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Abstract: The Shu-Sarysu Basin in central-southern Kazakhstan remains one of the under-
explored gas-prone provinces, with 12 discovered gas fields including Amangeldy (884 Bcf)
and Pridorozhnoye (225 Bef). In the context of global energy transition, such basins require
integrated geological assessment to constrain exploration potential. Historical studies
within the region were spatially limited and prematurely discontinued, resulting in frag-
mented datasets and a lack of modern interpretation. This review reassesses published
geological data within a petroleum systems framework, applying contemporary geody-
namic and stratigraphic concepts. Analysis shows that tectonostratigraphic evolution of the
basin during Devonian-Permian time (390-250 Ma) favored formation of mature, gas-prone
systems within structurally compartmentalized troughs, with effective source, reservoir,
and seal configurations. Building on these findings, a three-tier classification of exploration
zones is proposed based on system maturity, trap integrity, and gas shows, reflecting geo-
logical success probability. This provides a basis for prioritizing future exploration despite
limited seismic and drilling coverage in many areas. Recommended priorities include
digitization of archival data, structural modeling, modern geochemical and diagenetic
analysis, and focused evaluation of promising areas to support future exploration.

Keywords: Shu-Sarysu Basin; Kazakhstan; Devonian-Permian succession; petroleum
systems; gas prospectivity; geological evolution; stratigraphy and tectonics; energy
transition

1. Introduction

The global shift toward low-carbon energy increases the importance of transitional
fuels. Natural gas, with its lower carbon footprint, plays a key role in energy security.
Consequently, revisiting sedimentary basins with proven yet underexplored gas potential
becomes increasingly relevant for bridging current energy gaps while supporting decar-
bonization goals. One such example is the Shu-Sarysu Basin (SSB), a sedimentary basin
initiated in the Early Devonian, located in central and southern Kazakhstan (Figure 1).
Building on a well-documented but regionally incomplete exploration legacy, the basin
represents a suitable case for renewed system-scale evaluation, particularly within its
Devonian—Permian Succession (DPS), which encompasses source, reservoir, and seal inter-
vals, exhibits confirmed gas occurrences but remains underexplored.
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Figure 1. Location of the (a) Shu-Sarysu Basin (SSB) within Kazakhstan; (b) tectonic structure and
exploration framework of the basin (modified after [1]). Geographic features: red frame (panel a)—
location of the Shu-Sarysu Basin within Kazakhstan; blue solid lines—rivers; black circles—cities.
Tectonic framework: black solid lines with square barbs—basin borders; black solid lines with barbs—
tectonic block boundaries; light blue fill—troughs: I—Kokpansor Trough; II—Sozak-Baikadam
Trough; III—Zhezkazgan Trough; IV—Tasbulak Trough; V—Moiynkum Trough; light brown fill—
Uplifts: VI—Bugudzhil Uplift; VII—Betpakdala Uplift; VIII—Tasty Uplift; IX—Talas Uplift; X—
Sarysu Uplift; XI—Lower Shu Uplift; exploration data: red solid lines—seismic profiles; red dashed
lines—geological cross-section lines; red circles—wells sampled for geochemical studies; green
polygons—gas fields.

Shu-Sarysu Basin is a composite intracontinental basin located at the junction of
cratonic and orogenic domains of southern Kazakhstan. It comprises a thick Paleozoic
succession including carbonate—clastic reservoirs, regional seals, and source rocks, dis-
tributed across multiple structural troughs and uplifts. Early concepts of hydrocarbon (HC)
potential in the SSB emerged in the 1920s-1930s from works by Soviet geologists including
Arkhangelsky, Kassin, and Satpayev [2-4]. Systematic exploration began in 1954, employ-
ing gravimetric, aeromagnetic, satellite, and seismic methods, including early common
depth point profiling and later high-resolution 2D surveys [5-17]. In 1962, industrial gas
inflow was recorded at the Ucharal structure (23-G), confirming prospectivity of Paleo-
zoic succession [14]. Twelve gas fields were discovered across Talas Uplift, Moiynkum,
and Kokpansor troughs. The largest accumulation, Amangeldy (884 Bcf), is primarily
hosted in Late Devonian—Early Carboniferous carbonates and Early Permian clastics. Pri-
dorozhnoye, with estimated reserves of 225 Bcf, is another major field, with hydrocarbons
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trapped in terrigenous sub-salt deposits of the upper Famennian (Late Devonian) and
in carbonates of the upper Visean (Early Carboniferous). Several fields also contain gas
condensate [18]. Alongside drilling efforts, geochemical investigations in the 1960s-1970s
focused on the Moiynkum Trough, applying luminescence-bitumen analysis and total
organic carbon (TOC) measurements to assess source rock potential of Late Devonian to
Carboniferous strata.

Following the discovery of oil accumulations in the South Turgay Basin in the mid-
1980s, exploration efforts in the SSB were gradually scaled back as seismic acquisition
capacity was redirected to regions that are more active. By the early 1990s, exploration
activity had effectively come to a halt. A new phase commenced in 2001 with the issuance
of exploration and development licenses to Amangeldy Gas LLP, marking the onset of pilot
operations and subsequent transition to commercial production at several fields. Since 2015,
high-resolution 3D seismic surveys have been extensively applied to enhance subsurface
imaging and improve delineation of productive intervals. Complementary geochemical
investigations, including Rock-Eval pyrolysis performed by ExxonMobil’s research center
(USA) on more than 400 samples across the basin, further confirmed the thermal maturity
of Paleozoic formations and their potential as gas-prone source rocks [14].

Over the course of exploration and development, various basin-scale geoscientific
programs were conducted by several research institutes, including KazMunayGas and
the Institute of Geology and Development of Fossil Fuels. These initiatives supported a
generation of predictive HC prospectivity maps and the publication of regional monographs
synthesizing an evolving geological understanding of the SSB [5,6,12,19-26].

However, despite extensive historical efforts, no new discoveries have been made in
the SSB since the 1980s. This exploration stagnation reflects the incompleteness of Soviet-era
programs and the fragmented nature of post-Soviet investigations, resulting in uneven
geological coverage across the basin. Key limitations include insufficient assessment of
source rock distribution and maturity, as well as poor structural imaging in vast under-
explored zones. In terms of data availability, the region includes moderately surveyed
zones, primarily areas with known accumulations and vast underexplored tracts where
only indirect HC indications have been recorded. Exploration activities remain limited to
the reconnaissance stage. In many sectors, drilling density does not exceed two wells per
1000 km?, and seismic coverage remains below 13 km per 100 km?, indicating extremely
low resolution. Most legacy data are outdated and exist only in analog formats, posing
challenges for integration into modern digital workflows. In addition, published scien-
tific assessments present inconsistent interpretations of system maturity and functionality,
underscoring the need for a basin-wide re-evaluation of HC potential.

In response to existing challenges, this study applies a petroleum system analysis
framework [27] to evaluate gas prospectivity within underexplored regions of the DPS
in the SSB, focusing on the spatiotemporal evolution and functional integrity of system
elements. This methodological approach is consistent with petroleum system studies that
apply similar integrative frameworks to evaluate geological success in underexplored
basins. Prior works emphasize functionality-based assessments of key system elements, in-
cluding source, reservoir, seal, trap configuration, and migration pathways, as indicators of
exploration prospectivity [28]. To achieve this, the study addresses the reconstruction of spa-
tiotemporal evolution of Devonian-Permian petroleum systems in a geological context (1),
and the evaluation of system functionality through assessment of maturity, integrity, and
effectiveness of key elements, and the identification of possible subsurface hydrocarbon
migration pathways (2). Results are interpreted to delineate prospective zones for gas gen-
eration and accumulation and to guide prioritization of future exploration. This approach
enables the systematization of existing geological datasets and reassessment of current
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knowledge on the DPS (1), as well as refinement of the conceptual model of petroleum
system formation (2). It also supports the evaluation of present-day maturity, continuity,
and effectiveness of petroleum systems (3), the identification of prospective zones within
poorly studied areas (4), and the definition of directions for reducing geological uncertainty
and improving exploration coverage in data-deficient regions (5).

2. Reconstruction of the Spatiotemporal Evolution of Devonian-Permian
Petroleum Systems in the Geological Context

This section aims to reconstruct geological conditions that shaped the configuration of
petroleum systems in the SSB, based on analysis of the lithostratigraphic framework and the
spatiotemporal evolution of Devonian-Permian systems in the geological context. Some of
the regional tectonic interpretations and lithostratigraphic correlations presented here were
originally reported in Soviet-era geological surveys, while others reflect reinterpretations
based on more recent structural syntheses and geochronological data.

The non-marine SSB lies within the Central Asian Orogenic Belt (Altaids), formed
during a series of Paleozoic orogenic events spanning from the early Cambrian to the late
Carboniferous [28,29]. It extends approximately 840 km NW-SE and 300 km across, covering
an area of about 160,000 km?. Chu-Ili Range, a system of low-relief mountains trending NW-
SE, forms the eastern boundary of the SSB. In the north, Sarysu-Teniz watershed separates it
from the Teniz Basin, while the Ulytau Range marks the northwestern margin adjoining the
Turgay Basin. To the southwest, Karatau Ranges divide it from the Karatau-Syrdarya Basin,
and the Kyrgyz-Terskey Range (Figure 2) bound the southern limit, representing orogenic
features closed during late Paleozoic time, which framed the subsequent subsidence of the
SSB [14,28].
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Figure 2. Simplified geotectonic map of the (a) Central Asian Orogenic Belt; and (b) Kazakhstan
Orocline (modified after [29]). Microcontinents with PRy basement and PR, to PZ; cover: IMT—
Ishim-Middle Tien Shan; SNT—Stepnyak-North Tien Shan; SI—Shu-Ili; AJ—Aktau-Junggar; Tarim—
Tarim. Volcanic arcs: Se—Selety (Cm); BC—Bozshekul-Chingiz (Cm;-S;); BA—Baidaulet-Akbastau
(0); ZhS—Zharma-Saur (D-C); B—North Tien Shan-Bogdo Shan (D-C); Va—Valerianov (Cy_;). Ac-
cretionary wedges and suture zones: KK—Kumdykol (Cm); ZhN—Zhalair-Naiman (Cm3-Oy);
KT—Kyrgyz-Terskey (Cmj3-O1); U—Urumbai (Cmz-O1); MK—Maikain-Kyzyltas (Cm;-S;); EI—
Erementau-Ili (Oy.3); A—Arkalyk (Pz;); ZS—Zhaman-Sarysu (O-D3); NB—North Balkhash (O-Ds);
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KM—Karamai (O-D3); JB—Junggar-Balkhash (D3-C). Active continental margin arcs: VV—
Kokchetav-North Tien Shan (O;.3); D—Devonian arc (Dy.,); T—Turgay arc; Bl—Balkhash-Ili (C,-P);
CK—Chatkal-Kurama (C;-P). Sedimentary basins: light pink fill—passive margin (D,-Cp): Tg—
Turgay; Kt—Karatau; Nr—Naryn; yellow fill—epicontinental marine basins (D3-C;); light yellow
fill—non-marine basins (D3-P): Tn—Teniz; SS—Shu-Sarysu; light blue fill—accretionary and colli-
sional belts (PZ3): Ural—Ural; [Z—Irtysh-Zaisan; STS—South Tien Shan. Terrane boundaries: solid
black line—definite; dashed line—inferred in subsurface; blue dashed line—trace of suture inferred
in subsurface; black triangle line—inferred direction of subduction; white fill—MZ-CZ; pink dashed
line—international border; solid red line—A /B section line.

