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Abstract

Bedding-parallel fractures represent a crucial flow-path network in shale oil reservoirs, yet
their timing of opening and driving mechanisms remain subjects of long-standing debate.
This study investigates the origin and opening mechanisms of bedding-parallel fractures
within the Paleogene Funing shale oil reservoir of the Huazhuang area, Subei Basin, east-
ern China. A combination of petrography, fluid-inclusion analysis, PVTx paleo-pressure
modeling, hydrocarbon generation history modeling, and reflectance measurements was
employed. The results reveal the presence of abundant oil inclusions and bitumen within
the bedding-parallel veins, indicating that the initiation of fracture was essentially syn-
chronous with the oil emplacement. The studied Funing shale, with vitrinite reflectance
values of 0.85% to 1.04%, is mature, identifying it as an effective oil-prone source rock.
Thermal maturity of bitumen is comparable to that of the host shale, suggesting a local oil
source. Homogenization temperatures (Th) of coeval aqueous inclusions record fracture
opening temperatures of approximately 100–150 ◦C, consistent with oil-window conditions.
By integrating Th data with burial history modeling, the timing of fracture formation and
coeval oil injection is constrained to the peak period of local hydrocarbon generation,
rather than the Oligocene Sanduo tectonic event. This indicates that fracture opening
was primarily associated with hydrocarbon generation rather than tectonic compression.
Petroleum-inclusion thermodynamic modeling demonstrates that the bedding-parallel
fracture opening occurred under moderate to strong overpressure conditions, with calcu-
lated paleo-pressure coefficients of ~1.35–2.36. This finding provides direct paleo-pressure
evidence supporting the mechanism of bedding-parallel fracture opening driven by fluid
overpressure created during oil generation. These oil-bearing, overpressured fluids facili-
tated the initial opening and subsequent propagation of fractures along the bedding planes
of shales. Concurrently, the precipitation of the calcite veins may have been triggered by
pressure drop associated with the expulsion of some coexisting aqueous fluids. This study
provides evidence addressing the debated mechanisms of bedding-parallel fracture opening
in organic-rich shales, highlighting the critical role of oil generation-induced overpressure.
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1. Introduction
Similarly to carbonate rocks and clastic sandstones, shale successions commonly

contain pervasive fracture systems. In addition to tectonic forces, a variety of diage-
netic processes—such as compaction, dehydration shrinkage, hydrocarbon generation,
and mineral recrystallization—play a critical role in generating multi-scale microfractures
within subsiding shales during burial [1–4]. The resulting microfracture networks cru-
cially enhance pore connectivity, thereby improving the porosity and permeability of
shale reservoirs.

Bedding-parallel fractures are common features in certain shale reservoirs. Such
fractures are often observable within organic-rich shale successions of both saline and
freshwater lacustrine systems in many basins across China [5–9], including the Lower
Cretaceous Denglouku Formation (Songliao Basin), Eocene Hetaoyuan Formation (Biyang
Sag, Nanxiang Basin), Paleocene Funing Formation (Subei Basin), Eocene Qianjiang For-
mation (Jianghan Basin), and Upper Triassic Yanchang Formation (Ordos Basin). These
bedding-parallel fractures are frequently infilled by sparry, fibrous calcite, forming what are
known as bedding-parallel beef calcite veins [10]. Pore characterization reveals that shale
intervals containing such calcite veins consistently exhibit higher porosity and permeability
compared to adjacent strata. These veins have even been regarded as reliable indicators
of high-quality shale reservoirs [11]. For instance, beef calcite veins are widespread in
Paleogene shale reservoirs of the Bohai Bay Basin [5–7], and their distribution generally
correlates with productive shale oil intervals.

Recent exploration targeting shale oil pools in the Paleogene Funing Formation in
the Subei Basin has yielded significant breakthroughs [12–14]. Core observations reveal
well-developed bedding-parallel fractures, underscoring the importance of understanding
their fracture opening mechanisms to effectively predict fracture-enriched zones. For this
study, core samples were collected from Member 2 of the Funing Formation (E1f2). Utilizing
fluid inclusion analysis, paleopressure reconstruction, and basin modeling, this study in-
vestigates the opening history of bedding-parallel fractures in the shale oil reservoir, which
are then compared against regional tectonic and burial events to discuss the mechanisms
governing fracture dilation.

2. Geological Setting
The Subei Basin, forming the onshore part of the Subei–South Yellow Sea Basin

(Figure 1a), is a continental rift basin overlying the Lower Yangtze Platform, with an
area of about 3.28 × 104 km2 [15]. The Subei Basin initiated its evolution in the Late
Cretaceous [16] (Figure 2). The basin experienced two major phases of rifting (during the
periods 83–50.5 Ma and 50.5–34 Ma, separated by the Wubao tectonic event (Figure 2). Late
Cretaceous subduction of the Kula-Pacific Plate beneath eastern China induced simple
shear deformation in the lithosphere of the Lower Yangtze Plate [17]. This triggered
lithospheric detachment and the regional Yizheng tectonic event, accompanied by intense
magmatism. The first rifting phase, spanning the Late Cretaceous to Paleocene, was
characterized by extensive syn-depositional faulting and rapid subsidence, which formed a
series of extensional half-graben subbasins and deposited a regionally extensive continental
sequence [18]. During the deposition of the Paleocene Funing Formation, tectonic extension
intensified. This phase was characterized by two major lacustrine transgressions, coinciding
with global eustatic sea-level changes and resulting in two dominant sedimentary cycles.
The mid-sections of these sedimentary cycles correspond to maximum flooding surfaces,
where high-quality hydrocarbon source rocks (Members E1f2 and E1f4) were deposited at
57.1–52.5 Ma and 51.5–50.5 Ma, respectively [19–21].
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Figure 1. Regional Geological Map of the Subei Basin: (a) Major tectonic subunits of the Subei Basin;
(b) Structural units of the Gaoyou Sag, locations of sampling wells, and predicted Total Organic
Carbon (TOC) and Vitrinite Reflectance (%Ro) contours.
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Figure 2. General stratigraphic framework, sedimentary evolution, and tectonic events of the Subei
Basin. The red arrow indicates the target interval of this study. The figure is modified from [18].

