 500 m in the center. In the Boyuk Siyeki and Mayash sections,
composed of clays, marls, and volcanic ash, the oil shale beds attain considerable thickness. Tex-
turally, they belong to the so-called “paper” shales, which develop pronounced fissility on weathered
surfaces.

It should be noted that the cumulative thickness of oil shale-bearing strata in the sections reaches
500 m, while individual beds attain thicknesses of up to 40 m. The highest degree of shale develop-
ment is observed in the Upper Maikop, where, due to the frequent alternation of thin interbeds, shales
account for up to 60 % of the section. In the Middle Eocene, oil shales constitute 15 % of the section,
locally increasing to 25 % in the parautochthonous zone (Jengichay area). In the Miocene complex
of the Guba region (Sarmatian), oil shales occupy more than 10 % of the section, whereas in Central
Gobustan (Konkian-Meotian) their proportion reaches 20 %.

Oil shale ejecta from mud volcanoes. Mud volcanic eruptions in Eastern Azerbaijan also bring
fragments of oil shale to the surface as part of their solid ejecta [47, 50]. An integrated interpretation
of micropaleontological data obtained from these fragments, together with regional geological and
geophysical profiles crossing mud volcano provinces, makes it possible to determine their strati-
graphic affiliation and depth of origin [46, 51]. Such an approach provides a basis for tracing the
spatial continuity of oil shale strata exposed at the surface into deeply buried parts of the sedimentary
section and for assessing their hydrocarbon potential using geological and geochemical data derived
from actual samples. This strategy is of critical importance for the southern coastal parts of Gobustan,
the Absheron Peninsula, and the Lower Kura Depression, where surface exposures are limited due to
the development of a thick Pliocene-Quaternary sedimentary cover and where deeply buried horizons
are inaccessible to conventional drilling methods [46].

Distribution of oil shale-bearing strata across different tectonic zones. The distribution of
shale-bearing strata in the region is controlled by the boundaries of major tectonic elements. The
Jeyrankechmez-South Caspian Megabasin is characterized not only by the widespread occurrence of
these deposits but also by numerous mud volcanoes and hydrocarbon fields [52, 53]. Within the ac-
cretionary prism of the Greater Caucasus (Southern Slope Megazone), Middle Eocene oil shale out-
crops are widely developed [46]. The central part of Gobustan (parautochthonous zone) is distin-
guished by the occurrence of oil shale deposits ranging in age from the Middle Eocene to the Upper
Miocene.

The Greater Caucasus thrust determines the northern tectonic boundary of the distribution of
Middle Eocene oil shales of Eastern Azerbaijan. Within the northern allochthonous zone of North
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Gobustan, outcrops of Middle Eocene oil shales are structurally mainly confined to the cores of
synclines, where they are exposed in the upper parts of the section. In the paraautochthon of Central
Gobustan (for example, on the Jengichay structure), oil shale-bearing deposits participate in the
structure of anticline folds, forming their limbs and crest parts.

The distribution of Lower Maikop shales in the Vendam and Lerik-Yardimli zones has a wider
distribution compared to the Jeyrankechmez-South Caspian Megabasin, particularly its parautochtho-
nous zone in Central Gobustan. The development of Upper Maikop shale strata is restricted mainly
to the limits of the megabasin itself, where they participate in the structure of both synclinal and
anticlinal structures.

The northern distribution area of Sarmatian diatomaceous oil shales is localized outside the
megabasin and is confined to the Guba tectonic zone [54]. Within the paragutochthon of Central
Gobustan, synclinal structures are characterized by the widespread development of Konkian and
Meotian diatomaceous oil shales with a clear lithological dominance. In certain synclines, the thick-
ness of Konkian oil shales also reaches significant values. A characteristic feature of this tectonic
zone is the joint occurrence of these strata in a single stratigraphic section.

In the parautochthonous zone of the northern and central parts of Western Absheron, the
diatomaceous oil shale strata participate in the structure of large anticlines. Lens-shaped outcrops
of these rocks are confined to the periclines and crests of anticlinal structures, which are compli-
cated by faults and mud volcanoes. A similar geological-structural setting is characteristic also of
the Lengebiz-Alat fault structure in Southern Gobustan. The widespread development of natural oil
seeps and surface accumulations of bituminized rocks within these structures indicates active ver-
tical migration of hydrocarbons from deeply buried horizons. The specific texture of diatomaceous
“paper” oil shales serves as a favorable factor for their secondary saturation by allochthonous fluids.

