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Abstract: [Objective] The Hala’alat Mountain front-overthrust belt, renowned for its abundant hydrocarbon resources, is
characterized by multi-layer oil-bearing systems and intricate source-reservoir relationships. Ultra-shallow strata have
emerged as an important domain for resource evaluation and exploration in this region. However, the timing of
hydrocarbon charging and adjustment processes and the complex accumulation mechanisms of ultra-shallow reservoirs
remain inadequately understood, posing significant challenges for exploration planning and appraisal programs. This study
endeavors to unravel the genetic characteristics, accumulation stages, and dynamic mechanisms of ultra-shallow reservoirs
in the Hala’alat Mountain front, with the goals of enhancing the theoretical framework for hydrocarbon enrichment patterns
in structurally complex zones and providing actionable insights for future exploration endeavors. [Methods] To achieve
this objective, an integrated suite of analytical techniques was meticulously employed. Homogenization temperature
measurements and salinity analysis of fluid inclusions were conducted to decipher thermal histories and fluid evolution.
Quantitative grain fluorescence (QGF) analysis was utilized to track hydrocarbon migration pathways and accumulation
dynamics. Calcite U-Pb geochronology provided precise temporal constraints for thermal events and hydrocarbon charging
episodes. These methods were systematically applied to reservoir rock samples, enabling a comprehensive investigation of
fluid inclusion characteristics, paleo-temperature evolution, and paleo-fluid interfaces. By constraining the thermal event
chronology, we aimed to reconstruct the intricate hydrocarbon charging and adjustment processes that have shaped the
current reservoir configuration. [Results] (1) The analysis revealed a diverse array of fluid inclusion types, with variations
in fluorescence color and intensity indicative of multiple stages of hydrocarbon charging, each with a distinct maturity
levels. The homogenization temperatures of aqueous inclusions exhibited two predominant intervals: 70-90°C and
100-130°C. These temperature ranges correspond to distinct thermal episodes, reflecting varying paleo-thermal regimes
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that influenced hydrocarbon maturation and migration. (2) The QGF profiles provided compelling evidence of dynamic
hydrocarbon migration processes, showcasing multiple northward adjustments and accumulations over geological time
scales. Notably, Jurassic strata displayed continuous charging characteristics, suggesting prolonged hydrocarbon influx,
while Cretaceous reservoirs exhibited late-stage charging patterns, reflecting differential hydrocarbon charging histories
across stratigraphic units. This stratigraphic variation in charging behavior offers crucial insights into the temporal and
spatial distribution of hydrocarbons within the study area. (3) Calcite U-Pb dating identified two major thermal events at
approximately 133 Ma (Early Cretaceous) and 73 Ma (Late Cretaceous). These events are temporally correlated with
significant tectonic activities in the study area, including regional compression and fault reactivation. (4) The integration of
homogenization temperatures, QGF data, and U-Pb ages revealed a two-phase hydrocarbon charging history. The first
phase occurred during the Early Cretaceous (133 Ma), characterized by initial hydrocarbon accumulation driven by regional
tectonic compression. The second phase took place during the Late Cretaceous (73 Ma), marked by structural adjustment
and hydrocarbon redistribution. These phases were primarily driven by tectonic forces that facilitated vertical migration and
redistribution of hydrocarbons into ultra-shallow traps, highlighting the interplay between tectonic events and hydrocarbon
accumulation. [Conclusions] The ultra-shallow reservoirs in the Hala’alat front have undergone two critical accumulation
phases: the Early Cretaceous initial charging phase and the Late Cretaceous structural adjustment phase. Hydrocarbon
migration pathways were predominantly controlled by fault systems, which acted as migration carriers. The northward
adjustments were facilitated by differential uplift and the caprock integrity, ensuring the preservation of hydrocarbons
within the reservoirs. The coupling of fluid inclusion thermometry, QGF, and U-Pb dating has proven to be a robust and
innovative toolkit for resolving multi-stage accumulation processes in complex thrust belts. This methodological integration
not only enhances our understanding of hydrocarbon accumulation mechanisms but also provides a precise framework for
identifying and dating these events. This study establishes a novel and comprehensive methodology for deciphering multi-
phase hydrocarbon accumulation in tectonically active regions. [Significance] By offering critical insights into the timing,
pathways, and driving mechanisms of hydrocarbon charging, this study provides a solid foundation for predicting ultra-
shallow reservoir distributions in similar geological settings. The integration of chronostratigraphic and fluid dynamic
analyses advances the theoretical understanding of hydrocarbon enrichment mechanisms in foreland thrust belts, with direct
implications for exploration strategies and resource evaluation in analogous basins. Furthermore, the methodological
framework developed in this study can be adapted and applied to other complex structural zones, potentially
revolutionizing our approach of hydrocarbon exploration in challenging geological environments.