The first phase of rifting was briefly interrupted by the Late Paleocene Wubao Move-
ment (Figure 2). During the Eocene, a second phase of rifting occurred, characterized by
extensive intrabasinal faulting, partitioning, and rapid subsidence. This led to the increas-
ing isolation of sub-basins [18]. Major deep-seated faults that bounded the depressions
were highly active during this period, exerting primary control over sedimentation.

In the depositional stage of Sanduo Formation (~37–23 Ma), a >10 Myr regional
tectonic uplift occurred due to Sanduo Event driven by the collision between the Indian
and Eurasian plates [22] (Figure 2). This produced a mild NE–SW compression within sags
and induced widespread intense denudation [23], substantially reducing topographic relief
across structural belts. This Sanduo tectonic movement (ca. 34~23 Ma) terminated the
rifting. From the Neogene onward, the basin entered a depressional stage. Tectonic activity
subsequently ceased, initiating a period of stable thermal subsidence.

This study focuses on the Cenozoic Gaoyou Sag (Figure 1b), covering an exploration
area of approximately 2670 km2. The sag is bounded to the south by the Tongyang Uplift
along the Zhenwu Major Fault. The Zhenw Fault developed successively from the Late
Cretaceous to the Miocene during rifting [18]. Its northern boundary transitions via a slope
belt to the Zheduo Low Uplift, while its western margin adjoins the Lingtangqiao Low
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Uplift and Wubao Low Uplift through slope belts. To the east, it connects with the Baiju
Sag. Internally, the sag comprises three secondary structural units arranged from south to
north: the fault terrace belt, the deep sag belt, and the slope belt.

The investigated shale oil reservoir is situated within the E1f2 shales of the deep sag
belt in the Huazhuang area. The Paleocene E1f2 Formation is dominated by black shale
interbedded with multiple layers of carbonate rocks, and bioclastic limestone. During the
Paleocene, the lacustrine basin experienced expansion [24], accompanied by an initial influx
of seawater. In the early depositional stage, coarse-grained carbonate rocks, including
bioclastic limestone, oolitic limestone, and bioturbated limestone, were deposited in the
relatively shallow waters of the central and western areas. As marine influence intensified,
the lacustrine basin expanded further with rising water levels and increased depth, leading
to the deposition of a relatively uniform suite of dark gray mudstone interbedded with marl
and oil shale in a semi-deep water environment. This interval exhibits high bio-productivity,
with abundant development of ostracods, gastropods, bioturbation structures, and algae.
This was followed by a regressive phase marked by reduced marine input, during which
dark gray lacustrine mudstone continued to accumulate in a low-relief topographic setting.

The Paleocene E1f2 shale generally exhibits a depositional thickness of 200–300 m
and possesses significant hydrocarbon generation potential [25,26]. Measured TOC (Total
Organic Carbon) analysis, combined with geophysical inversion predictions, indicates that
the E1f2 shale in the Huazhuang area is organic-rich, with TOC values ranging from 1.2
to 2.5% (Figure 1b). Maceral composition is dominated by sapropelinite, averaging 90%,
while exinite, vitrinite, and inertinite contents are each below 5% [23]. The organic matter
is classified as Type I. Vitrinite reflectance (%Ro) values indicate that the organic matter has
reached a thermal maturation (Figure 1b).

3. Samples and Methods
3.1. Petrographic Observations

We conducted detailed petrographic observations on the E1f2 cored intervals from
representative shale-oil exploration wells (A, B, C) in the Huazhuang area, located in the
deep sag belt of the Gaoyou Sag, Subei Basin. The sampling focused on representative shale
cores characterized by the presence of well-developed bedding-parallel fractures. Twenty-
four core samples were prepared as standard thin sections and examined petrographically
using a Nikon optical microscope.

3.2. Fluid Inclusions

Observation of hydrocarbon inclusions within transparent minerals of shale source
rocks provides direct insights into shale-oil accumulation processes. Fifteen of the collected
shale samples, which contained bedding-parallel calcite veins, were prepared as double-
polished thin sections for fluid-inclusion analysis. Oil inclusions were identified using
microscopic fluorescence observation. Microscopic fluorescence spectroscopy of individual
oil inclusions was performed using a Maya Pro 2000 micro-fluorescence spectrometer
(Ocean Optics, Dunedin, FL, USA) coupled to a Nikon 80I dual-channel fluorescence mi-
croscope (Nikon Corporation, Tokyo, Japan). Ultraviolet excitation wavelengths ranged
from 330 to 380 nm. The microscope was equipped with 10×, 20×, 40×, and 50× stan-
dard oil-immersion objectives, along with a 100× long-working-distance objective (8 mm
working distance).