Deep-seated occurrence of oil shale-bearing strata. In the allochthonous zone of Northern
Gobustan, oil shales occur at relatively shallow depths, overlain by a thrust complex of Cretaceous
deposits. Within the Jeyrankechmez-South Caspian Megabasin, in particular in the parautochtho-
nous zone of Central Gobustan, Middle Eocene and Maikop shale strata are buried at depths ex-
ceeding 4 km from the surface (Fig.2). This sharply contrasts with the geological-structural condi-
tions of the coastal zone of Southern Gobustan and Southern Absheron, where the depth of
occurrence of these complexes increases significantly [46]. Available data indicate extremely deep
burial of Cenozoic shales in the offshore part of Eastern Azerbaijan; in some areas, wells with
depths of up to 7 km penetrated exclusively Pliocene deposits. Outside the megabasin, Sarmatian
diatomaceous and Lower Maikop shales are characterized by low-amplitude subsidence, occurring
at depths of up to 1.4 km.

Methods

Mineralogical and petrographic studies. Microfaunal analysis was performed at magnifications
of x200-300 using Loupe Zoom Paralux XTL 745 and MBS-10 microscopes. The acquired images
were transferred to a computer using an OptixCam digital camera. The rock mineralogy was analyzed
via X-ray diffraction (XRD) using a Rigaku MiniFlex diffractometer [46].

Petrographic studies were carried out using a Leica DM2500 P polarizing light microscope
operating in reflected and transmitted light. The microscope, equipped with 50x and 20x oil immer-
sion objectives, was used with white and polarized light illumination, crossed polarizers, a 1/4 A plate,
and a Lumenera Infinity 1-5C camera.

Extraction. Shale samples were subjected to extraction in a Soxhlet apparatus to determine the
quantitative content of chloroform bitumoid and alcohol-benzene extract [55].

Geochemical analyses. Pyrolytic analyses were carried out on a modified Rock-Eval 6 instru-
ment. FTIR spectra were obtained at room temperature using a diamond crystal on a LUMOS FTIR
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Fig.2. Geological map (a) and geological profile (b) of Central and Southern Gobustan [46]

microscope in the wavenumber range from 600 to 4000 cm™. Thermogravimetric analysis was
performed on a NETZSCH STA 449F3 Jupiter thermal analyzer. Samples weighing 7-10 mg were
heated at a rate of 10 °C/min at a nitrogen flow rate of 100 ml/min. All analyses were carried out in
a temperature-programmed dynamic mode.

Gas analysis. The concentration of adsorbed hydrocarbon gases in rock samples was measured
using a Micro GC Fusion gas chromatograph.

Results and discussion

Mineralogical classification. In the studied samples, 21 minerals of six mineral classes were
identified. The distribution of the ten most common minerals is as follows: quartz, montmorillonite,
illite, feldspar, calcite, jarosite, chlorite, kaolinite, hematite, and pyrite. Comparative analysis
showed that samples from mud volcano ejecta contain a higher proportion of chlorite, whereas Upper
Maikop shales are richer in quartz compared with those from the Middle Eocene and Diatom strata.

The results of mineralogical classification (Fig.3) show that shales of Eastern Azerbaijan are
predominantly clay-siliceous. In contrast to the Maikop shales, samples from the Middle Eocene and
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the Diatom Formation with calcite contents of more than 10 % are shifted toward the carbonate field
in the diagram. Carbonate-bearing shales were identified in the Lower Maikop sections of the Lerik-
Yardimli tectonic zone. A group of Middle Eocene samples from Central Gobustan contains a higher
proportion of brittle minerals, as do the Barnett and Bakken shales, from which shale hydrocarbons
are produced.