2.1. Lithostratigraphic Framework

Lithostratigraphic structure of the SSB reflects its position within a tectonically active
domain of the Caledonian structural belt in southwestern Central Kazakhstan and northern
Tien Shan [14]. This setting, shaped by evolution of the adjacent Dzhungar-Balkhash
geosyncline during the early Paleozoic to early Carboniferous, promoted basement mobility
and fragmentation into large fault-bounded blocks. Differential displacement along these
blocks led to structural deformation of pre-Jurassic strata and influenced present-day
configuration of the basin (Figure 3) [29-42].
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Figure 3. Schematic cross-section across Kazakhstan Orocline from the Tarim Basin to the Altai, along
line A-B, indicated in Figure 2. Vertical exaggeration: 1:2 (modified after [29]). Arrows—tectonic
movement directions; other abbreviations are as in Figure 2.

Regionally, lithostratigraphic architecture of the SSB, spanning from the Devonian
to the Cenozoic, appears relatively consistent, with local variations in thickness reflect-
ing structural segmentation. Sedimentary fill in the SSB exceeds 5500 m in thickness.
Crystalline basement comprises Precambrian and Paleozoic (Cambrian to Carboniferous)
metamorphosed volcanic and sedimentary formations, characterized by block structure and
widespread surface exposure along basin margins and intrabasin uplifts (Figures 1 and 3).
It is unconformably overlain by a thick DPS, including Devonian carbonate, clastic, and
evaporite assemblages; Carboniferous clastic-carbonate units and continental red beds; and
Permian clastic-evaporite and clastic-carbonate successions. These overlying successions
accumulated during and after the Hercynian (Variscan) orogenic phase, which shaped the
regional structural configuration in late Paleozoic time. Overlying these are Mesozoic—-
Cenozoic sediments, up to 300 m thick, which rest unconformably and occur as nearly
flat-lying layers composing the uppermost part of basin fill (Figure 4) [9,31-37,40-45].

2.2. Spatiotemporal Evolution of Devonian-Permian Petroleum Systems in the Geological Context

The SSB evolved through five main tectonic stages: Early to Middle Devonian exten-
sional regime (1); Late Devonian to Early Carboniferous passive margin development (2);
and Middle Carboniferous to Late Permian convergence and regional uplift (3). These
were followed by Triassic to Early Jurassic compressional inversion (4), and Early Juras-
sic to Early Pliocene sagging, with Late Pliocene Himalayan-related compression (5)
(Table 1) [29,38,46-79].
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Figure 4. Geological section along V-V line (see Figure 1) illustrating lithostratigraphic framework
of Kokpansor Trough, Tasty Uplift, and Tasbulak Trough (modified after [1]). PR—Proterozoic;
green fill (PZ;)—Early Paleozoic; orange fill (D3fm)—Famennian (Late Devonian) evaporitic suc-
cession; light green fill (C;)—Early Carboniferous; light grey (Cp.3)—Middle to Late Carboniferous;
pink (Pyzd)—Zhidelisai (Early Permian) evaporitic succession; light pink (P;_,)—Early to Late Per-
mian; very light green (MZ-KZ)—Mesozoic—Cenozoic cover; [—IV—marker horizons; H—depth;
1P, 2G, etc.—exploration wells; pink vertical lines—faults; dashed lines—inferred boundaries of
tectonostratigraphic units; cc—evaporitic horizons; wavy lines—metamorphic rocks.

Table 1. Tectonic evolution stages of the Shu-Sarysu Basin [28,29].

Stage Time Period Tectonic Setting/Key Processes
1 Early to Middle Devonian Back-arc r1ft1ng, a1tc Volcap1sm, alluv1al—volFan1c deposition; e.v'aporlte
accumulation in restricted lagoons during platform transition.
2 Late Devonian to Early Transition to passive margin; major marine transgression;
Carboniferous development of evaporitic and carbonate depositional systems.
Middle Carboniferous to Tectonic compression, collision, and uplift; block faulting and
Late Permian development of lacustrine and alluvial plains under arid conditions.
— . Collision-related inversion and uplift (Eocimmerian tectonic phase),
4 Triassic to Early Jurassic . o . .
due to compressional reactivation of earlier extensional structures.
5 Early Jurassic to Present Post-orogenic basin sagging (Early Jurassic—Early Pliocene), followed

by Himalayan compression and fault reactivation (since Late Pliocene).

This long-lived tectonic evolution was preceded by the amalgamation of Proterozoic—-
Paleozoic microcontinents and island arcs into the Kazakhstan continent, largely completed
by Late Ordovician—Early Silurian. The SSB formed as part of this composite landmass,
whose emergence coincided with Caledonian orogeny [39,57,60]. The resulting topography
was highly dissected, with the development of northwest-trending deep faults segmenting
the crystalline basement [41,59,64,65]. These tectonic stages critically influenced the spatial
architecture of the basin and controlled the distribution of key petroleum system elements.
Rift-related subsidence and passive margin development favored the widespread deposi-
tion of potential source rocks and carbonate reservoirs, while compressional and inversion
phases facilitated trap formation and structural compartmentalization [46]. However, the
reconstruction of basin-wide tectonostratigraphic controls is partially based on generaliza-
tion from selected well-characterized troughs. Structural and sedimentary interpretations
for peripheral or deeply buried segments rely on regional extrapolation and published
syntheses, as high-resolution subsurface data are not uniformly available across the basin.

2.2.1. Devonian: Extensional Tectonics and Evaporite Deposition

Initial subsidence of the SSB began during Early to Middle Devonian in an extensional
tectonic setting, likely influenced by subduction-related dynamics along southeastern
margin of the Kazakhstan continent, then located at southern latitudes of the Northern
Hemisphere (0-30° N) (Figure 5) [42,52,80-85]. Subduction of Junggar-Balkhash oceanic
plate beneath the continental margin initiated formation of an Andean-type volcanic arc and
development of the Devonian volcanic belt of Central Kazakhstan [43,67,68,74,82,86]. Rift-
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related back-arc and foreland basins, including Shu-Sarysu and Teniz, accumulated volcanic
and alluvial material within actively subsiding troughs [46,84-87]. By Frasnian, tectonic
activity waned and transition to a platform regime occurred. Spreading in surrounding
oceanic domains ceased, and a major transgression advanced from the northeast during
Famennian to Early Carboniferous time during the early phase of the Hercynian (Variscan)
orogeny, which progressively influenced basin architecture and sedimentation [48-50,84,85].
The Shu-Sarysu region evolved into a low-relief accumulation plain under conditions of
arid climate, elevated temperatures, and tectonic stability. Two periodically connected
hypersaline lagoons developed, depositing three evaporite cycles separated by carbonate—
clastic units [51,84]. Late Devonian faulting associated with Hercynian orogeny overprinted
earlier northwest-trending structures, resulting in basement block fragmentation and
the onset of block tectonics [53,84,87]. These evaporite-rich successions established early
regional seal potential, while restricted marine inflow limited widespread source rock
development [54,58,83,87]. The extensional setting, associated with localized subsidence,
created accommodation space for organic-rich sediments, while evaporite precipitation
under restricted conditions led to the formation of regionally effective sealing facies.
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Figure 5. Palinspastic map showing the tectonic configuration of the Central Asian Orogenic Belt
during the Early Devonian, 390 Ma (modified after [29]). AM—AIltai-Mongol; BL—Barlyk Arc; BS—
Beishan; ChTS—Chinese Tien Shan; CK—Central Kunlun; MT—Central Tien Shan; EJ]—East Junggar;
ES—East Sayan; GA—Gorny Altai; K—Kokchetav; KHM—Khanty-Mansi; MG—Magnitogorsk;
NTS—North Tien Shan; NU—North Urals; PC—Pre-Caspian Basin; S—Salym; S]—Southern Junggar;
STS—South Tien Shan; TP—Timan-Pechora; U—Ubagan; WS—West Sayan; VV—Island arc; x x—
Active margin arc; Sawtooth line—Subduction zone; Wavy line—Passive margin; Double-bar line—
Ridge-transform boundary.

2.2.2. Carboniferous: Marine Transgression and Carbonate Platform Development

Following Late Devonian evaporite deposition and initiation of extensional block
tectonics, Carboniferous sedimentation marked a shift toward widespread marine trans-
gression and the development of carbonate platforms across the basin [54,55]. During
Tournaisian and early Visean, marine transgression reached the maximum extent. Thick
dolomitized limestones accumulated along northern and eastern basin margins through
chemical sedimentation. Continued transgression under humid climatic conditions in
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late Tournaisian—early Visean facilitated the widespread deposition of dark-colored clay-
carbonate facies rich in organic matter, derived from swampy plains of Moiynkum Trough
and adjacent blocks. By middle Visean, sea level stabilized, terrigenous input diminished,
and carbonate sedimentation became dominant. Numerous bioherms and carbonate plat-
forms developed across the basin. These carbonate buildups served as potential reservoir
facies, often overlain by fine-grained clastics, creating vertical juxtaposition favorable
for hydrocarbon entrapment. Diagenetic transformations also began to operate during
burial and early lithification stages, progressively altering the petrophysical properties
of reservoir and seal rocks. These processes, such as cementation, dissolution, and min-
eral transformation, set the foundation for later hydrocarbon generation and entrapment
conditions [43]. Toward the end of Visean, renewed shallowing reintroduced terrigenous
influx [56,66]. During Serpukhovian, transition from marine to subaerial settings occurred.
Unified epicontinental sea fragmented, and Sarysu-Teniz watershed formed [58,61-63].
Organogenic-detrital limestones were replaced by clastic infill in subsiding troughs.