Fluid-inclusion microthermometry was conducted to measure homogenization temper-
atures (Th), which represent the minimum temperature at the time of inclusion entrapment.
The Th distribution of coeval aqueous inclusions associated with hydrocarbon inclusions
serves as a proxy for paleotemperature. When integrated with burial-thermal history
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modeling, these data also enable the dating of hydrocarbon charging episodes [27,28]. Th

measurements employed the Nikon 80I microscope and a Linkam THMS G600 heating-
freezing stage (Linkam Scientific Instruments, Windsor, Surrey, United Kingdom), with a
measurement error of ±0.1 ◦C.

3.3. Paleo-Pressure Modeling

PVTx thermodynamic modeling method assumes oil inclusions form an isochoric
closed system. Isochores of coexisting aqueous and oil inclusions—constituting an im-
miscible fluid system—trace a unique trajectory in pressure (P) and temperature (T). The
isochores intersect at a singular point, representing the entrapment conditions [29]. The P-T
conditions are computed using VTflinc thermodynamic simulation software developed
by Calsep A/S (2007 version). by integrating key parameters: the compositional data and
homogenization temperatures (Th) of the oil inclusions, and the homogenization tempera-
tures of coeval aqueous inclusions within the host mineral. Oil inclusion composition is
initially estimated from the gas–liquid ratio at room temperature and the homogenization
temperature. The gas–liquid ratio was measured on Leica DM5500 laser scanning confo-
cal microscopy (Leica Microsystems, Wetzlar, Germany) (excitation wavelength: 405 nm;
operating voltage: 900 V) [30].

3.4. Basin Modeling

This study utilized 1-D basin modeling to analyze representative Well A within the
Huazhuang area using PetroMod 1-D software (Version 2012). The 1-D basin model
was constructed based on key geological parameters, including depositional and tectonic
events—specifically, stratigraphic ages, layer thicknesses, lithology, as well as the timing
and amounts of erosion. The stratigraphic ages are derived from a chronostratigraphic
framework (Figure 2) established by previous studies that integrated biostratigraphic and
isotopic geochronology. Corresponding stratum thicknesses and lithology are from the well
log of Well A provided by the SINOPEC Jiangsu Oilfield. Pure lithology fractions for each
interval were determined through statistical analysis of the well logs and input into the soft-
ware. The software subsequently systematically generated composite lithologies. Essential
physical properties of these composites—including density, initial porosity, permeability,
compressibility, thermal conductivity, and specific heat capacity—were calculated internally
by the software using standard arithmetic or geometric averaging of the corresponding
properties of the constituent pure lithologies. According to previous tectonic evolution
studies [22,23], the Oligocene Sanzuo Movement resulted in tectonic uplift and regional
erosion in the study area. The timing of this tectonic uplift has been constrained by regional
unconformity and apatite fission-track thermochronology [31], and the associated erosion
thickness at Well A is estimated to be approximately 500 m [32].

Present-day heat flow was calculated using the thermal conduction method. Recon-
struction of the paleo-heat flow history incorporated three principal models: the steady-
state heat flow model, the transient heat flow model, and the rifting heat flow model.
Given that the Subei Basin is a typical rift basin, initiating extensional stretching during the
Late Cretaceous and continuing through the Paleogene until its termination, followed by
regional uplift, erosion, and subsequent thermal subsidence, the rifting heat flow model
was selected to simulate its thermal evolution. Vitrinite reflectance (%Ro) data were used
to calibrate the modeled paleo-thermal history.

The thermal maturity history of the E1f2 source rocks in Well A was reconstructed
using the Easy %Ro method [33]. Classified as Type I, oil-prone source rocks, the E1f2 shales
were simulated for hydrocarbon generation using the Type I kinetic model established by
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Burnham (1989) [34]. These simulations employed the software’s default kinetic parameters
and incorporated an average total organic carbon (TOC) content of 1.9%.

3.5. Reflectance Measurement

Reflectance measurements were performed on solid bitumen infilling pores within
bedding-parallel calcite veins and on vitrinite from adjacent shale samples. For the bitumen-
containing veins, polished thin sections were prepared, while the shale samples were
crushed, mounted in epoxy resin, and polished into whole-rock blocks. Reflectance mea-
surements were conducted using a Zeiss Axio Scope A1 microscope (Carl Zeiss Microscopy
GmbH, Göttingen, Germany) under reflected white light with oil immersion objectives, cou-
pled with a J&M MSP200 micro-spectrophotometer (J&M Analytik AG, Essingen, Germany).
The system was calibrated using optically isotropic standards, including Leuco-Sapphire
(0.589%Ro), Gadolinium-Gallium-Garnet (1.717%Ro), and Cubic-Zirconia (3.16%Ro).
A minimum of fifty reflectance measurements were obtained for each sample. The bi-
tumen reflectance (BRo) was converted to equivalent vitrinite reflectance (VRo-Eq) using
the empirical equation proposed by Liu et al. (2017) [35]: VRo-Eq = 0.5992 × BRo + 0.3987.