Organic matter enrichment. Oil shales of the Middle Eocene and the Diatom Formation demon-
strate significantly higher average contents of total organic carbon (TOC) (11.18 and 9.87 %, respec-
tively) compared with deposits of the Maikop Series, which are considered [56] the most effective
source rock in Azerbaijan. In shales of the Maikop Series, the average TOC values for the Lower and
Upper Maikop are 2.9 and 5.26 %, respectively. The generation potential (GP) of the investigated
shales, calculated based on S1 + S2 values, varies from 24.92 to 209.49 mg HC/g rock (average
63.47 mg HC/g rock) for the Middle Eocene, from 3.09 to 80.55 mg HC/g rock (average 18.63 mg
HC/g rock) for the Maikop Series, and from 15.20 to 130.06 mg HC/g rock (average
56.05 mg HC/g rock) for the Diatom Formation. A two-dimensional plot showing the dependence of
GP on TOC (Fig.4) indicates that the hydrocarbon generation potential in the samples ranges from
good (Maikop Series) to excellent (Middle Eocene and the Diatom Formation).

Maceral composition of organic matter and its generation potential. The results of petrographic
analysis (Fig.5) of oil shales in the interval from the Middle Eocene to the Diatom Formation show that
the proportion of telalginite and lamalginite in the Middle Eocene intervals is significantly higher than
that of vitrinite and inertinite; telalginite predominates over lamalginite in the Lower Maikop sections,
whereas vitrinite is the dominant maceral group in Upper Maikop deposits; alginite is the key maceral
in the Diatom Formation, being three times more abundant than vitrinite and ten times more abundant
than inertinite. Upper Maikop shales, practically devoid of calcite, are characterized by higher quartz
content in their mineralogical composition. These features demonstrate a strong correlation with the
predominant influence of terrigenous sedimentation and allochthonous organic matter [46].

Oil shales of the Middle Eocene and the Diatom Formation, rich in calcite, were formed under
the influence of seawater, which led to the predominance of autochthonous organic matter in their
composition [46]. These rocks of Eastern Azerbaijan show similarity to the Eocene Huadian shales
in China, in which autochthonous algal material also predominates, including telalginite (mainly
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Fig.4. Diagrams showing TOC content (a), thermal maturity (b),
and kerogen type (c) in samples based on pyrolysis data

derived from Botryococcus spp. and diatoms) and lamalginite, as well as macerals of the vitrinite,
inertinite, and exinite groups formed from remains of higher plants [57]. These immature shales are
considered excellent source rocks with TOC values exceeding 10.6 % and hydrogen index (HI) values
above 500 mg HC/g TOC.

Lamalginite

y of

’
1 )
Telalginite

Fig.5. Photomicrographs of macerals in the studied shale samples:
a, b — Diatom shale; ¢, d — Maikop shale; e, f — Middle Eocene shale [52];
a, ¢, e — reflected light microscopy; b, d, f — fluorescence microscopy
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Analysis of extracts showed that the content of alcohol-benzene bitumoids in shales of the
Maikop Series exceeds that of chloroform bitumoids. In contrast, in the organic matter of Middle
Eocene shales and Diatom Formation, which are rich in chloroform bitumoid, saturated
hydrocarbons predominate. The obtained data are confirmed by the results of FTIR spectroscopy,
which was performed on the original shale samples and on the extracts isolated from them
(see Table).

Characteristics of absorption bands in the IR spectra of original and extracted
samples and their geochemical significance

Wavenumber,

omt Functional groups and bond types Geochemical significance

2854; 2925; C—H stretching vibrations in methylene | High aliphaticity of organic matter; significant petroleum generation

2927 (-CH2-) and methyl (—-CHs) groups potential (Type | and Il kerogen), low thermal maturity
1385; 1457 C-H bending vibrations of aliphatic Predominance of paraffinic chains; low thermal maturity of organic
structures matter
700; 715; Wagging vibrations of (~CHz2-)n Direct indicator of the presence of long-chain n-alkanes; high petro-
716 (n>4) leum potential and low thermal maturity
1212; 1234 C-O stretching vibrations High concentration of oxygen-containing groups; diagenetic stage (im-
(ethers, phenols, acids) mature organic matter)
932; 935 Out-of-plane C—H deformation Presence of olefinic structures (terminal double bonds); preservation of
vibrations (olefinic/vinyl groups) the original structure at low thermal maturity
1628; 1634 Aromatic C=C stretching vibrations Characterization of the aromatic skeleton structure; preservation of
generation potential during early stages of transformation
3418 O-H and N-H stretching vibrations Presence of heteroatomic compounds and hydrogen bonds characteris-
of hydrogen-bonded groups tic of immature organic matter
3646; 3647 Free O—H bonds (structural hydroxyl Presence of structural water in the clay lattice of the studied rocks
of minerals)