From Late Serpukhovian to Middle Carboniferous, renewed subduction along margins
of the Kazakhstan continent triggered widespread compression. Volcanic belts developed
along active convergent boundaries, while collisional interaction intensified with Baltica,
Siberian, and Tarim blocks, culminating in the closure of peripheral oceanic domains.
During Late Carboniferous, the basin was dominated by extensive alluvial-lacustrine
plains [52,67,68]. Red-colored claystones, interbedded with siltstones and subordinate
limestones, accumulated under increasingly arid conditions. Isolated lakes periodically
coalesced into larger water bodies during wetter intervals. This evolution supported the
development of oil-prone source rocks in Early Carboniferous under anoxic conditions,
carbonate reservoirs during sea-level highstands, and gas-prone continental clastics in Late
Carboniferous successions [28,76]. The interplay between marine transgression, anoxic con-
ditions, and tectonic quiescence promoted the widespread development of oil-prone source
rocks, while subsequent continental deposition during compressional phases enhanced
gas-prone potential and structural complexity conducive to trap formation.

2.2.3. Permian: Structural Segmentation and Lacustrine Evaporitic Systems

These Late Carboniferous depositional regimes gradually evolved under continued
extensional tectonic differentiation and increasing aridification, setting the stage for struc-
tural segmentation and evaporitic basin development during the Permian [69,77]. Permian
tectonics were marked by the major reorganization of the regional structural framework as
the Kazakhstan continent amalgamated with Siberian, Baikal, and Tarim platforms. This
consolidation finalized the assembly of Eurasian landmass and established the modern
structural architecture of Central Kazakhstan. Within the SSB, differential block movement
resulted in segmentation into actively subsiding troughs (Kokpansor, Moiynkum, Sozak-
Baikadam, Zhezkazgan, Tasbulak) and intervening uplifts (Sarysu, Lower Shu, Betpakdala,
Tasty, Talas, Bugudzhil) [49,70,71]. During Early Permian, large lacustrine systems persisted
in basin interior, where sandy-silty deposits transitioned into carbonate-sulfate assem-
blages under intensifying arid conditions. By Late Permian, distinct hydrochemical regimes
developed: the northern sub-basin evolved into a hypersaline setting, while the south-
ern sub-basin maintained near-normal salinity. Widespread accumulation of variegated
mudstones, siltstones, and marl interbeds occurred under these conditions. The resulting
depositional systems promoted evaporite seal formation and localized heterogeneity in
potential reservoir facies, particularly within central depocenters [69]. Differential tectonic
subsidence and evolving depositional regimes during the Permian led to pronounced
heterogeneity in reservoir quality and seal continuity. Evaporitic and carbonate-rich succes-
sions accumulated preferentially in structurally confined depocenters, enhancing vertical



Geosciences 2025, 15, 232

9 of 35

seal efficiency and lateral facies variability within potential reservoir units. While these
trends are supported by facies analysis in well-studied troughs, their continuity and exact
spatial extent in underexplored sectors remain uncertain due to sparse well control and
limited seismic imaging.

2.2.4. Mesozoic and Cenozoic: Post-Paleozoic Modifications (Contextual Overview)

While Permian tectonics largely defined the structural and facies framework of the
basin, subsequent Mesozoic and Cenozoic events introduced additional modifications
restricted to near-surface levels. Although not a primary focus of this study, Mesozoic and
Cenozoic intervals were characterized by successive tectonic overprints and erosion phases.
During Triassic and Jurassic, uplift and faulting reshaped basin margins, accompanied by
surface denudation and weathering. These processes likely reflect the regional effects of
Eocimmerian tectonic activity, which resulted in non-deposition and erosion across much of
the basin. From Eocene to Oligocene, shallow marine conditions briefly returned, followed
by continental sedimentation during Neogene—Quaternary. Major fault reactivation (e.g.,
Karatau and North Kyrgyz faults) in Late Cenozoic triggered renewed subsidence in the
Sozak-Baikadam Trough, leading to deposition of molasse-type clastics [61]. These events
predominantly influenced upper stratigraphic levels and surface morphology, with no
documented disruption of deeper DPS [78,88,89].

3. Functional Analysis of Devonian-Permian Petroleum Systems Focused
on the Maturity, Integrity, and Effectiveness of Their Key Elements

This section evaluates the present-day functional state of Devonian-Permian petroleum
systems in SSB through analysis of maturity, integrity, and interaction efficiency among key
system elements.

3.1. Source Rocks and Thermal Maturity

Assessment of source rocks in the SSB encompasses both legacy Soviet-era geochemi-
cal studies and modern investigations employing high-resolution instrumental analysis.
Between 1968 and 1976, the Institute of Geology and Development of Fossil Fuels conducted
initial geochemical work, including luminescence-bituminological analysis, bitumen ex-
traction, and TOC measurements on 117 samples of claystones and carbonates [14,80,90].
The results revealed bituminous character of Early Carboniferous and Permian terrige-
nous and carbonate rocks, with marine-type kerogen and bitumen content reaching up to
2.25%. However, analytical techniques available at the time did not allow for quantitative
assessment of thermal maturity or HC generation potential.

A breakthrough in thermal maturity and HC generation potential assessment was
achieved in 2003-2004, when ExxonMobil’s Houston research center conducted Rock-Eval
pyrolysis on 405 samples from 29 wells (Figure 6). Thermal maturity parameters derived
from Rock-Eval pyrolysis are discussed further below in the context of regional burial and
geothermal history. TOC content was below 1% in most samples, with approximately 10%
exceeding 1%, and only a few exceeding 2%. The Hydrogen Index (HI) was consistently
below 75 mg HC/g TOC across all samples, indicating fully exhausted kerogen typical of
gas-prone systems [14,28].

Production Index (PI) values derived from Rock-Eval data (Table 2) range from 0.11 to
1.00, with most mature samples exhibiting PI > 0.5. These values indicate a high level of
catagenetic maturity and completion of primary oil and gas generation phases. Elevated
PI values in Visean intervals of the Tasbulak and Moiynkum troughs further support
the regional thermal maturity trends. This pattern is consistent with the geothermal
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interpretation presented later in this section [14,28]. A more detailed interpretation of
maturity gradients and their geodynamic drivers is provided below.
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Figure 6. Locations of sampled wells and TOC profiles by depth and stratigraphy in the SSB
(Rock-Eval pyrolysis) (modified after [1,14,45]). TOC—total organic carbon; light grey fill—C;s
(Serpukhovian, Early Carboniferous) to C,.3 (Middle-Late Carboniferous); light green fill—C;v
(Visean, Early Carboniferous); blue fill—C;t (Tournaisian, Early Carboniferous); pink fill—Dsfm
(Famennian, Late Devonian); grey shading—Intervals with TOC > 1%; dark grey shading—intervals
with TOC > 2%; green triangles—sampled well intervals with maximum TOC values; orange dots—
TOC measurements from representative wells; other abbreviations are as in Figure 1.

Table 2. Geochemical indicators of maturity and source rock exhaustion in the Tasbulak, Moiynkum,
and Kokpansor Troughs. TOC—total organic carbon; Tmax—temperature of maximum hydrocarbon
generation; Ro—vitrinite reflectance; HI—Hydrogen Index; PI—Production Index.

Parameter Tasbulak Trough  Kokpansor Trough Moiynkum Trough
TOC, % 0.8-1.87 0.77-1.91 0.78-1.9 (22.97)
Tmax, °C 318-379 300-532 301-579
Ro, % 1.49-3.3 1.55-2.42 1.39-3.26
HI, mg HC/g TOC 3-52 2-72 8-70
PI 0.26-0.89 0.31-0.8 0.11-1.0

The generation and preservation of source rocks in the SSB were closely governed
by its tectonic and sedimentary evolution. Rift-related subsidence during the Devonian
created accommodation space for lacustrine and marginal-marine organic-rich facies. Sub-
sequent passive margin conditions and transgressions during the Carboniferous facilitated
widespread deposition of coaly and carbonate-argillaceous intervals with high TOC values.
Later compressional and sagging phases drove deep burial, structural segmentation, and
thermal maturation, resulting in spatial heterogeneity of source rock properties across
different troughs and uplifts. The highest levels of organic enrichment (1.5-6% TOC) occur
in coal-bearing lacustrine—palustrine deposits of Visean age in the NE and SE parts of the
basin, primarily within the Tasbulak and Moiynkum troughs, as well as on the margins
of the Lower Shu Uplift. These organic-rich successions underwent deep burial and ad-
vanced catagenesis, acting as the principal gas source for fields such as Amangeldy and
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Airakty. Elevated nitrogen concentrations observed in degassing products from horst-block
reservoirs are most likely linked to deep thermal generation from high-rank coaly intervals
subjected to elevated temperatures [90-93].

Recent studies [43,91-96] have shown that the Visean (C;v) and Serpukhovian (C;sr)
intervals are composed of carbonates with clay admixtures. TOC values range from 0.19%
to 1.91%, HI from 1.7 to 41.3 mg HC/g TOC, with Tmax around 465 °C and Ro in the
range of 1.2-1.5%, consistent with thermally mature type III kerogen. Application of TOC
reconstruction methods [42], using correction factors of 1.6-2.0, suggests that the original
generative potential of these deposits was favorable for gas and, to a lesser extent, for
condensate. A stratigraphic summary of TOC variability (Table 3) includes minimum,
mean, and maximum values for each interval, reflecting the full range of organic richness
across structural domains. TOCmin values as low as 0.02-0.25% characterize background
conditions and organic-lean facies, while TOCmax values up to 22.97% highlight localized
intervals with elevated generative potential. TOCmean values, ranging from approximately
0.2% in marls to nearly 1.9% in coaly and lacustrine facies, capture representative organic
content within each depositional setting. These metrics provide a more differentiated assess-
ment of source rock quality and facilitate comparison between tectonostratigraphic zones.