Keywords: Hashan ultra-shallow play; fluid inclusions; particle fluorescence; calcite U-Pb dating; oil and gas migration;
oil charging period
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Fig. 1 Distribution of oil fields and comprehensive stratigraphic chart for the Hashan Area

(a) Exploration status of the Hasan Area at the northern margin of the Junggar Basin; (b) Comprehensive stratigraphic chart of the Hashan Area;

(c) Geological cross-section of the Hashan Area
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(a) HQ21-Q8, 440.5 m, J, transparent colorless to light gray hydrocarbon-bearing saline inclusions in calcite mineral fractures and vugs (PPL);
(b) HQ 23-Q8, 183.5 m, K, transparent colorless to light gray hydrocarbon-bearing saline inclusions in micro-fracture surfaces of calcite (PPL);
(c) HQ22-Q3, 803 m, J, visible colorless and light yellow gas-liquid hydrocarbon inclusions in micro-fractures of quartz grains (PPL); (d) HQ23-

Q10, 224.1 m, K, transparent hydrocarbon-bearing saline inclusions in micro-fractures of quartz grains (PPL)
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Fig. 3 Fluorescence characteristics of hydrocarbon inclusions in the Jurassic—Cretaceous strata of the Hashan Area

(a) Bitumen in conglomerate fractures and vugs (PPL), HQ22-Ql1, 634.1 m, J; (b) Blue fluorescence in the conglomerate fractures and vugs
(PVL), HQ22-Ql, 634.1 m, K; (c) Gas-liquid inclusions in calcite fractures and vugs (PPL), HQ22-Q3, 805.1 m, J; (d) Blue, yellow, and yellow-
brown fluorescent gas-liquid hydrocarbon inclusions in calcite (PVL), HQ22-Q3, 805.1 m, K; (e) Transparent colorless liquid hydrocarbons and
light gray gas-liquid hydrocarbon inclusions in quartz fractures (PPL),, HQ2-Q2, 156.7 m, J; (f) Blue and blue-green fluorescent inclusions
(PVL), HQ2-Q2, 156.7 m, K.
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X-axis: QGF-E trend (low to high: insufficient to significant charge at the late stage); Y-axis: QGF-Index trend (low to high: insufficient to

significant charge at the early stage)
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(a) Cretaceous sandstone: Stage I calcite vein filling, Well Haqian 23-Q10, 224 meters, photomicrograph; (b) Cretaceous sandstone: Stage 11
calcite vein filling, Well Hagian 23-Q10, 225 meters, photomicrograph; (c) Jurassic sandstone: Stage I calcite vein filling, Well Haqian 20, 514
meters, photomicrograph; (d) Cretaceous sandstone: Stage II calcite vein filling, Well Haqian HQ20, 454 m, K, photomicrograph; (e) In-situ

U-Pb dating results of the first-stage calcite; (f) In-situ U-Pb dating results of the second-stage calcite.
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Petroleum system chart of shallow oil- and gas-bearing systems in the Hashan area

(D The K-Ar age of authigenic illite measured for the Cretaceous strata of the Hasanshan area (Bai, 2009); @ The U-Pb age of calcite of this
study, 72.8 + 0.48 Ma; (3 The timing of the second thermal event obtained by apatite fission track dating (Li, 2011); @ The timing of the third
weak thermal event determined with the apatite fission track method (Li, 2011); & The U-Pb age of calcite of this study, 133.6 + 2.7 Ma; ©® The
AFT peak age of 90 Ma (Wang, 2009); (D The AFT peak age of 70 Ma (Wang, 2009); @ The Re-Os isochron age of Jurassic oil sands, 155 +
2.7 Ma (Huang et al., 2018).
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