In the interval 100-275 °C, a mass loss of 4.15 % is observed in the Diatom Formation sample
(Fig.6, a), accompanied by the release of water vapor and light volatile hydrocarbons, indicating
the initial stage of thermal bitumen formation due to cleavage of the shortest and most unstable
aliphatic kerogen chains. At temperatures from 275 to 550 °C, the cumulative mass loss reaches
23.4 % and reflects more intensive bitumen formation as well as the generation of oil, gas, and
coke. In the Middle Eocene sample, the mass loss is 38.05 % in the interval 300-700 °C (Fig.6, c),
while the 650-700 °C interval corresponds not only to the destruction of residual organic com-
pounds but also to the decomposition of carbonate minerals, especially calcite, characteristic of
these samples. In both cases, aliphatic compounds decompose in two stages; for the Diatom
Formation, the second stage concludes at temperatures up to 410 °C, whereas for the Middle Eocene
sample it occurs up to 375 and 475 °C. In the Middle Eocene sample, the high-temperature range
indicates degradation of stable aliphatic and initial aromatic structures characteristic of the oil — gas
transition zone, accompanied by the ongoing formation of heavy shale oil and the initial generation
of C1—Cs fractions. The narrow, stepwise nature of thermal destruction and the extensive breakdown
of aliphatic components in both samples confirm the efficiency of oil generation, as evidenced by
lower values of activation energy (67.5 and 69.3 kJ/mol, respectively) and pre-exponential factors
(3x10% and ~7x10% s72, respectively), characteristic of paraffinic kerogen (Type Il, see Fig.4, c).
Thermal degradation of the Maikop shale occurs in the temperature range of 250-600 °C (Fig.6, b),
while the maximum mass loss is relatively small (19.81 %). This indicates the requirement
for higher temperatures and activation energy (76.4 kJ/mol at 2x10* s7) for the breakdown of
strong C—C bonds characteristic of an aromatically enriched structure (see Table). Such kinetic
parameters suggest a limited oil generation potential with a pronounced tendency toward gas and
coke generation.
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Thermal maturity of organic matter. Under diagenetic conditions, the transformation of smec-
tite to illite occurs at temperatures above 50 °C. The illitization process promotes hydrocarbon mi-
gration from shale and the development of elevated formation pressure. An increase in illite content
in mixed-layer illite-smectite minerals correlates with increasing depth and temperature. An illite
proportion of up to 25 % corresponds to a vitrinite reflectance (Ro = 0.5 %), indicating the onset of
oil generation at approximately 60 °C. The average illite content (14.69 %) in the analyzed samples
indicates thermal immaturity. This is supported by FTIR spectroscopy results (see Table), which show
that the aliphatic structure of bitumen and kerogen is dominated by long-chain components, including
methylene units (-CH>-) and terminal methyl groups (—-CHz). The presence of these long-chain al-
kanes is characteristic of low-temperature diagenetic conditions (~45-50 °C). They are destroyed
during the catagenetic stage (at T > 60 °C), undergoing shortening and/or branching, which leads to
the formation of light hydrocarbons and gas.

Studies [58] emphasize a positive correlation between oxygen-containing groups and the imma-
turity of organic matter. FTIR spectroscopy data (see table), recording the presence of C—O bonds in
the samples before and after extraction, also confirm that higher temperature conditions are required
to achieve the maturity of the studied shales.

Some Middle Eocene and Maikop shales demonstrate elevated concentrations of illite and chlo-
rite, as well as a moderate and high content of chloroform bitumoid, indicating the approach of their
kerogen to the oil generation phase. These samples, collected from the area of mud volcanoes near
the Caspian Sea, represent shales occurring at significant depths [46]. The high thermal maturity
values observed in these samples (e.g., Ro = 0.62 % for the Otmanbozdagh samples and Ro = 0.58 %
for Lokbatan, see Fig.4, b) demonstrate that the organic-rich Middle Eocene and Maikop shales oc-
curring in the deepest parts of the Caspian Sea are key oil and gas source rocks for oil and gas fields
that have been under exploitation for nearly two centuries. Given the depth of the Miocene deposits
in the Caspian Sea, it is highly probable that Diatom shales could also act as a mature oil source rock,
contributing to oil-generation in the South Caspian Basin.