4. Results
4.1. Bedding-Parallel Fractures Mineralized with Calcite

Core examinations show that the E1f2 shales exhibit multiple types of lithofacies,
including structureless massive shales, felsic-band-rich shales, and laminated shales. Hand
specimen observations reveal that bedding-parallel fractures are frequently developed
within the E1f2 shale oil reservoirs (Figure 3a). They exhibit variable fill characteristics: some
remain open, while others contain infillings of black solid bitumen. Calcite-filled bedding-
parallel fractures are also present, appearing white to grayish-white and displaying sharp
contacts with the adjacent host shales (Figure 3b). In terms of distribution, the veins
exhibit two primary patterns: (1) continuous interlayering, or (2) independent, dispersed
distribution. These bedding-parallel veins are characterized by significant lateral extent
but narrow widths, typically ranging from tens of micrometers to several centimeters. It
can be observed that the open bedding fractures or bedding-parallel veins that have been
mineralized by calcite are predominantly hosted in the laminated shales. The laminated
shales consist of cyclic, extremely thin light and dark laminae. Microscopic observations
show that these cyclic laminae are primarily composed of cryptocrystalline calcareous
laminae and organic-rich detrital clay laminae. Measured TOC values have indicated
that the carbonate-rich laminated shale has a higher organic carbon content. Thin-section
observations reveal that the characteristic fibrous structure of the bedding-parallel calcite
veins is clearly visible (Figure 3c). This structure commonly features a dark median
line composed of clay that traverses the entire vein length. The median line appears
discontinuous, straight, or wavy. Fibrous calcite crystals on either side of the median
line are tightly packed, growing perpendicular to the fracture walls and exhibiting an
asymmetrical distribution. Individual fibrous crystals show optical continuity. The crystal
growth within these veins is widely interpreted as a continuous process involving antitaxial
growth [36,37]. Notably, black bitumen has impregnated the calcites developed within the
bedding-parallel fractures of the E1f2 shales in the study area (Figure 3d). This indicates
that fracture opening was closely synchronized with bitumen injection.
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Figure 3. Petrographic characteristics of bedding-parallel fractures in the E1f2 shale oil reservoir,
Huazhuang area, Subei Basin. (a) Continuous laminae in the E1f2 shales, 3738.24 m; (b) Bedding-
parallel fractures, partially open and partially sealed by calcite, 4239.49 m; (c,d) Paired transmitted
light (c) and fluorescence (d) photomicrographs showing alternating cryptocrystalline calcareous
and organic-rich detrital clay laminae in laminated shale, 3737.86 m; (e) Transmitted light pho-
tomicrograph showing a bedding-parallel mineralized fracture composed of fibrous calcite and
a median line, 4123.86 m; (f) Fluorescence photomicrograph showing abundant impregnations
of non-fluorescent bitumen within fibrous calcite crystals, 4137.88 m. TR = Transmitted light;
UV = Ultraviolet fluorescence.

4.2. Fluid-Inclusion Petrography

In the Paleocene E1f2 shale oil reservoirs in the Huazhuang area, calcites filled in the
bedding-parallel fractures have trapped abundant oil inclusions and bitumen inclusions,
along with a minor number of aqueous inclusions. Furthermore, numerous oil inclusions
are also observed within lenticular calcite veins. The oil inclusions are oriented perpen-
dicular or sub-perpendicular to the contact surface between the vein and the host shale
(Figure 4a–d), suggesting that they are distributed along the growth direction of the vein
crystals. However, a significant number of oil inclusions also exhibit oblique or sub-parallel
orientations, aligned along the arcuate surfaces of cone-in-cone calcite structures. Under
transmitted light, oil inclusions within the veins exhibit a predominantly transparent to
pale brown appearance and are typically characterized by two-phase (vapor-liquid) compo-
sition (Figure 4e,f). They exhibit varied morphologies, including ellipsoidal, elongated, or
irregular shapes. The size range of the inclusions is remarkably diverse, with the smallest
measuring around 1 µm and the largest reaching up to 30 µm.
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Figure 4. Petrographic characteristics of oil inclusions in calcite filling bedding-parallel fractures
within the E1f2 shale oil reservoir, Huazhuang area, Subei Basin. (a,b) Paired transmitted light (TR)
and ultraviolet fluorescence (UV) photomicrographs showing blue-green-fluorescent oil inclusions
aligned along the growth direction of fibrous calcite. (c,d) Paired transmitted light (TR) and ultraviolet
fluorescence (UV) photomicrographs demonstrating abundant oil inclusions within the calcite vein.
(e,f) Paired transmitted light (TR) and ultraviolet fluorescence (UV) photomicrographs revealing
two-phase (liquid + vapor) oil inclusions within the calcite vein, with coexisting bitumen inclusions
observed adjacent to them.

Oil inclusions exhibit diagnostic fluorescence under ultraviolet (UV) light excitation,
providing a rapid and effective means to differentiate them from aqueous inclusions [38].
This fluorescence arises from electronic transitions within conjugated π-bond systems and
C=O functional groups present in aromatic hydrocarbons of the trapped organic matter;
subsequent energy release via photon emission generates the observed fluorescence. The
fluorescence color is primarily controlled by the size of individual aromatic molecules,
while its intensity depends on the abundance of these conjugated systems and functional
groups. As organic matter matures, thermal cracking of aromatic molecules and satu-
ration of unsaturated bonds systematically alters fluorescence color along the sequence:
red → orange → yellow → green → blue, corresponding to decreasing oil density [39].
Within the studied bedding-parallel calcite veins, oil inclusions predominantly display blue-
green fluorescence. Micro-fluorescence spectroscopy confirms this observation, revealing a
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primary fluorescence emission peak wavelength clustered around 490 nm, with a minor
secondary peak near 510 nm (Figure 5). This spectral signature indicates that the entrapped
oil is medium-gravity oil. Applying established correlations between fluorescence color
and API gravity further constrains the API gravity of the trapped oil to between 35◦ and
40◦, which is closely aligned with that of currently produced shale oil.