The complex catagenetic history of the SSB reflects a variable geothermal regime
(Table 2). The temperature of maximum hydrocarbon generation (Tmax) reaching up to
579 °C and vitrinite reflectance (Ro) reaching 3.3% indicate a mature stage of type III humic
kerogen in Late Devonian (D3fm) and Early Carboniferous (C;t-v1) deposits. Particularly
elevated PI values (0.78-1.00) were recorded in Visean deposits of the Moiyn-kum and
Tasbulak troughs, where Tmax exceeds 470 °C, Ro is above 2%, and residual HI remains
below 50. Modeling shows that the current thermal gradient (30-35 °C/km) and burial
depths up to 4.5 km cannot fully explain the observed maturity levels. Such levels can
only be explained by elevated paleo-geothermal gradients (4.3—4.5 °C/100 m), likely driven
by tectonic pulses and deep heat flow during the Late Paleozoic, possibly associated with
subduction-related magmatism and synorogenic thermal anomalies linked to the Hercynian
orogeny. This interpretation is consistent with available data from central and southern
troughs. However, thermal conditions in northern and marginal areas are inferred rather
than directly measured, which introduces spatial uncertainty in maturity assessments
across the entire basin. This transient high-heat regime, combined with a short residence
time within the oil window (estimated at 3-5 million years) and rapid subsidence into
the deeper catalytic gas generation zone, favored the formation of gaseous HC over lig-
uid phases [14,83,94-97]. This interpretation is supported by the absence of confirmed
oil accumulations and the limited occurrence of oil traces such as bitumen coatings, im-
pregnations, and fluid inclusions only in isolated core intervals from deep or structurally
elevated wells in the Lower Shu Uplift and northern Moiynkum Trough. These thermal
maturity conditions are corroborated by mineralogical studies showing the presence of
dispersed organic matter embedded in feldspar-rich terrigenous rocks, particularly in
the Carboniferous—Permian section of the southwestern basin. X-ray diffraction analyses
identified DOM concentrations of up to 2%, localized within microcrystalline calcite and
clay matrices (e.g., montmorillonites). This configuration indicates advanced catagenetic
transformation and thermal cracking potential under deep burial, aligning with gas-prone
character observed across high-PI intervals [97].
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Table 3. Stratigraphic and geochemical attributes of source rock intervals in key structural blocks. P;—Early Permian; C3-P;—Late Carboniferous—Early Permian;
Cys—Serpukhovian (early Carboniferous); C;v—Visean (Early Carboniferous); C;v;—Early Visean (Early Carboniferous); C;—Early Carboniferous; C;t-vi—
Tournaisian-Early Visean (Early Carboniferous); D3fm—Famennian (Late Devonian).

Location Age Lithology Thickness (m) TOCMin (%) TOC Mean (%)  TOC Max (%) Kerogen Type
Zhezkazgan Trough Py Bituminous marls up to 1500 0.02 0.17 0.3 -
Tasbulak Trough Py Bituminous marls up to 600 0.07 0.22 0.3 -
Kokpansor Trough Py Bituminous marls up to 150 0.08 0.21 0.3 -
Talas Uplift C3-P; Argillites, clays, carbonates up to 50 0.05 0.27 0.43 -
Talas Uplift Cis Carbonates, marls up to 150 0.05 0.75 2.5 Various
NE Moiynkum Trough Cis Carbonates, argillites, marls up to 150 0.25 1.33 1.9 Humic
Talas Uplift Cyv Carbonates, marls up to 200 0.15 1.1 2.57 Various
NE Moiynkum Trough Cv Carbonates, argillites, marls up to 200 0.05 0.78 4.24 Humic
NE Moiynkum Trough Civq Lacustrine—palustrine rocks, coals up to 200 0.49 1.9 5.6/22.97 Humic
Kokpansor Trough C Carbonates, marls up to 350 0.06 1.91 4.53 Various
SW Tasbulak Trough G Carbonates, marls up to 350 0.08 1.87 4.53 Various
Other basin areas G Siltstones, clays, marls up to 350 0.24 1.8 4.53 Various
Lower Shu Uplift Cit—vy Siltstones, clays up to 200 0.38 1.8 424 -
Central Talas Uplift Cit-vq Siltstones, clays up to 150 0.13 1.23 4.24 -
SE Kokpansor Trough Dsfm Argillites, marls up to 150 0.15 0.77 3.49 Sapropelic
SE Tasbulak Trough Dsfm Clays up to 150 0.14 0.8 1.87 Sapropelic

Lower Shu Uplift Dsfm Siltstones, clays up to 150 0.08 0.9 1.75 Sapropelic
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Integrated analysis of stratigraphic architecture and lithological composition (Table 3),
together with thermal maturity and residual organic matter indicators (Table 2; Figure 6),
reveals distinct spatial trends in source rock quality across the basin. The Kokpansor
and Moiynkum troughs contain the most thermally evolved intervals, marked by high
Tmax and Ro values and depleted TOC and HI, consistent with complete HC generation
and expulsion.

3.2. Reservoir Rocks

Both conventional (unfractured) and naturally fractured reservoirs have been estab-
lished within the DPS, ranging in age from Famennian to Early Permian.

3.2.1. Conventional Reservoirs

Conventional HC accumulations are established in red-colored and variegated sand-
stones of Famennian age in Kokpansor Trough, as well as in Tournaisian, early Visean,
and Early Permian strata in Moiynkum Trough (Figure 7). These reservoirs exhibit both
zonal and regional distribution patterns, with broader occurrences documented in other
parts of the basin, and generally possess favorable petrophysical properties. Tectonic sub-
sidence during Devonian and Early Carboniferous stages created structurally controlled
depocenters that accumulated thick siliciclastic and carbonate sequences, forming the
primary reservoir units. Regional transgressions and platform development favored lat-
eral continuity of sand bodies and carbonates, while syndepositional tectonics influenced
facies transitions and thickness variations. Porosity and permeability values represent
typical reservoir property ranges established from core and well-log analyses. According
to core and well-log analyses, porosity in Famennian sandstones ranges from 7 to 27%,
with maximum permeability reaching 12 mD. In the Early Carboniferous sandstones, the
values of open porosity coefficients vary from 3 to 21.6%, and permeability is generally
less than 190 mD. Middle-Late Carboniferous and Early Permian sandstones have porosity
values ranging from 3 to 10% and 19 to 22%, respectively, with permeability reaching up to
133 mD (Table 4) [9,98,99].

3.2.2. Naturally Fractured Reservoirs

Tectonic compression and inversion during Late Paleozoic and Mesozoic stages in-
duced the fracturing of rigid carbonate units and basement highs, generating fracture
porosity that later served as migration pathways and secondary reservoir systems. These
tectonic events strongly controlled the spatial distribution and reservoir quality of fractured
intervals. Naturally fractured reservoirs are predominantly found in Early Carboniferous
crystalline limestones and sandy-argillaceous formations, which generally exhibit low to
moderate reservoir quality (Table 4). Limestones are affected by both primary (tectonic) and
secondary (fracture-related) porosity systems. Primary fracturing has been identified in
lower Serpukhovian strata at the Ucharal structure, where thin (<5 m) limestone interbeds
host minor gas accumulations. These intervals contain meandering fractures partially
filled with detrital material. Porosity reaches up to 7%, and permeability is typically be-
low 0.5 mD. Secondary fracturing has been observed across various Early Carboniferous
units, with substantial heterogeneity in reservoir quality even within individual struc-
tures. Porosity ranges from 3% to 21.6%, while permeability can reach up to 190 mD.
Along basin flanks, post-depositional cementation has transformed fractured intervals
into low-porosity, impermeable units. Additionally, fractured Proterozoic basement rocks
exposed beneath Famennian evaporites at Ortalyk structure in the Kokpansor Trough are
of particular interest due to a discovered gas occurrence. This accumulation likely reflects
secondary lateral migration from Devonian to Early Carboniferous source intervals rather
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than an independent petroleum system, emphasizing the potential of pre-Devonian units
as unconventional reservoirs in structurally favorable settings [9,38,56,95,99].
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Figure 7. Chrono- and lithostratigraphic chart illustrating tectonic-depositional evolution
and petroleum system elements in the Shu-Sarysu Basin (modified after [28,29]). Chrono—
chronostratigraphy; T—thickness; HC—hydrocarbons; Q—Quaternary; N—Neogene: Pl—Pliocene;
M—Miocene; Pg—Paleogene: O—Oligocene; E—Eocene; Pa—Paleocene; K—Cretaceous: K;—Early
Cretaceous; Ky—Late Cretaceous; J—Jurassic: Jy—Early Jurassic; J,—Middle Jurassic; J;—Late Juras-
sic; T—Triassic: T;—Early Triassic; T,__Middle Triassic; T3—Late Triassic; P—Permian: P;—Early
Permian; Py—Late Permian; C—Carboniferous: C;—Early Carboniferous: C;t—Tournaisian; C;v—
Visean; Cys—Serpukhovian; Cy 3—Middle-Late Carboniferous; D—Devonian: D;—Early Devonian;
Dy,—Middle Devonian; D3—Late Devonian; €-S—Cambrian-Silurian; Sun symbol—gas-bearing
reservoir; lithological symbols are shown in the legend at right; DEPOSIT ENV—Depositional
environments: CONT—continental; SHAL MAR—shallow marine; TRANS CONT—transitional
to continental; CARB PLATF—carbonate platform; SHAL MAR—TRANS—shallow marine to tran-
sitional; Tectonic events: HIMALAYAN COMPR—Himalayan compression; BASIN SAG—Sag
phase; COLLISION INVERSION—tectonic inversion; KZ PLATE COLLISION WITH TARIM AND
SIBERIA—Kazakhstan Plate collides with Tarim and converges with Siberia plates; KZ PLATE
PASSIVE MARGIN—passive margin of Kazakhstan Plate; blank fields—stratigraphic hiatus due to
uplift, erosion, or absence of preserved deposits: Triassic-Early Jurassic reflects regional uplift during
Eocimmerian tectonics; middle Cretaceous indicates localized erosion.

3.2.3. Hybrid Porous-Fractured Reservoirs

Hybrid reservoirs developed in structurally complex zones where tectonic uplift
and compaction enhanced microfracturing in otherwise low-porosity formations. Inter-
action between tectonic fracturing and sedimentary facies led to heterogeneous porosity—
permeability systems with commercial gas potential. A transitional class of reservoirs
of Tournaisian to Permian age is recognized within the DPS, characterized by moderate
porosity, microfracturing, and variable permeability. These hybrid porous-fractured sys-
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tems differ from both conventional and fracture-dominated reservoirs and are associated
with industrial gas inflows. Representative examples include the Ortalyk field (Permian,
Kokpansor Trough), Amangeldy and North Ucharal (Permian), and Airakty and Maldybai
(Tournaisian-early Visean) in the Moiynkum Trough (Figure 1). These reservoirs typically
consist of sandy siltstones and, to a lesser extent, carbonate rocks. Porosity ranges from 6%
to 12%, and permeability reaches up to 1.0 mD [9,99,100].

Table 4. Stratigraphic distribution and properties of reservoir types in the Shu-Sarysu Basin. Py—Early
Permian; C,_3Middle-Late Carboniferous; C;v,-s—Late Visean-Serpukhovian (Early Carbonifer-
ous); C;t-vi—Tournaisian—Early Visean (early Carboniferous); Dsfm—Famennian (Late Devonian).