Although the studied oil shales are generally thermally immature source rocks requiring
artificial heating for commercial oil production, samples from the Shamakhi zone (e.g., Demirchi,
Khilmilli, etc.) exhibit elevated Ro values. The enhanced internal heat source in this zone, charac-
terized by a relatively thin sedimentary cover, is likely associated with the presence of major
tectonic structures, including deep faults and thrusts within the North Gobustan allochthon, as
well as magmatic intrusive bodies beneath the Earth’s surface [46]. The significantly high
geothermal gradient recorded in this zone (up to 30 °C/km) further highlights its distinctive thermal
regime.

Our study reveals a weak correlation between stratigraphic age and thermal maturity indicators
(maximum pyrolysis temperature, Tmax, and R0) in some samples. In Fig.4, b, a group of Diatom
samples demonstrates higher Tmax values compared to older shales. A similar result was noted
in [56]. This is probably related to the origin of the kerogen, including its formation under the
dominant influence of plankton-derived organic matter, which is characterized by greater hydrogen
enrichment. Although hydrogen-rich kerogens exhibit stabilization at a stage close to thermal ma-
turity, their hydrogen content is depleted at lower or higher maturity stages. On the other hand, on
the Ro versus Tmax plot (see Fig.4, b), in most Maikop samples Ro varies within the range of
0.4-0.5 %. This can be explained by the significant contribution of terrigenous organic matter, par-
ticularly vitrinite-rich macerals (see Fig.5, c¢), to the formation of their kerogen. The presence of
vitrinite-rich macerals in the Maikop shales, which demonstrate a better correlation with Type I11
kerogen in Fig.4, c, is the reason for their relatively high Ro values. However, the basin in which
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the studied shale-bearing strata were formed is characterized by high tectonic activity. Conse-
quently, in addition to uplifts and subsidences that occurred here throughout geological time, the
present geothermal gradient may also be influenced by differences in sedimentation processes, pres-
sures, and mineralogical factors.

Determinants of oil-bearing capacity of reservoir shales. Layered and (or) laminated organic-
rich shales are considered priority targets for shale oil development because their texture plays a key
role in controlling fracture formation [59, 60]. In particular, one of the key features determining the
significance of laminated texture as a reservoir is explained by the fact that fracture formation along
bedding is typical of mechanically weak surfaces between different laminae [61]. Along with micro-
fractures, shale oil is mainly distributed in pores (free oil), on mineral surfaces, and in kerogen (ad-
sorbed oil) [62-64]. Study [65] emphasizes that macropores contain most of the shale oil (more than
80 %) in lacustrine shales with Type II kerogen (HI>400 mg HC/g TOC). Meanwhile, [61] estab-
lished that the average pore size and pore connectivity in laminated shales are advantageous for shale
oil retention and mobility, and although shale oil in such shales is associated with pores of 10-30 nm,
pores larger than 100 nm can sometimes also make a certain contribution. The significant role of
macropores in retaining a significant portion of free shale oil in shales rich in Type II kerogen [65],
combined with the contribution of macro- and microfractures in the laminated shales, confirms the
high assessment of the shale oil potential of the organic-rich Middle Eocene and Diatom oil shales of
Eastern Azerbaijan.

Although the shales of Eastern Azerbaijan are predominantly enriched in clay minerals, samples
from Central Gobustan contain a higher concentration of brittle minerals (see Fig.3). This mineralogical
composition increases the shale oil potential, as it facilitates microfracture formation and oil move-
ment. At the same time, the high clay content, although it may create technological difficulties, also
positively affects oil adsorption and retention.

To intensify unconventional oil recovery, enrichment of low-permeability, organic-rich shales
with organic acids and CO2 may be applied, since during hydrocarbon generation organic matter
itself produces organic acids and carbon dioxide. Organic acids demonstrate a high capacity to
dissolve carbonates and other soluble minerals in shales, thereby promoting pore formation [66].
Study [67] notes that among carbonate minerals, calcite possesses the highest CO2 storage potential
(even at high temperatures and pressures). Taking these facts into account, thermal treatment of
immature Middle Eocene and Diatom oil shales, which are richer in organic matter and calcite than
most Maikop intervals (with the exception of samples from the Talysh Basin), can effectively re-
lease organic acids and COa.