 
Figure 5. Microscopic fluorescence spectra of oil inclusions occurring within calcite that fills bedding-
parallel fractures in the E1f2 shale oil reservoir, Huazhuang area, Subei Basin.

4.3. Fluid-Inclusion Microthermometry

Microthermometric analysis of fluid inclusions in the bedding-parallel calcite veins
from the E1f2 shales was conducted on three wells (A, B, C) in the Huazhuang area, Subei
Basin (Figure 6). In Well A, oil inclusions exhibit homogenization temperatures (Th) ranging
from 43.2 ◦C to 118.3 ◦C, with the majority clustered between 80 ◦C and 100 ◦C. Coexisting
aqueous inclusions yield Th values of 104.3 ◦C to 139.4 ◦C. The Well B displays oil-inclusion
Th values spanning 66.8 ◦C to 147 ◦C (though primarily concentrated between 65 ◦C and
90 ◦C), while coexisting aqueous inclusions record Th values from 99.6 ◦C to 155.2 ◦C.
In Well C, oil-inclusion Th values range from 77.2 ◦C to 105.3 ◦C, with coeval aqueous
inclusions measuring 103.9 ◦C to 146 ◦C. Collectively, microthermometric analysis of
aqueous inclusions across all three wells reveals homogenization temperatures uniformly
distributed between approximately 100 ◦C and 155 ◦C, corresponding well with the oil
generation window. In contrast, oil-inclusion Th values demonstrate significantly greater
dispersion (43.2 ◦C to 147 ◦C), suggesting potential differential pressure effects influencing
their homogenization temperatures.

In bedding-parallel calcite veins from Well A, aqueous fluid inclusions exhibit ice-
melting temperatures of −6.8 to −1.5 ◦C, indicating salinities of 2.6–10.2 wt% NaCl equiva-
lent. Well B calcite veins record aqueous inclusion ice-melting temperatures spanning −4.2
to −2.9 ◦C, translating to salinities of 4.8–6.7 wt% NaCl equivalent. Conversely, aqueous
inclusions in Well C veins show ice-melting temperatures between −3.2 and −2.4 ◦C,
yielding salinities of 4.0–5.3 wt% NaCl equivalent. Together, the fluid-inclusion cooling
measurements demonstrate that vein-forming pore waters were brackish to saline, likely
originating as connate pore waters modified diagenetically during burial.
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Figure 6. Histograms of homogenization temperatures for oil inclusions and coeval aqueous inclu-
sions hosted in calcite that fills bedding-parallel fractures within the E1f2 shale oil reservoir, Wells A,
B, and C, Huazhuang area, Subei Basin.

4.4. Fluid-Inclusion Paleo-Pressure Modeling

Based on compositional and microthermometric data from fluid-inclusion analysis,
the thermobarometric behavior of fluids trapped in oil inclusions was reconstructed. The
composition of the oil inclusions was determined using the gas–liquid ratio measured
by confocal laser scanning microscopy (CLSM) and homogenization temperatures. We
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measured the gas–liquid ratios of nine oil inclusions within bedding-parallel calcite veins
from three wells (A, B, and C) in the Huazhuang area. These inclusions were selected
as they met all established criteria for non-reequilibration. A series of two-dimensional
(2D) thin sections scanned by CLSM were used to reconstruct three-dimensional (3D)
volumetric models of the oil inclusions. The results show that the gas–liquid ratios of
these oil inclusions range from 1.3% to 14.1%. The modeled oil compositions, combined
with the homogenization temperatures of coeval aqueous inclusions, yield trapping paleo-
pressures for the oil inclusions ranging from 37.9 to 48.4 MPa (Figure 7). Data from the
PVTx thermodynamic modeling of petroleum inclusions are summarized in Table 1.

 

Figure 7. Thermodynamic modeling pressure-temperature (P-T) phase diagram of petroleum inclu-
sions within calcite that fills bedding-parallel fractures within the E1f2 shale oil reservoir, Huazhuang
area, Subei Basin.

Table 1. Parameters and results of petroleum-inclusion thermodynamic modeling for bedding-parallel
calcite veins within the E1f2 shale oil reservoir, Huazhuang area, Subei Basin.

Well Thoil/◦C Gas–Liquid
Ratio/% Thaq/◦C Paleo-

Pressure/MPa
Paleo Pressure

Coefficient

Well A

43.2 1.3 104.4 46.6 2.27

88.7 12.6 119.6 39.4 1.58

81.8 10.4 115.6 40.5 1.71

93 7.8 139.4 43 1.35

74.5 8.4 109.5 40.3 1.83

75.2 9.6 126 48.4 1.79

Well B 78.8 9.2 99.6 43.6 2.36

Well C
91.8 14.1 116.5 37.9 1.59

75.2 7.6 126 47.6 1.74
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4.5. Burial and Hydrocarbon Generation History

This study reconstructed the 1-D burial and hydrocarbon generation histories of the
Well A in the Huazhuang area, Subei Basin, using PetroMod 1-D software. The burial history
modeling results reveal that the Huazhuang area experienced two subsidence phases
and one uplift phase (Figure 8a), forming a subsidence-uplift-resubsidence cycle. The
first subsidence stage involved continuous subsidence throughout the Eocene, primarily
associated with active rifting and extension (Figure 8d). This phase of rapid subsidence
was interrupted until the Oligocene by the Sanduo Movement—driven by the collision of
the Indian and Eurasian plates [22]. This associated tectonic uplift lasted for a considerable
duration, exceeding 10 Ma, resulting in regional erosion (Figure 8d). Since the Miocene, the
study area has entered a phase of renewed subsidence, which persists to the present day.