Thickness

Age Extent Lithology (m) Type Porosity (%) Permeability (mD)
Py Regional Sandstone 15-50 Non-fractured 19-22 133
P Local Sandstone, siltstone <45 Mixed 6-12 <1
Cos Regional Sandstone <50 Non-fractured 3-10 uptol
Civa-s Local Limestone, sandstone <26 Mixed 10-14 146
Civy-s Local Sandstone, siltstone <5 Fractured <7 <several dozens
Civy-s Local Limestone <100 Fractured <3 <several dozens
City-vq Local sancﬁ?cl;iZ?saitlt’::’;one 20-50 Mixed 6-13.6 <2
City-vq Zonal Sandstone 20-50 Non-fractured 3-21.6 <190
D3fm Zonal Sandstone 40-100 Non-fractured 7-26.9 <12

3.2.4. Diagenetic Alteration and Its Control on Reservoir Quality

The evolution of reservoir properties in the Shu-Sarysu Basin (SSB) was significantly
influenced by diagenetic processes, which operated throughout the Devonian—Permian
stratigraphic intervals. While structural and depositional controls have been emphasized
in previous sections, diagenetic alterations such as cementation, dissolution, compaction,
and recrystallization played a crucial role in modifying primary porosity and permeability,
particularly in sandstones and carbonates [101].

Thermal and X-ray diffraction analyses of Carboniferous—Permian rocks in the south-
western SSB revealed widespread occurrences of quartz, feldspar, phyllosilicates (including
hydromica and chlorite), and carbonates, minerals that actively participate in diagenetic
transformations [97]. Organic matter localization within clay mineral structures (e.g., mont-
morillonites) and microcrystalline calcite was identified as a key factor affecting both
reservoir quality and hydrocarbon generation. Dispersed organic matter concentrations
reached up to 2% in feldspar-rich terrigenous rocks, indicating potential for enhanced
thermal cracking under catagenetic conditions.

The occurrence of authigenic smectite, palygorskite, and illite suggests volcanogenic
and hydromorphic diagenesis, linked to meteoric and alkaline fluid interactions in semi-arid
episodes [102]. Furthermore, microfacies analysis indicates spatial variability in cemen-
tation across lagoonal and shoal environments, which influenced porosity retention and
secondary porosity zones [39].

In carbonate units, diagenetic features such as microfracturing, stylolite formation,
and secondary porosity due to calcite dissolution have been observed. These processes
locally improved reservoir quality, especially in early Visean limestones of the Moiynkum
and Tasbulak troughs. However, pervasive calcite and silica cementation often occluded
pore spaces in marginal facies, reducing effective porosity to <5% [97].

The presence of mixed-layer clays and thermal inert minerals (e.g., thermally amor-
phous quartz) also influenced diagenetic paths. The detection of mixed-layer minerals
and secondary chlorite indicates late-stage diagenetic recrystallization, which is typically
associated with burial depths >3.5 km and elevated paleo-geothermal gradients [97].
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In summary, diagenesis exerted both constructive and destructive controls on reser-
voir development in the SSB. Zones of enhanced secondary porosity, particularly in the
Visean and Famennian intervals, are critical targets for exploration. Conversely, areas with
extensive diagenetic cementation should be treated with caution due to poor reservoir
performance.

3.3. Seals

HC entrapment and preservation within the SSB were predominantly governed by
the distribution and effectiveness of regional, zonal, and local seals, primarily composed of
evaporitic deposits (Table 5). In stratigraphic intervals lacking these sealing facies, primary
accumulations were likely breached, resulting in vertical migration of gas. Conversely,
where competent seal formations are present in the upper stratigraphic section (Visean—
Permian; see Table 5 and Figure 8), this process enabled the formation and preservation
of secondary accumulations, as exemplified by the Amangeldy and Airakty gas fields.
The spatial distribution, continuity, and lithological composition of sealing formations
were largely shaped by tectono-sedimentary dynamics throughout the Devonian—-Permian
evolution. Tectonic subsidence and isolation of restricted lagoons during the Famennian
and Early Permian created favorable conditions for evaporite precipitation in structural
lows, resulting in thick halite-bearing regional and zonal seals. Conversely, uplifted blocks
and syntectonic erosion limited seal development in marginal zones, leading to a po-
tential seal breach or vertical leakage. Differential subsidence and sediment infill during
Visean-Serpukhovian transgressive-regressive cycles controlled the deposition of local
clay—sulfate seals, especially in structurally segmented areas such as the Lower Shu Uplift
and Moiynkum Trough.

Table 5. Distribution of sealing units in the Devonian-Permian succession of the Shu-Sarysu Basin.
P;—Early Permian; C;v-s—Visean-Serpukhovian (Early Carboniferous); D;fm—Famennian (Late

Devonian).
Stratigraphic . Average
Interval Type and Composition Thickness (m)
Py Regional seal (continental evaporitic/halite-bearing) ~1000
C1vi-so Local seals (sulfate—argillaceous) ~300
Difm Zonal seal (lagoonal evaporitic/halite-bearing) ~500

The Early Permian evaporitic formations are regionally distributed across the SSB,
with the exception of uplifted zones such as the Tasty and Bugudzhil uplifts, where evapor-
ite sequences locally reach the surface. In contrast, lagoonal zonal evaporites of Famennian
to early Tournaisian age are predominantly developed within the Lower Shu Uplift and
the southern sectors of the Kokpansor and Tasbulak troughs (Figure 8). Shales and evapor-
ites of Early Carboniferous age, occurring between Famennian zonal and Early Permian
regional seals, constitute local sealing units. These intervals are primarily developed
within Serpukhovian and Visean sediments of Lower Shu Uplift, the northwestern part of
Moiynkum Trough (Amangeldy and Airakty fields), and the southern sector of Tasbulak
Trough (Figure 9) [101-105].
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Figure 8. Map showing regional and zonal seal distribution in Shu-Sarysu Basin (modified
after [1,14,45]). Spatial distribution of seals: blue transparent fill—Early Permian regional seal;
brown transparent fill—Late Devonian zonal seal; other abbreviations are as in Figure 1.

3.4. Structural Features and Traps
3.4.1. Structural Configuration of the Basement

Basement of the SSB is intensely faulted and segmented into a mosaic of uplifted
and downthrown blocks shaped by successive tectonic episodes during the Paleozoic and
Mesozoic, including Hercynian and post-orogenic reactivation phases. Prominent structural
highs are exposed in bordering ranges (Ulytau, Karatau, Kyrgyz Alatau), as well as in
intrabasinal features such as Kendyktas, Shu block, and anticlinoria including Ergenekty—
Zhuantobe. Deep wells have also penetrated basement complexes in several internal
troughs (Figure 4). Based on geophysical and drilling data, the basement is subdivided
into major structural blocks with contrasting vertical displacements (Figure 1; Table 6).
These structural foundations exert primary control on overlying sedimentary architecture
and determine spatial distribution and style of structural traps, as well as influence lateral

migration pathways of fluids and gases [106-108].
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Figure 9. Spatial patterns of source rock maturity, inferred migration pathways, and geolog-
ical success probability zones within (a) Late Devonian and (b) Early Carboniferous intervals
of the Shu-Sarysu Basin (modified after [14,28,45,97-109]). Migration patterns: Zone I (yellow
transparent fill)—effective migration and accumulation; Zone II—restricted migration; yellow

arrows—Ilateral migration paths; hydrocarbon indicators: red circles—wells with hydrocarbons
(HC) shows; green polygons—gas fields; geological framework: blue fill—potentially mature source
area (>2500-3500 m); solid red lines—deep regional extensional faults; [-XI—troughs and uplifts as
in Figure 1. Interpretive note: Zones I and II correspond to areas of relatively high and reduced
geological success probability, respectively, based on petroleum system element functionality and

structural configuration.

Table 6. Depth ranges of major basement blocks in the Shu-Sarysu Basin.

Block Name Type Absolute Depth Range (m)
Kokpansor Block Through —2500 to —4500
Sozak-Baikadam Block Through —2500 to —3500
Zhezkazgan Block Through —1200 to —2500
Tasbulak Block Through —2000 to —5500
Moiynkum Block Through —1500 to —4000
Bugudzhil Block Uplift —1500 to —2500
Betpakdala Block Uplift —1500 to —3500

Tasty Block Uplift 0 to —1500

Talas Block Uplift —1500 to —3000
Sarysu Block Uplift —500 to —2500
Lower-Shu Block Uplift —1500 to —4000

Tectonic segmentation of the basement established the primary structural template that
guided syn-depositional accommodation space and influenced facies distribution across
the overlying DPS. Long-lived structural highs promoted erosion or reduced sedimentation,
whereas subsiding blocks accumulated thick successions conducive to the development of
source rocks, reservoirs, and seals in a stacked configuration.
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3.4.2. Tectonic Zonation and Structural Elements

The central part of the SSB is controlled by a regional NW-SE trending uplift system
comprising Betpakdala, Tasty, and Talas uplifts, which separate Kokpansor and Sozak-
Baikadam troughs in the southwest from Zhezkazgan, Tasbulak, and Moiynkum troughs
in the northeast (Figure 1). Hereinafter, the term “trough” refers to intracontinental struc-
tural depressions developed within the sedimentary cover of the SSB, and is not used in
the context of oceanic subduction-related troughs. Each structural unit displays distinct
morphostructural styles and degrees of fault segmentation [1,28,45,49,80,109-111]:

e  The Kokpansor Trough is defined by intense block faulting and includes features such
as the Oppak Uplift and Zhapraktinskaya syncline, representing a highly prospective
domain for structural traps associated with rotated fault blocks and local folding
(Figure 1);

e  The Sozak-Baikadam Trough exhibits relatively simple geometry and moderate fault-
ing. Broad synclinal structures such as Sozak and Baikadam depressions dominate,
with potential anticlinal and fault-related traps along block boundaries (Figure 1);

e  The Moiynkum Trough is a wide, segmented block with contrasting southwestern
(gently folded) and northeastern (faulted) zones, which hosts fault-bound swells and
synclines including Airakty and Maldybai structures, associated with known gas
accumulations (Figure 1);

e  The Tasbulak Trough is structurally less deformed and contains limited anticlinal
features with main structures concentrated along the northeastern margin, where
high-amplitude anticlines are linked to compressional faulting (Figure 1);

e  The Zhezkazgan Trough is a narrow, fault-bounded monocline with minimal internal
deformation and exploration potential related to proximity to mature source rocks
and carrier systems (Figure 1);

e  The Bugudzhil Uplift is a structurally elevated block between Kokpansor and Sozak-
Baikadam troughs that, although poorly studied, may play a key role in regional fluid
migration pathways (Figure 1);

e  The Betpakdala Uplift extends northeast from the Tasty Uplift and comprises faulted
swells and steps (Ortasynyrly, Milibulak), functioning as a boundary zone that con-
tributes to trap closure (Figure 1);

e  The Tasty Uplift is a NW-trending ridge segmented by strike-slip and transverse faults
that exerts major structural control on basin configuration and delineates petroleum
system domains (Figure 1);

e  The Talas Uplift forms the western margin of the Moiynkum Trough and is composed
of faulted anticlines and ridges (eKoskuduk-Norbay), serving as a localized trap zone
influenced by shear faulting (Figure 1);

e  The Sarysu Uplift is a dome-shaped structural high north of the Tasbulak Trough
centered on the Central Sarysu Arch (up to 300 m), where fault segmentation and
associated brachyanticlines govern local migration and trap development (Figure 1);

e  Lower Shu Uplift is a transitional zone between Moiynkum and Tasbulak troughs char-
acterized by subdued topography and cross-cutting high-amplitude faults potentially
facilitating lateral HC migration (Figure 1).