The shale oil potential of source rocks depends on their lipid content, particularly on the asso-
ciation with sapropel-rich Type | and Il kerogen, known for its oil-generating potential [61]. Unlike
the Maikop shales, which strongly correlate with gas-generating kerogen (see Fig.4, c), the Diatom
and Middle Eocene oil shales demonstrate a very low vitrinite content, which was revealed by petro-
graphic analysis of organic matter (see Fig.5). The high oil-generation potential of both shale com-
plexes is evident from their maceral composition; alginite predominates (> 70 %) in the Diatom oil
shales, whereas the Middle Eocene oil shales contain up to 70 % telalginite and lamalginite. The
fluorescence observed in microfractures along bedding planes or in mineral pores (see Fig.5) indicates
favorable conditions for the retention of free oil in the shale matrix at the mature stage [59].

A strong positive correlation of TOC both with the chloroform bitumenoid content (Fig.7, a) and
with S1 (Fig.7, b), especially in the Middle Eocene and Diatom oil shales, emphasizes the role of or-
ganic matter in controlling retained oil and, at low values of the production index (PI) and oil saturation
index (OSI), confirms the autochthonous nature of the organic matter without signs of secondary
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contamination of the samples (including volcanic ejecta) by allochthonous fluids. A weak correlation
between TOC and OSI (Fig.7, ¢) suggests that a significant part of the shale oil may be retained within
the solid organic matter in an adsorbed or swollen state [68].

The formation of organic pores can occur not only during thermal cracking of kerogen,
but also at earlier stages, in immature organic matter. Study [58] suggests that for Type 11 kerogens,
secondary organic nanopores typically form at Ro of about 0.8 % (Tmax ~445°C) and
OSI > ~90 mg HC/g TOC, which coincides with a decrease in swelling capacity and maximum
oil retention. However, in Fig.7, d, most samples show OSI values <90 mg HC/g TOC at Ro of
0.3-0.6 %, indicating that these kerogens are still in the swelling phase. At this stage, characterized
by low maturity and poor development of the pore network, they possess a high capacity to
retain oil.

Determinants of gas-bearing capacity of reservoir shales. Mineralogical comparison of clay-
siliceous shales (see Fig.3) with commercially significant reference shales of Barnett (USA) shows
that the deposits of Eastern Azerbaijan have a relatively high similarity with them in terms of quartz,
feldspar, and clay mineral content. At the same time, the increased content of the clay fraction in the
studied shales compared to many typical lacustrine formations may act as a factor contributing to
enhanced gas adsorption.

Hydrocarbon gases in shale formations occur in three forms — free, adsorbed and dissolved. Free
and adsorbed gases are considered the most significant for shale gas production, and their total share
in shale rocks reaches 85 % [62]. The presence of adsorbed gas in rocks is related to clay minerals
such as kaolinite, illite and montmorillonite, whose pores of size 1-2 nm are ideally suitable for ad-
sorption of methane and other gases due to their large specific surface area. Statistically, the predo-
minance of clay minerals in the studied shales (see Fig.3) indicates a high gas adsorption potential.
The increased content of quartz in the Maikop oil shales plays a decisive role in the concentration of
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free gas, which in combination with the gas-generating potential of Type I11 kerogen determines their
total gas-bearing capacity.

Assessment of the adsorption potential of hydrocarbon gases in shale samples revealed CH4
as the predominant component compared to other gas homologs (C2Hs, CsHs, and CsH10). Higher
CHs concentrations were observed in samples from Shikhzerli (0.00142 %) and Boyuk Siyeki
(0.00130 %) of Central Gobustan. Our analysis shows that shales of the Maikop Series demonstrate
a higher sorption potential of hydrocarbon gases than the Middle Eocene and Diatom oil shales.