 

Figure 8. (a) 1-D burial-thermal-maturity history of Well A in the Huazhuang area; (b) Timing of
bedding-parallel fracture opening constrained by homogenization temperatures of fluid inclusions;
(c) Modeled oil generation history for the organic-rich E1f2 shale; (d) Regional tectonic evolution.

The thermal history of the study area adopted a paleo-heat flow trend from previous
study [40] and was calibrated using measured vitrinite reflectance (%Ro) data. Our recon-
structed temperature history indicates that the maximum burial temperature experienced
by the studied E1f2 shales occurred at present (Figure 8a). The maturity evolution history
was simulated and reconstructed using the built-in chemical kinetic model. Maturity his-
tory simulation results show that by the middle Eocene, the burial temperature of the E1f2

shale had approached approximately 100 ◦C, marking its entry into the early oil window.
Continued burial during the late Eocene further increased the temperature of the E1f2 shale,
propelling it further into the peak oil generation stage. The oil generation history for the
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E1f2 shale was established by integrating the chemical kinetic model with measured organic
geochemical parameters. The modeled results reveal an episode of peak oil generation
occurring approximately between 44 Ma and 32 Ma in the Huazhuang area (Figure 8c).
A comparison with regional tectonic evolution indicates that the large-scale uplift associ-
ated with the Sanduo Movement interrupted oil generation (Figure 8c,d). Subsequently,
the basin entered a phase of post-rift slow subsidence. Although reburial occurred, it
resulted in only a slight increase in the maturity of the E1f2 shale, which was insufficient to
initiate a second hydrocarbon generation episode. Therefore, the E1f2 shale in the study
area experienced only one oil generation period, during the Middle to Late Eocene.

4.6. Reflectance

The studied shales exhibit a measured vitrinite reflectance (VRo) range of 0.85–1.04%
(Table 2), which lies within the oil window, confirming their oil-generating potential
and classifying them as competent source rocks. Thin-section observations reveal dark
brown solid bitumen within bedding-parallel fibrous calcite veins (Figure 9). The bitumen
generated from the transformation of oil-prone organic matter to hydrocarbons during
thermal maturation [41]. Measured bitumen reflectance (Ro%) ranges from 0.83% to 1.27%,
equivalent to vitrinite reflectance (VRo-Eq) of 0.90% to 1.16%. This range is similar to the
measured vitrinite reflectance (0.85–1.04%) of the host shales.

Table 2. Reflectance results of bitumen within bedding-parallel veins and vitrinite in E1f2 shales from
Well A, Huazhuang area, Subei Basin.

Depth/m Type Number of
Point

Standard
Deviation Reflectance/%

Equivalent
Vitrinite

Reflectance/%

4094–4250

Bitumen

56 0.07 0.83 0.90
52 0.08 0.92 0.95
53 0.06 1.1 1.06
64 0.07 1.15 1.09
55 0.1 1.27 1.16

Shale

59 0.05 0.85 /
54 0.08 0.94 /
63 0.06 0.97 /
58 0.05 1.04 /

 

Figure 9. Photomicrograph showing solid bitumen within bed-parallel calcite veins. RL = reflected light;
TR = transmitted light.
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5. Discussion
5.1. Controversy over Bedding-Parallel Fracture Opening

Bedding-parallel fractures are widely observed in sedimentary basins, particularly
within low-permeability, organic-rich shales. Nevertheless, substantial controversies per-
sist regarding multiple aspects of these fractures, including their opening mechanisms,
boundary conditions (e.g., temperature and pressure), timing of formation, and the driving
forces responsible for fracture dilation. Current interpretations propose two primary mech-
anisms for initial fracturing along bedding planes in shales: (1) fluid overpressure [42] and
(2) tectonic lateral compression [43].

A prevailing view holds that fluid overpressure likely constitutes the dominant factor
initiating bedding-parallel fractures, particularly in organic-rich shales where anomalous
fluid pressures may arise from hydrocarbon generation or water expulsion during clay
diagenesis [44]. The reorientation of the maximum effective stress vector to a horizontal
position enables horizontal vein development in tectonically quiescent sedimentary basins.
This process is fundamentally driven by vertical gradients in fluid overpressure, which
induce upward pore fluid migration. The resultant seepage forces acting upon the skeletal
framework grains of the sediment ultimately trigger fracture opening.

Rapid burial-induced compaction disequilibrium and hydrocarbon-generation pres-
surization represent two primary independent mechanisms generating large-scale over-
pressure. Current scholarly consensus posits that the opening of bedding-parallel fractures
is intrinsically linked to hydrocarbon generation processes within source rocks [45]. Volu-
metric expansion and significant pressure increase resulting from kerogen hydrocarbon
generation and expulsion induce rock fracturing. This interpretation is principally evi-
denced by the widespread occurrence of hydrocarbon inclusions—such as bitumen and
oil inclusions—within numerous calcite veins. Empirical studies further document that
bedding-parallel calcite veins preferentially develop within mature, organic-rich shale
intervals. Moreover, both the frequency of bedding-parallel calcite veins and cumulative
vein thickness exhibit varying degrees of increase with advancing thermal maturity. These
observations collectively indicate that hydrocarbon generation plays a governing role in
the development of bedding-parallel calcite veins.