The outlined structural zonation reflects a compound history of extension, compres-
sion, and inversion, which collectively shaped the basin’s petroleum systems. These tectonic
regimes controlled syn-sedimentary thickness variations and depositional facies patterns,
ultimately governing the location, style, and preservation potential of structural traps.
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3.4.3. Post-Paleozoic Structural Modifications

Mesozoic and Cenozoic tectonic overprints modified surface morphology but exerted
limited control on integrity of Paleozoic traps. The only significant post-Paleozoic structure
is the Sozak Trough, infilled with Cenozoic sediments and bounded by Karatau Fault.
Although this feature does not directly affect Devonian—Permian traps, it locally affects
overburden thickness and geothermal gradients [21,78].

3.4.4. Trap Types

The origin and spatial configuration of traps in the SSB are inherently tied to tectono-
sedimentary interactions during basin formation. Episodes of subsidence enabled accom-
modation for reservoir and seal deposition, while compressional and transtensional regimes
defined trap geometries and their structural integrity. The structural framework of the
SSB defines a range of trap types, including faulted anticlines, tilted fault blocks, compres-
sional folds, and flexural structures (Table 7). These traps predominantly formed along
marginal zones of basin troughs, where subsided structural elements were later reactivated
through fault segmentation and inversion processes. However, internally developed traps
also originated within deeper central parts during Early Paleozoic compressional phases,
primarily as low-amplitude anticlines and flexural features associated with differential
subsidence and inherited basement morphology. While marginal structures are more
numerous, they often experienced partial disruption due to Mesozoic-Cenozoic tectonic
reactivation. In contrast, most closures within deeper central parts of the troughs remain
preserved due to greater burial depth, thicker evaporite seals, and reduced post-Paleozoic
disturbance [1,9,28,112]. Trap effectiveness across the basin varies with burial depth, fault
architecture, and seal continuity.

Table 7. Summary of structural trap types and their occurrence in the Shu-Sarysu Basin.

Trap Type

Structural Setting Typical Location Notes

Anticlines (Late
Paleozoic)

Brachyanticlinal folds
(Paleozoic—-Mesozoic)
Fault-related folds
(Permian—Triassic)
Tilted fault blocks
(Mesozoic)

Flexural synclines (Late
Paleozoic—-Mesozoic)

Compressional anticlines
(Late Paleozoic)

Low- to moderate-amplitude folds
often aligned with inherited

Compression Flanks of major troughs basement highs; typically flexural
in style
Mild compression Central énd marginal Typically low-relief, with
uplift zones moderate closure
Associated with reverse Faulted margins Often show flexural style, enhanced
or strike-slip faults of blocks by fault drag
Normal faulting with Trousch mareins Common in Kokpansor and

block rotation & & Moiynkum troughs

May act as stratigraphic or

Compression-induced Between uplift and e .
flexure trough transitions combination traps depending
on sealing
High-amplitude folds formed by
High-amplitude folding Tasbulak, Talas, ﬂcruste;l shc.)rlt-emr}g,hdlstmct- from
due to collision Tasty uplifts exural anticlines; characterized by

multiple closures; poorly imaged
by shallow seismic

3.5. Hydrocarbon Migration and Geological Success Zones

The SSB exhibits a segmented hydrodynamic architecture, a system of isolated troughs
characterized by predominantly stagnant (elision-type) fluid regimes which hinder lateral
flow and promote localized vertical migration of fluids [46,113,114]. This compartmental-
ization is evidenced by substantial variations in formation pressures up to 40%, recorded
within the same stratigraphic intervals across different fields. Migration pathways evolved
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under the influence of multiphase tectonic activity and restricted fluid flow within Fa-
mennian, Tournaisian, and Visean strata, followed by vertical migration through fault
systems into Lower Permian reservoirs interpreted as structurally reactivated faults that
acted as vertical conduits following initial compressional deformation [14]. HC generation
centers developed within deeply buried thermally mature marine and coal-bearing succes-
sions in the troughs of SSB. These troughs functioned as independent HC kitchens during
Late Devonian and Early Carboniferous time, with generation proceeding under limited
hydrodynamic connectivity and high sealing efficiency [109]. Vertical migration into over-
lying Permian strata was constrained by laterally extensive evaporitic seals, effectively
preserving HC within pre-Permian carrier and reservoir systems (Figure 9). Diagenetic
modifications, especially pervasive cementation and compaction in marginal facies, may
have created migration barriers or diverted flow paths. Conversely, zones of dissolu-
tion and microfracturing provided high-permeability channels facilitating upward and
lateral migration.
Two principal gas-bearing intervals are recognized in the SSB [14,28,97]:

e  The lower interval is associated with organic-rich Famennian and Early Carboniferous
successions, where effective generation occurred within the axial zones of troughs,
followed by lateral updip migration toward flanking structural traps. Migration
is assumed to proceed predominantly updip along stratigraphic surfaces toward
structural highs, given the limited structural control observed in available fault data.

e The upper interval corresponds to Lower Permian red-colored deposits that lack
mature source rocks and were primarily charged through secondary vertical migration.
This process was likely triggered by tectonic reactivation and increased geothermal
gradients during the Permian, occasionally accompanied by partial seal breach.

Direct evidence of HC migration and accumulation includes gas-bearing intervals
encountered in wells, geochemical indicators, and gas shows in fractured limestones [9,109].
Particularly notable is the semicircular distribution of accumulations along the flanks of the
Moiynkum and Trough, indicating updip migration from deepend generation centers into
stratigraphic or combination traps formed along reservoir pinch-outs and facies transitions.

Drilling data confirm the presence of gas shows in several underexplored structures.
In the Tasbulak Trough, these are concentrated in the southwestern and central segments.
In the southeastern Moiynkum area, gas manifestations occur outside active exploration
zones. In the Zhezkazgan and Sozak-Baikadam areas, elevated structural blocks with gas
shows are observed within Lower Permian, Serpukhovian-Visean, and Lower to Middle
Carboniferous successions [9]. These findings support the presence of active source centers
and functioning migration pathways despite limited exploration coverage.

Based on geological and hydrodynamic analysis, two principal migration—accumulation
zones were delineated for each stratigraphic interval (Figure 10) [14,28,97].

Zone I includes areas with burial depths of 2500-3500 m, thermally mature source
rocks, and laterally connected pathways toward structural traps. It hosts proven gas
accumulations such as the Amangeldy, Airakty, Zharkum, and Maldybai fields, as well as
shallow gas shows in fractured limestones:

e In the Late Devonian interval (Figure 9a), Zone I comprises the Kokpansor Trough,
southern and western Tasbulak Trough, northern and western Moiynkum Trough,
northern Sozak-Baikadam Trough, Betpakdala Uplift, northern Talas Uplift, and
Lower Shu Uplift.

e  In the Early Carboniferous interval (Figure 9b), it includes the Kokpansor, Tasbulak
(south and west), and Moiynkum (north and west) troughs, Betpakdala Uplift, and
northern Talas Uplift.
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Figure 10. Conceptual 3D schematic of petroleum system architecture across the Sozak-Baikadam
Trough, Talas Uplift, and Moiynkum Trough. Petroleum system elements: purple fill—source
rocks; blue fill—reservoir rocks; yellow fill—seals; light ochre lens—traps; wavy purple arrows—
hydrocarbon migration paths; red caps—confirmed gas fields (e.g., Amangeldy, S. Ucharal); structural
and geological features: black lines—faults; dark grey fill—basement; light grey fill—overburden.

Zone 11, comprising the rest of the basin in each interval, is characterized by lower
seal quality, discontinuous aquifers, and poor lateral connectivity. These conditions limited
hydrocarbon migration and trapping, often resulting in dispersed or thermally degraded
accumulations. Notably, the Sozak-Baikadam Trough and Lower Shu Uplift, part of Zone I
in the Devonian, fall into Zone II in the Carboniferous due to reduced sealing integrity and
increased compartmentalization.

Based on the integration of petroleum system elements, such as source rock matu-
rity, migration efficiency, trap configuration, and seal continuity, the delineated Zones
I and II represent areas of relatively high and reduced geological success probability,
respectively. This interpretation follows frameworks applied in previous basin-scale
assessments [115-122], where system functionality guides spatial classification of explo-
ration risk.

Although the analysis delineates migration—accumulation zones across major strati-
graphic intervals, it should be noted that migration pathways and trap integrity in several
underexplored zones remain hypothetical due to incomplete structural imaging and sparse
well intersections. Interpretations for such areas should be regarded as preliminary. These
observations highlight pronounced spatial heterogeneity in source maturity, migration
efficiency, and trap preservation across the basin, governed by stratigraphic discontinuities,
structural segmentation, and contrasting hydrogeological regimes.

4. Discussion

This section presents interpretations of the results of two main tasks, considered in the
context of underexplored regions and limited exploration maturity. This study integrates
Soviet-era and recent data into a unified synthesis, re-evaluated through modern petroleum
systems analysis.
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4.1. Exploration Maturity

As shown in previous sections, geological exploration across the SSB remains spatially
uneven. Drilling and seismic surveys have been concentrated in a few structurally favorable
zones, while large areas remain poorly investigated. The interpretation of petroleum system
elements in these regions is complicated by the predominance of analog-format seismic
and well logging data, which limits their applicability in modern workflows. Geochemical
datasets are also spatially fragmented and often rely on outdated or low-resolution methods,
with only a few zones benefiting from modern core-based analysis. This fragmented and
inconsistent dataset presents significant challenges for reconstructing continuous migration
pathways, evaluating trap integrity, and assessing generative maturity—especially in
structurally isolated or data-poor segments of the basin.

Despite these constraints, the integrative approach applied in this study—combining
basin evolution with petroleum system analysis—proved effective for synthesizing hetero-
geneous data and identifying structurally and thermally favorable zones. It enabled the
delineation of prospective areas even under limited data conditions by leveraging analogs
and regional geological patterns. However, the approach is not without limitations. In
areas lacking seismic imaging or reliable well control, conclusions remain tentative and
biased toward better-studied regions.