A number of studies [69] demonstrated that kerogen possesses a greater adsorption capacity
toward methane than clay minerals, which have a higher methane capacity than quartz. Shale gas
production zones are typically classified as prospective (0.3 % < TOC < 1.5 %), favorable
(1.5% <TOC <2 %), or target (TOC > 2 %). The abnormally high content of organic matter in the
studied shales (see Fig.4, a) creates the impression that this is a favorable factor for the formation
of porosity, which can positively affect the adsorption and retention capacity of hydrocarbon gases.
However, the study of the relationship between the liptinite content and gas adsorption indicates
that kerogen of marine genesis possesses a low gas-sorption capacity. Compared to the gas-source
kerogen (Type III), Type 11 kerogen is characterized by a lower sorption capacity, which is probably
due to the reduced degree of aromaticity of its structure. Study [70] emphasized that Type III
kerogen, characterized by larger pore sizes due to the high content of vitrinite macerals, positively
affects the sorption and storage capacity of gas. Consequently, the high content of organic matter
in the rock by itself does not always guarantee an improvement in its gas-containing potential.
The type of kerogen, especially the abundance of vitrinite macerals, is a favorable factor for
the shale gas potential. Therefore, taking into account the features of kerogen, we assess the
adsorption potential of shale gas of the Maikop Series shales as significantly higher than that of
other deposits.

Potential for the production of synthetic hydrocarbons from shales of Eastern Azerbaijan. The
selection of a rational technology for the development of oil shale resources is determined by a com-
plex of rigid mining and geological criteria. In the world practice of geological and economic evalua-
tion, the minimum threshold of bed thickness for its inclusion into the resource base is traditionally
accepted at the level of 2.8-3.0 m. To achieve the commercial profitability of the surface processing
method, an effective bed thickness of more than 7 m and a burial depth of up to 300 m under condi-
tions of a low stripping ratio are required. The development of deeply buried resources (up to 3000 m)
requires the application of in-situ conversion methods [18], for which a critical condition for thermal
efficiency is a deposit thickness of more than 15 m [16]. The efficiency of any method depends not
only on reservoir properties and the presence of natural fractures [71, 72], but also on a complex of
physicochemical parameters: the type and maturity of kerogen, as well as the kinetics of its thermal
decomposition, which determine the final hydrocarbon yield [21, 32].

Analysis of geological data highlights Central Gobustan as a priority target. The uniqueness of
this area lies in the fact that the shale strata of the Middle Eocene, Maikop, and the Diatom for-
mations are traced here both at great depths (up to 4 km), as evidenced by their presence in mud
volcano ejecta, and in the form of extensive surface outcrops (see Fig.2). Their total thickness
reaches 400-500 m, and the thickness of individual beds — up to 40 m [46]. Such geological versa-
tility, backed by favorable tectonics and the absence of socio-environmental barriers (forest cover
and settlements), virtually transforms this territory into a natural testing ground for creating an
integrated industry both for surface processing technologies and in-situ conversion. Beyond the
limits of the Jeyrankechmez-South Caspian Megabasin, extensive shale outcrops are also recorded,
forming a reserve for open-pit mining: the Vendam zone (for example, the Diyalli site, Middle
Koun), the Talysh zone (Lower Maikop), and the Guba zone (Sarmatian). In the southern coastal
areas, the burial of the oil shale-bearing series down to 6 km localizes the prospects of in-situ con-
version predominantly within the deposits of the Diatom Formation.
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Comprehensive mineralogical and geochemical studies of shales sampled from surface outcrops
and mud volcano ejecta confirm their high generation potential. The analyses indicate that, despite
the anomalously high concentration of organic matter (see Fig.4, a), the studied samples are
characterized by a still low degree of thermal maturity (see Fig.4, b). Based on this body of data,
a differentiation of prospective directions of oil and gas generation was carried out: the oil shales of
the Middle Eocene and Diatom are highlighted as priority targets for oil generation, whereas the
Maikop shales are defined as a target for gas generation.

The results of thermogravimetric analysis indicate that the main stage of organic matter ther-
mal degradation in the oil shales of the Diatom and Middle Eocene formations concludes at tem-
peratures around 475 °C (see Fig.6, a, ¢). This interval corresponds to the phase of active generation
of light and heavy oil fractions. With a further temperature increase up to 650 °C, the processes of
secondary cracking and gas generation intensify, accompanied by the aromatization and coking of
residual carbon. These high-temperature effects are most pronounced in the Maikop Series shales
(see Fig.6, b), which is attributed to the initial predominance of aromatic structures within their
kerogen composition. The obtained kinetic parameters are of key practical importance for justifying
the optimal temperature regimes of industrial retorting to optimize the yield of target products —
synthetic oil and gas.