Nevertheless, although bedding-parallel veins exhibit higher frequency in organic-
rich shales, regression fitting reveals low correlation coefficients between vein parameters
(single-layer thickness, cumulative thickness per meter, vein count) and TOC content [46].
Furthermore, the presence of bedding-parallel calcite veins has been documented in ther-
mally immature shales (Ro < 0.5%).

Alternatively, many bedding-parallel fractures initiate during tectonic compression, as
they frequently occur in foreland basins or sedimentary basins that have undergone tectonic
inversion. Documented examples include the Wessex Basin in southern England [47] and
the Bristol Channel Basin of England and Wales [48]. Physical modeling experiments show
that bedding-parallel fractures can develop under lateral tectonic compression. This is
corroborated by field and core observations revealing mini thrust faults within bedding-
parallel calcite veins. In either overpressured or shallow-buried rocks, increased lateral
stresses reorient the maximum compressive stress into a horizontal direction, ultimately
triggering the opening of bedding-parallel fractures. Consequently, tectonic compression is
also recognized as a significant genetic factor for bedding-parallel fracture opening.

This ongoing debate underscores a critical research gap: the lack of direct paleo-
pressure evidence to constrain fracture opening mechanisms. Previous evidence supporting
hydrocarbon-generation-induced fracturing has primarily relied on qualitative observa-
tions, such as the presence of bitumen or oil inclusions within fractures, and statistical
correlations between fracture density and geochemical parameters (e.g., TOC and Ro).
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Demonstrating that hydrocarbon generation produced sufficient overpressure to exceed
the fracture threshold would provide strong support for this mechanism. Conversely, the
absence of such evidence would require alternative explanations. This work employs
quantitative PVTx paleo-pressure reconstruction to offer a direct approach to assess the
magnitude of oil-generation-induced overpressure in driving fracture formation. This
study applies quantitative PVTx paleo-pressure reconstruction to directly assess the magni-
tude of oil-generation-induced overpressure in driving fracture formation. In addition, the
timing of fracture opening in the study area is compared with regional tectonic and burial
diagenetic events to evaluate potential contributions from tectonic compression or other
burial-related pressurization mechanisms to the opening of bedding-parallel fractures.

5.2. Oil Generation-Driven Bedding-Parallel Fracture Opening

Solid bitumen is present within fibrous calcite veins that fill bedding-parallel fractures
in the shales (Figures 3f and 9), indicating hydrocarbon migration into opening fractures
contemporaneous with calcite precipitation. This interpretation is further supported by
the abundant occurrence of oil and bitumen inclusions within the bedding-parallel calcite
veins. Fluorescence spectroscopy of oil inclusions indicates API gravity values comparable
to those of currently produced shale oil, suggesting that these oil inclusions represent
a record of shale oil generation. Notably, some of these oil inclusions are distributed
along the growth zones of the vein crystals, suggesting a primary origin. Consequently,
these oil inclusions were likely trapped during fracture opening and concurrent calcite
crystallization. In addition, bitumen is occasionally observed along the median line of the
veins—representing the initial fracture plane—implying a genetic relationship between
hydrocarbon fluids and the early-stage fracturing of the shale. These hydrocarbon fluids
could have been derived either from external migration or from in situ generation within
the source rock.

Vitrinite reflectance values of the E1f2 shales range from 0.85% to 1.04%, which is
consistent with the oil window and indicates potential for liquid hydrocarbon generation
during burial. Moreover, the thermal maturity of the shales corresponds broadly to the
equivalent reflectance of bitumen within the calcite veins. These observations collectively
suggest that the crude oil present in the shale reservoirs is likely derived from in situ
hydrocarbon generation within the local shales, rather than from migration of externally
sourced oil. Therefore, local hydrocarbon generation drove the initial fracturing that formed
the bedding-parallel fractures.

Further evidence comes from the timing of oil inclusion entrapment within the veins,
which aligns with the modeled hydrocarbon generation period of the local source rocks
(Figure 8b,c). This correlation confirms that fracture opening was associated with local
hydrocarbon generation rather than the migration of externally sourced overpressured
oil-bearing fluids. Fluid-inclusion microthermometry shows that homogenization tempera-
tures (Th) of aqueous inclusions in the bedding-parallel veins range from ~100 ◦C to 150 ◦C.
In methane-saturated systems—common in petroliferous basins, especially within organic-
rich shales—Th values closely approximate the true trapping temperature. Thus, the Th

data obtained in this study can be directly linked to fluid temperature and integrated with
the burial-thermal history of the Huazhuang area to constrain the timing of oil inclusion en-
trapment and coeval fracture opening. For calcite veins from Well A, temperature-derived
timing of oil emplacement to bedding-parallel fractures is constrained to 46.2–37.8 Ma
(Figure 8b), closely matching the numerically modeled peak hydrocarbon generation period
of approximately 44–32 Ma (Figure 8c). This correspondence conclusively demonstrates
that the opening of the bedding-parallel fractures occurred during the local oil generation.
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Reconstructed paleo-pressure values of oil inclusions within calcite that fills bedding-
parallel fractures in the E1f2 shale samples across three wells in the Huazhuang area range
between 37.9 and 48.4 MPa (Table 1). Comparison with hydrostatic pressure corresponding
to the paleo-depth inferred from fluid-inclusion homogenization temperatures integrated
with burial history reconstruction indicates paleo-pressure coefficients ranging from 1.35
to 2.36, with most exceeding 1.55, demonstrating moderate to strong overpressure. This
provides direct evidence that the bedding-parallel fractures were dilated by excess pore
pressure induced by local hydrocarbon generation.