Several interpretations, such as delineation of petroleum system functionality at the
basin scale, are partially based on extrapolation from better-studied zones. Therefore, areas
with limited control should be treated as provisional until additional data become available.
Explicit differentiation between data-supported findings and hypothesis-driven extensions
has been introduced in relevant sections. The persistent uncertainty in data-scarce sectors
underscores the need for systematic digitization of legacy records and the application of
advanced computational modeling to enable more robust, basin-wide interpretations.

4.2. Spatiotemporal Evolution of Devonian—Permian Petroleum Systems in the Geological Context

The basin’s petroleum systems evolved under the direct control of tectonic subsidence
phases and associated sedimentary environments. The timing, intensity, and spatial con-
figuration of tectonic events strongly influenced the distribution and characteristics of
source rocks, reservoirs, and seals. The tectono-stratigraphic evolution of the SSB reveals
distinct spatial controls on petroleum system elements. Alternating phases of transgression,
regression, tectonic uplift, and sagging gave rise to variable depositional environments
that shaped source rocks, reservoirs, and seals. Devonian evaporitic settings formed under
local arid climate and tectonic quiescence, producing halite-bearing sequences with zonal
distribution and limited vertical continuity. In contrast, regionally extensive top-seal units
are associated with Lower Permian evaporites, whereas localized low-efficiency sulfate
seals also formed within Lower Carboniferous settings. Tournaisian-Visean transgression
enabled widespread deposition of organic-rich marine facies and carbonates, analogous to
settings in the Turgay and Syr-Darya basins, which are considered potential source rocks
based on regional analogs and preserved TOC trends.

Subsequent regression during the Serpukhovian led to increased clastic input, com-
partmentalizing earlier marine sequences. This marked a transition from widespread
marine settings to more compartmentalized depositional environments. For Permian struc-
tural segmentation-controlled facies belts, troughs accumulated saline lacustrine deposits
with efficient seals, while marginal zones showed thinning and lithological variability.
This contrast is greater than in neighboring basins with more stable subsidence histories.
Although post-Paleozoic tectonics modified surface structures, key Devonian—Permian
petroleum system elements, and thus the hydrocarbon potential, remain largely preserved.
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Collectively, the internal heterogeneity and structural inheritance of the SSB, distinguish it
from simpler platform-type systems and enhance its exploration significance.

4.3. Source Rocks and Thermal Maturity

The study of source rock evolution in the SSB, particularly within Devonian-Early Car-
boniferous successions, suggests the realization of effective gas-prone petroleum systems.
The transition from early qualitative methods (bitumen analysis, gasometry) to quantitative
approaches (Rock-Eval pyrolysis, Ro, and PI) enabled more accurate assessment of organic
matter characteristics and maturity levels. Whereas earlier studies merely indicated the
presence of bitumen, recent data suggest that Late Meso to Apocatagenesis stages were
reached, corresponding to advanced phases of gas generation [14].

Maturity indicators in the Moiynkum Trough (Tmax up to 579 °C, Ro up to 3.3%) are
consistent with results reported by Seithaziyev (2023) for Amangeldy and Airakty fields,
where gas maturity exceeds that of associated condensates. Isolated samples exhibit TOC
values reaching up to 23%, supporting interpretation of originally high generative potential
prior to thermal overmaturation. These data confirm late gas migration and full realization
of source rock potential.

Analysis of maturity and residual organic content across troughs (Table 2) suggests
that gas generation was most prominent in the Moiynkum Trough. In the Tasbulak Trough,
organic matter depletion is observed under high maturity conditions, whereas in the
Kokpansor Trough, isolated generative zones persist under moderate maturity (Table 2).
Comparisons with calculations following [42] indicate that without correction of TOC
values, mature intervals would be erroneously classified as low potential. Application of
lithology-based correction factors (1.6-2.0) allows more accurate scaling of generative ca-
pacity, particularly in deeper parts of southern troughs (at depths exceeding 3000-3500 m),
where Rock-Eval results show depleted kerogen but residual gas potential remains.

Thermal maturity varies laterally across the basin, with measured vitrinite reflectance
values ranging from 1.39% to 3.3% and Tmax between 300 and 579 °C, indicating stages
from Late Mesocatagenesis to Apocatagenesis (Table 2). According to generalizations,
southern segments of basin reached Apocatagenesis stages (up to coalification levels), while
northern areas remained within Late Mesocatagenesis. This pattern suggests a tendency
toward phase differentiation, where gas-dominated systems prevail in the south, while
northern regions may retain conditions more favorable for liquid HC generation. Helium
contents of up to 0.83% recorded in Moiynkum gases support interpretations of deep
fluid origins and high source maturity, serving as additional evidence of a late gas system.
Overall, the gas-prone character of the SSB is reinforced by exploration drilling results and
laboratory analyses of reservoir fluids.

Data from Tables 2 and 3 and graphical plots (Figures 6 and 7) collectively suggest
that petroleum systems within SSB troughs were likely fully developed. Indicators of
advanced maturity and residual generative potential are observed. DPS likely evolved
under unified thermal impulse, with principal gas generation linked to Visean coal-bearing
sequences, while Devonian and Permian deposits provided secondary generative and
sealing functions. Their stratigraphic coupling and fluid manifestations suggest that a late
gas-dominated petroleum system was active across much of basin.

Statistical TOC parameters reveal significant heterogeneity in organic matter distri-
bution across the basin. TOCmean values exceeding 1.5% in Visean coal-bearing intervals
of the NE Moiynkum Trough and Lower Shu Uplift support fair to good gas-source po-
tential under mature conditions. TOCmax values above 4%, and locally reaching up to
22.97%, indicate the presence of isolated high-quality source intervals with originally el-
evated generative capacity. In contrast, TOCmin values below 0.3% in Early Permian
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marls reflect low organic richness and likely sealing or non-generative functions. This
spatial variation correlates with tectonic segmentation, subsidence patterns, and paleogeo-
graphic controls—supporting the interpretation of compartmentalized but fully developed
gas-prone petroleum systems throughout the basin. At the same time, in areas where
direct Rock-Eval or Ro data are unavailable, maturity levels and generative potential are
inferred from stratigraphic position and regional analogs. This introduces interpretive un-
certainty that must be acknowledged when extending findings across structurally complex
or underexplored zones.

4.4. Reservoir Rocks and Seals

The distribution of reservoirs and seals within the SSB reflects the combined influ-
ence of tectonic segmentation, sedimentary dynamics, and paleogeographic evolution.
Transgressive episodes during Famennian-Visean and widespread evaporite deposition in
Early Permian played a critical role in establishing conditions favorable for both reservoir
development and sealing. HC accumulations are primarily hosted in porous and frac-
tured terrigenous reservoirs, predominantly sandstones and siltstones, within Tournaisian,
Visean, and Lower Permian formations, with the best development recorded in Moiynkum
and Kokpansor troughs. Fractured and cavernous carbonate reservoirs are mostly confined
to upper Visean and Serpukhovian intervals. Although secondary accumulations have
been observed within fractured Proterozoic basement overlain by halite (e.g., Ortalyk
structure), detailed assessment of this unconventional play falls outside the present study
scope. Spatial and stratigraphic analysis of reservoir-seal relationships suggests a zoning
pattern across the basin, differentiated by structural setting, reservoir quality, and seal
effectiveness, as summarized in Table 8.

Table 8. Exploration zoning based on reservoir—seal distribution and structural setting. C;-P;—Early
Carboniferous—Early Permian.

. Reservoir Prospectivity
Zone Type Structural Location Characteristics Seal Type Level
Inner parts of Multi-level porous and Regional Permian
Most Promising Kokpansor, Moiynkum, fractured reservoirs halite, Famennian High
Tasbulak troughs (D3-Pq) evaporites
. Locally developed
Modelfa.tely Slopes of uplifts (Tasty, Permian and Local and zonal seals Moderate
Promising Talas, Lower-Shu, etc.) . .
Carboniferous reservoirs
. . Poorly preserved or
Low Prospects Marginal uphfts, eroded reservoirs, lack Absent or ineffective Low
Tasty uplift

of seals

Most favorable geological conditions are concentrated within deep troughs, where
stacked porous reservoirs are overlain by thick Permian halite seals and supplemented
by Famennian evaporites and sulfate—clay caps. Fields such as Amangeldy, Airakty, and
Pridorozhnoe provide characteristic examples of this favorable configuration. In contrast,
uplifted and marginal zones, including the Tasty Uplift and adjacent regions, have been
affected by erosion and tectonic inversion, resulting in partial or complete removal of
prospective successions and degradation of sealing capacity [70]. Transitional zones, lo-
cated along flanks of major uplifts and certain sectors of Kokpansor and Tasbulak troughs,
preserve partial reservoir-seal pairs but generally lack stratigraphic continuity and reliable
sealing integrity (Figure 9). Collectively, these spatial trends highlight the importance of
integrating the structural setting, depositional facies, and sealing efficiency in future explo-
ration targeting across the SSB. An integrative understanding of the diagenetic evolution
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across the DPS is essential for predicting the heterogeneity of the petroleum system. Cemen-
tation, compaction, and dissolution explain the coexistence of productive and tight zones.
Mapping diagenetic facies will improve reservoir prediction and migration modeling.

4.5. Structural Features and Traps

The structural framework of the SSB, shaped by multiphase tectonic evolution, includ-
ing Late Devonian—Carboniferous compression (Hercynian), Permian—Triassic transten-
sional reorganization, and Mesozoic-Cenozoic extensional faulting, controls the distribu-
tion and preservation of HC traps. The basement is segmented into uplifted and down-
thrown blocks during post-Hercynian transtensional reorganization in the Permian—Triassic,
with further modification by Mesozoic extensional faulting, influencing the geometry of
overlying DPS. The Kokpansor and Moiynkum troughs exhibit the highest structural
complexity, dominated by rotated fault blocks and anticlines, whereas the Tasbulak and
Sozak-Baikadam troughs display broader, gentler folding (Figure 9). Uplifts such as Talas
and Betpakdala are marked by narrow faulted ridges. While many Paleozoic traps remain
intact, uplifted zones show partial erosion. The Sozak Trough, although post-Paleozoic in
origin, locally affects overburden thickness and thermal conditions without significantly
compromising deeper trap integrity.