Conclusion

This study summarizes the results of the geological and geochemical investigation of the
Cenozoic Middle Eocene to Upper Miocene shales within the uplifted onshore structural zones of
Eastern Azerbaijan, which serve as analogues to the main generation kitchens of the offshore South
Caspian, and allows the establishment of the following:

« From a structural-stratigraphic perspective, it has been established that these deposits are traced
both within the Jeyrankechmez-South Caspian Megabasin and in adjacent tectonic zones (Guba, Ven-
dam, Lerik-Yardimli). A fundamental difference between the megabasin and adjacent tectonic struc-
tures, with their fragmentary shale-bearing nature, is the stratigraphic completeness of the section,
where the Middle Eocene (Middle Koun Formation), Oligocene-Lower Miocene (Maikop Series For-
mation), and Middle-Upper Miocene (Diatom Formation) form a single cyclically stacked (cluster)
complex. Lithostratigraphic analysis data indicate that the Upper Maikop section is characterized by
the dominance of rhythmic interbedding of numerous thin (centimeter-scale) interbeds, which ac-
counts for its high cumulative shale content, whereas the Lower Maikop, Middle Eocene, and Diatom
formations are represented by thicker individual beds.

* The integration of mineralogical, geochemical, and spectroscopic analysis results reveals dis-
tinct litho-geochemical differences between the Middle Eocene and Diatom formations, and the Mai-
kop rocks. The quartz-enriched Upper Maikop shales, which contain significantly less organic matter
(average TOC = 5.26 %), are characterized by a predominance of terrigenous organic matter, with
vitrinite acting as the dominant maceral, indicating conditions of active allochthonous input.
In contrast, the Middle Eocene and Diatom oil shales, which exhibit relative carbonate enrichment
(> 10 % calcite), were formed under significant marine influence and are distinguished by a predom-
inance of autochthonous organic matter dominated by telalginite, lamalginite, and alginite (with
average TOC values of 11.18 and 9.87 %, respectively). FTIR spectroscopy data of the raw and
extracted samples indicate similar spectral characteristics, with differences manifesting primarily in
the intensity of absorption bands within the 700-2927 cm™ range, reflecting the predominance of
aliphatic C—H bonds. The increased intensity of these bands in the Middle Eocene and Diatom oil
shales correlates with their enrichment in chloroform bitumoids, pointing to a predominantly aliphatic
nature and a low degree of thermal maturity of the organic matter. TG/DTA and kinetic modeling
results show that the organic matter of the Middle Eocene and Diatom oil shales is characterized by
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lower activation energy (E.) values (69.3 and 67.5 kJ/mol) with a pre-exponential factor (A) on the
order of 10% s, leading to its intense thermal degradation within a relatively narrow temperature
interval. In the Upper Maikop shales, the degradation of terrigenous organic matter requires higher
energy inputs, as reflected by an activation energy of 76.4 kJ/mol and a pre-exponential factor on the
order of 10* s7X. Taken together, the obtained data demonstrate the high oil-generation potential of
the Middle Eocene and Diatom formations and the predominantly gas-prone nature of the Maikop
shales.

» The absolute dominance of liptinite group macerals (> 70 %) in the Eocene and Diatom shales
accounts for their high liquid-phase hydrocarbon potential. Fluorescence observed in microfrac-
tures and mineral pores indicates favorable conditions for free oil retention during the maturation
stage. A comparison of the oil saturation index (OSI < 90 mg HC/g TOC) and thermal maturity
(Ro=0.3-0.6 %) demonstrates that, at the current stage, the kerogen is predominantly in the “swelling”
phase. This implies that the bulk of the generated hydrocarbons has not migrated into the mineral
matrix but is retained in an adsorbed state within the macromolecular structure of the kerogen.

* The substantial geological resources of immature shales in Eastern Azerbaijan, combined with
their high organic richness and favorable geochemical characteristics, make these deposits a promising
feedstock base for synthetic hydrocarbon production. The specific geological occurrence conditions
support the application of differentiated conversion methods and also form a fundamental scientific
basis for stimulating practical initiatives aimed at realizing the region's unconventional energy
potential.
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