In organic-rich shales, the thermal maturation of kerogen into oil and gas under spe-
cific pressure and temperature conditions results in a volume increase of 10–20%, thereby
generating overpressure [49]. This overpressure magnitude is recognized as being suffi-
ciently high to fracture the source rock. Upon reaching a critical stress state, overpressure
triggers the initiation and propagation of microfractures [50]. This process significantly
enhances primary hydrocarbon migration.

It is critical to note that the bedding-parallel fractures in the studied area cannot
be attributed to tectonic compression. The primary tectonic compression event in the
Subei Basin occurred during the Oligocene Sanduo Movement. However, the timing of
fracture opening, as determined by fluid inclusion homogenization temperatures, does
not coincide with this event (Figure 8b,d). Instead, the fractures formed when the shale
was already at a middle to deep burial depth. The overpressure that drove fracturing was
primarily generated by hydrocarbon generation, with a potential secondary contribution
from disequilibrium compaction due to rapid sedimentation.

This study proposes that the lithofacies types and structural characteristics of shale
influence the development of bedding-parallel fractures. In the E1f2 shale interval, bedding-
parallel fractures are predominantly developed in carbonate-rich laminated shales, as
opposed to structureless massive shales or felsic-band-rich shales. This suggests that both
the laminated sedimentary structure and compositional features play a controlling role
in the formation of bedding-parallel fractures. Such laminated shales are typically highly
heterogeneous, characterized by interlayered clay and microcrystalline carbonate laminae.
Variations in sedimentary composition create micro-laminae that serve as preferential weak
surfaces for the initiation and propagation of bedding-parallel fractures.

Although felsic-band-rich shales also exhibit compositional and structural heterogene-
ity, their organic matter content is comparatively low. In contrast, carbonate-rich laminated
shales possess higher organic matter abundance, which directly enhances hydrocarbon
generation potential. This, in turn, affects the magnitude of overpressure resulting from
fluid expansion during hydrocarbon generation. Additionally, organic acids derived from
hydrocarbon formation can dissolve microcrystalline carbonate laminae, thereby supplying
the necessary material for subsequent calcite infilling within bedding-parallel fractures.

Fluid overpressure created by oil generation, migrating along and charging these
bedding-parallel fractures within the shale reservoir, causes their progressive opening
(Figure 10). Critically, the overlying and underlying thin, sheet-like shale intervals act as
effective top and bottom seals. This sealing configuration confines and directs hydrocarbon-
bearing fluids towards injection into the opened bedding planes. Consequently, this geolog-
ical setting enables the establishment of a high-quality shale oil system within the organic-
rich shale, forming an integrated self-sourcing and self-storing source-reservoir unit.
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Figure 10. Opening model of bedding-parallel fractures in laminated organic-rich shales of the Funing
Formation (E1f2), Subei Basin. When organic-rich shale is buried into the oil window, overpressured
fluids generated by kerogen cracking induce hydraulic fracturing. The overpressured fluids open
fractures along bedding planes. Following pressure decline, calcite precipitates and fills the fractures.

6. Conclusions
(1) Abundant bedding-parallel fractures are developed within the E1f2 shales of the

Gaoyou Sag, Subei Basin. These fractures are frequently filled with either bitumen or calcite.
The bedding-parallel calcite veins typically consist of fibrous crystals and a dark median
line. The vein calcites often contain solid bitumen. Furthermore, the calcite hosts abundant
oil inclusions aligned along crystal growth zones. These petrographic features preserve
clear evidence of oil migration into the opened bedding-parallel fracture.

(2) Measured vitrinite reflectance range of 0.85% to 1.04% confirms the oil-generating
potential of the E1f2 shale, characterizing it as a competent source rock within the oil win-
dow. Homogenization temperatures of aqueous inclusions associated with oil inclusions in
bedding-parallel calcite veins fall within the oil-window temperature range. Integration of
these temperatures with burial history modeling constrains the timing of oil migration and
concurrent fracture opening to a period closely corresponding to the peak hydrocarbon
generation phase of the local source rocks. Furthermore, bitumen within the veins shows
thermal maturity similar to that of the host shale. These lines of evidence collectively sug-
gest that in situ hydrocarbon generation within the E1f2 shale produced crude oil, which
accumulated and drove the opening of bedding-parallel fractures, rather than having been
supplied by external oil migration. Moreover, the timing of fracture opening is distinctly
earlier than the Oligocene Sanduo tectonic movement, precluding tectonic compression as
the primary driver for the formation of these bedding-parallel fractures.

(3) Oil-inclusion paleo-pressure modeling indicates that the bedding-parallel fractures
opened under pore fluid pressures ranging from 37.9 to 48.4 MPa, corresponding to paleo-
pressure coefficients of 1.35–2.36 (with the majority exceeding 1.55). This finding provides
compelling evidence that fracture dilation occurred under moderate to strong overpressure
conditions, confirming hydrocarbon generation-induced overpressure as the principal
driver of bedding-parallel fracture opening. It should be noted, however, that uncertainties
in the predicted composition of oil inclusions in thermodynamic modeling may introduce
some degree of error into the pressure simulations.
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