Exploration has identified numerous potential structures, but only a few, primarily in
the Kokpansor and Moiynkum troughs, are currently drill ready (Figure 9). Structures in
Tasbulak, Zhezkazgan, Sozak-Baikadam, and Lower-Shu areas remain under-assessed, with
HC indications requiring further evaluation. Trap types, including anticlines, brachyan-
ticlines, fault-related folds, and tilted blocks, are closely linked to inherited tectonic ar-
chitecture (see Table 7 and Figure 9). Deeper central parts of major basin troughs, where
post-Paleozoic disturbance is limited, offer the best preservation conditions. Despite exist-
ing structural maps, detailed trap delineation remains limited, particularly in complex and
poorly imaged zones. Enhanced seismic interpretation is essential to improve confidence in
structural targeting. Thus, the present-day configuration of traps across the SSB is a direct
result of inherited structural architecture combined with episodic tectonic reactivation,
which also modulated seal effectiveness and trap preservation.

4.6. Hydrocarbon Migration and Geological Success Zones

Petroleum systems of the SSB exhibit significant spatial variability in generative
efficiency, migration effectiveness, and preservation potential (Figures 6, 8 and 9). These
differences arise from stratigraphic heterogeneity, structural compartmentalization, and
contrasting hydrogeological regimes. HC generation was most effective in thermally
mature, structurally protected depressions containing marine and coal-bearing source rocks.
The Moiynkum, Kokpansor, and Tasbulak troughs demonstrate the clearest alignment
between source maturity, lateral migration corridors, and trap integrity, supported by
confirmed gas accumulations and preserved system functionality (Table 2).

In contrast, the Sozak-Baikadam and Zhezkazgan troughs show limited evidence of
effective charge or retention (Figure 6). Possible explanations include limited exploration
coverage and uncertainties related to seal effectiveness, trap closure, or continuity of migra-
tion pathways. Given the limited resolution and spatial coverage of mapped fault systems,
migration in such areas is assumed to proceed predominantly updip along stratigraphic
surfaces toward structural highs. Figure 10 illustrates a conceptual 3D schematic of the
petroleum system configuration across representative segments of the basin, emphasizing
spatial relationships between mature source rocks, reservoir units, regional seals, and
structural traps. The diagram also visualizes inferred hydrocarbon migration pathways
and the location of confirmed gas accumulations, such as Amangeldy and S. Ucharal.
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A more detailed discussion of migration behavior and petroleum system functionality
by structural domain follows below. A shift in migration-accumulation behavior between
intervals is also observed in structurally favorable yet stratigraphically variable areas. For
instance, while the Sozak-Baikadam Trough and Lower Shu Uplift exhibit characteristics of
efficient lateral charge and trap development in the Devonian, their functionality appears
diminished in the Carboniferous. This may reflect reduced seal continuity or increased
internal compartmentalization, suggesting that even structurally elevated domains can lose
system integrity due to subtle changes in stratigraphic architecture or post-depositional
overprinting. Tectonic reactivation during the Permian introduced vertical remigration into
overlying Permian strata in some areas, suggesting partial seal failure, although preser-
vation remained effective where halogen-bearing seals and low-permeability formations
are present.

Overall, the basin contains a spectrum of gas-prone petroleum systems ranging from
mature and preserved to partially breached or undercharged. Critical system configuration
is interpreted to have been established during the Late Carboniferous to Early Permian,
when peak maturation and trap formation overlapped in key structural domains. This
supports classification into confirmed systems with demonstrated generative and accumu-
lative integrity (1), prospective zones with favorable geological conditions and indications
of gas presence (2), and uncertain domains with unresolved charge and sealing histories (3).
These distinctions underscore the need for an integrated structural, geochemical, and
hydrodynamic framework to accurately evaluate system effectiveness and guide future
exploration within such a compartmentalized basin.

The spatial distinction between Zone I and Zone II, as presented in Figure 9, captures
the functional variability of petroleum system elements across the basin. Zone I exhibits a
coherent alignment of mature source rocks, effective migration pathways, and confirmed
traps, while Zone II is marked by discontinuous flow paths and compromised sealing. This
dichotomy reflects differing probabilities of geological success, consistent with established
system-based risk zoning approaches.

The interplay of structural segmentation and stratigraphic evolution ultimately shaped
the performance and diversity of petroleum systems across the basin.

4.7. Uncertainty and Interpretive Limitations

Petroleum system interpretation across the SSB is critically constrained by uneven
subsurface data coverage. Robust assessments are currently limited to a few structurally
favorable areas with both seismic and well control, namely, the southeastern Kokpansor
Trough, northwestern Moiynkum Trough, central Talas Uplift, and Lower Shu Uplift, where
source rock maturity, migration pathways, and trap integrity can be empirically validated.

In contrast, large portions of the basin remain effectively unexplored. The Tasbu-
lak Trough, southern and eastern Moiynkum, northern Kokpansor, Sozak-Baikadam
and Zhezkazgan troughs, as well as the Tasty, Sarysu, and Bugudzhil uplifts, lack high-
resolution seismic imaging and/or essential well data. Interpretations in these areas are
necessarily based on regional extrapolation and analog-derived assumptions, rendering
conclusions tentative. Functional attributes such as maturity gradients, migration pathways,
and trap configurations are inferred, not observed.

Diagenetic evolution was not explicitly incorporated into the present spatial classifi-
cation or success probability mapping due to the absence of basin-wide petrographic or
mineralogical data. While its significance is recognized, especially in controlling porosity,
permeability, and seal integrity, the current resolution of available lithological and geo-
chemical datasets does not support confident delineation of diagenetic facies. As such, the
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impact of diagenetic overprint remains a source of interpretive uncertainty in reservoir
quality and migration modeling.

In northern and peripheral sectors, thermal regimes remain particularly uncertain
due to the complete absence of direct geochemical or temperature measurements. This
asymmetry introduces a high risk of interpretive bias toward well-constrained domains,
potentially obscuring viable plays or misrepresenting the extent of active petroleum systems.
To mitigate this, the study draws a clear distinction between data-supported findings and
hypothesis-driven extensions. While regional continuity offers contextual insight, it cannot
substitute for empirical evidence when defining generative centers or structural closures.

By pinpointing specific data-deficient zones and qualifying the associated uncer-
tainty, this work establishes a framework for risk-calibrated exploration planning. The
proposed three-tier classification reflects not only geological favorability but also data
quality and interpretive confidence. Without targeted drilling and modern subsurface
imaging, basin-scale conclusions in underexplored areas remain speculative and should be
treated accordingly.

5. Conclusions

This review of geological data on the SSB has allowed the systematization of frag-
mented knowledge accumulated since the 1930s and has provided a coherent understand-
ing of the region’s geological evolution. It not only systematizes previously fragmented
knowledge but also generates new analytical insights not articulated in the existing lit-
erature. Rather than separating data chronologically, the review focuses on integrative
reinterpretation of all available information using contemporary geological and petroleum
system concepts—this constitutes the core scientific novelty of the work. The following
findings reflect the authors’ original synthesis based on reinterpretation of published data
within a unified analytical framework. They represent results of integrated analysis of
legacy and recent data sources reinterpreted in the context of petroleum system analysis,
a novel approach not previously applied on a basin-wide scale in the SSB. It formed the
basis for reconstructing the spatiotemporal organization and assessing the functional state
of petroleum systems within the basin. Synthesizing available information in the context of
modern scientific frameworks enabled an objective evaluation of the gas potential of the
DPS. The key findings are as follows:

e Despite extensive exploration activities during the Soviet period, the basin remains un-
derexplored. Field operations were concentrated in specific areas, whereas most of the
territory exhibits extremely low drilling and seismic survey density. Major data gaps
and the lack of modern interpretation approaches continue to limit the assessment of
generative potential and trap configuration. Several conclusions, including delineation
of mature petroleum systems and trap integrity, are based on analog reasoning and
partial data coverage. These interpretations remain provisional in underexplored
sectors and are subject to future refinement.

e The geodynamic evolution of the region, involving rift-related, subsidence-driven,
and post-orogenic stages, has shaped a stratigraphic framework favorable for the
development of petroleum system elements. This interpretation was derived from
the comparative spatiotemporal analysis of tectonic phases and facies distribution
conducted in the present study. The DPS contains source, reservoir, and sealing facies.
Regional seals and favorable facies belts developed under arid climatic conditions and
limited marine influence, promoting the preservation of HC accumulations.

e  Major fault systems, predominantly extensional and transtensional in nature, have
segmented the basin into structural blocks, controlled reservoir architecture, and
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locally acted as vertical migration conduits or sealing barriers depending on timing
and connectivity.

e Integrated analysis confirms the presence of mature, gas-prone petroleum systems
within structurally compartmentalized troughs of the basin. This conclusion is based
on maturity data, trap configurations, and seal analyses synthesized from reinter-
preted stratigraphic and structural datasets. Spatial alignment between source rocks,
reservoirs, and sealing units, along with proven trap integrity, creates favorable condi-
tions for gas accumulation. These results confirm the functionality of mature systems
with high generative, migratory, and preservational efficiency. This functional peak is
interpreted to have occurred during the Late Carboniferous to Early Permian, when
trap formation and hydrocarbon generation were favorably aligned.

Based on source maturity, migration pathways, the presence of effective reservoirs,
and the integrity of traps and sealing units within DPS, a classification of exploration areas
in the SSB is proposed. These include the following: zones with confirmed functioning
systems, such as the Kokpansor and Moiynkum troughs and Talas Uplift (1); geologically
favorable areas with documented gas shows, including the Tasbulak, Zhezkazgan, and
Sozak-Baikadam troughs, as well as Lower-Shu and Sarysu uplifts (2); and data-deficient
domains with unresolved prospectivity, particularly thrust-bound and structurally am-
biguous zones (3). Several of these areas, particularly those with documented gas shows,
exhibit meaningful potential and should be prioritized in future exploration strategies. At
the same time, many local structures remain insufficiently investigated, limiting basin-wide
assessments and delaying realization of the full exploration potential. This classification,
developed in the present study, constitutes the first basin-wide prospectivity framework
based on petroleum system analysis, integrating geological, geochemical, and structural
parameters. It offers a practical basis for future exploration prioritization. The delineation
of Zones I and II (Figure 9) further supports this classification by representing spatial do-
mains with relatively high and reduced geological success probability, respectively. These
zones integrate multiple petroleum system factors, including source maturity, migration
efficiency, reservoir presence, and trap integrity, into a spatial framework for exploration
risk assessment. This interpretive scheme strengthens basin-wide exploration targeting by
linking geological observations to success probability domains. To address this, priority
actions include the digitalization of legacy datasets, development of 3D structural models,
and refinement of subsurface parameters for key targets, and acquisition of modern geo-
chemical and diagenetic data to better constrain source rock properties, reservoir quality,
and migration efficiency.
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DPS Devonian-Permian Succession

HC Hydrocarbons

HI Hydrogen Index

PI Production Index

Ro Vitrinite reflectance

SSB Shu-Sarysu Basin

Tmax Temperature of maximum hydrocarbon generation

TOC  Total organic carbon
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