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ABSTRACT

The fine-grained sedimentary rocks have numerous bedding-parallel fractures that are essential for the
migration, enrichment, and efficient development of oil and gas. However, because of their variety and
the complexity of the factors that affect them, their spatial prediction by the industrial community
becomes challenging. Based on sample cores, thin sections, and well-logging and seismic data, this study
employed a multi-scale data matching approach to quantitatively predict the development of bedding-
parallel fractures and investigate their spatial distribution. Bedding-parallel fractures in the Lucaogou
Formation in Jimusar Sag frequently occur along preexisting bedding planes and lithological interfaces.
Unfilled bedding-parallel fractures inside or near source-rocks exhibit enhanced oil-bearing capacity.
They were identified on micro-resistivity scanning images by the presence of regularly continuous black
or nearly black sinusoidal curves. Overall, the developmental degree of bedding-parallel fractures was
positively related to the brittle mineral and total organic carbon contents and negatively related to single
reservoir interval thickness. The maintained porosity of the reservoir matrix contributed to a thorough
response to factors affecting the development of bedding-parallel fractures. Here, an effective and
objective method was proposed for predicting the development and distribution of bedding-parallel
fractures in the fine-grained sedimentary rocks. The method was based on the matched reservoir in-
terval density, reservoir interval density, and matched sweet spot density of bedding-parallel fractures.
The prediction method integrated the significant advantages of high vertical resolution from logging
curves and strong lateral continuity from seismic data. The average relative prediction error was 8% in
the upper sweet spot in the Lucaogou Formation, indicating that the evaluation parameters for bedding-
parallel fractures in fine-grained sedimentary rocks were reasonable and reliable and that the proposed
prediction method has a stronger adaptability than the previously reported methods. The workflow
based on multi-scale matching and stepwise progression can be applied in similar fine-grained sedi-
mentary rocks, providing reliable technological support for the exploration and development of
hydrocarbons.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0).
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1. Introduction

Fine-grained sedimentary rocks, characterized by grain sizes
<0.0625 mm, function as both favorable reservoirs and source rocks
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et al., 2021; Zeng et al., 2021, 2022). They are deposited in weak
hydrodynamic settings and are primarily composed of clay min-
erals, terrigenous clasts, and authigenic carbonates (Krumbein,
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1947; Ghadeer and Macquaker, 2011; Li et al., 2019; Pang et al.,
2022). Recent studies have reported that fine-grained sedimen-
tary rocks are well developed in the Junggar (Li et al., 2018; Shi
et al,, 2018; Ju et al., 2020), Ordos (Li et al., 2018; Shi et al., 2018;
Ju et al., 2020), Songliao (Liu et al., 2019, 2021), and Bohaiwan (Wu
et al., 2017; Zhao et al., 2019) basins in China. Extensive exploration
and production activities in fine-grained sedimentary hydrocarbon
reservoirs have revealed that natural fractures play key roles in
improving the production capacity of hydrocarbon reservoirs (Gale
et al.,, 2014; Luo et al., 2017; Zhang et al., 2017; Ju et al., 2020;
Mohammed et al., 2021; Lai et al., 2022). Natural fractures that can
considerably improve hydrocarbon storage, fluid flow, and pro-
ductivity in fine-grained sedimentary rocks mainly include unfilled
bedding-parallel fractures and opened tectonic fractures (McGinnis
et al.,, 2017; Basa et al., 2019; Lai et al., 2022; Du et al., 2023b).
Bedding-parallel fractures are fractures found along weak bedding
interfaces and are extensively developed in fine-grained sedimen-
tary layered rocks (Li et al., 2018; Abuamarah et al., 2019; Nabawy
et al, 2020; Lai et al., 2022; Zeng et al., 2024). The formation
mechanisms of bedding-parallel fractures have been revealed in
diverse petroliferous basins; these mechanisms mainly include
structural stress (Bergbauer and Pollard, 2004; Gale et al., 2014),
hydrocarbon generation and expulsing acid dissolution (Lacombe
et al., 2011; Wang et al., 2021), and pressure fracturing of authi-
genic fluids (Parnell et al., 1996; Feng and Chen, 2015). So far, the
character description, stages, recognition, and developmental de-
gree of bedding-parallel fractures have been examined with
outcrop geological surveys, core observations, thin sections, and
other methods (Ma et al., 2016; Zhao et al., 2019; Gu et al., 2020; Lu
et al.,, 2021; Pang et al., 2022). However, relatively fewer studies
have been conducted on systematic analysis of the factors affecting
bedding-parallel fractures and geophysical spatial prediction of
their development. So, it is necessary to both identify the factors
affecting natural fracture development and quantitatively predict
their distribution.

Well-logging data calibrated by core samples have been applied
in bedding-parallel fractures, and several identification and evalu-
ation methods have also been developed (Folkestad et al., 2012;
Espejel et al.,, 2020; Zhang et al., 2020, 2022; Lai et al., 2022).
Several quantitative parameters, such as the linear density and
aperture of bedding-parallel fractures, have been established.
Various application cases in diverse petroliferous basins have
revealed the effectiveness of these parameters in evaluating
bedding-parallel fractures (Schulz et al., 2005; Huang et al., 2006;
Qu et al.,, 2016; Zhang et al., 2018, 2022; Lu et al., 2021; Xu et al.,
2021; Zeng et al., 2021, 2022; Lai et al., 2022; Du et al., 2023a);
however, these are difficult to use for seismic prediction owing to
the differences in data resolution among the core samples, logging
curve, and seismic events (Lai et al., 2015; Bhattacharya and Mishra,
2018; Lu et al., 2023). Although robust lateral continuous seismic
data can be used for predicting the development of bedding-
parallel fractures, obtaining compatible parameters at an appro-
priate scale remains challenging (Wei et al., 2021; Dong et al., 2022;
Bao et al., 2023). Hence, it is necessary to bridge these gaps based
on multi-scale geophysical information. Additionally, Various
complex factors contribute to distinct differences in the develop-
ment of bedding-parallel fractures in fine-grained sedimentary
rocks, which also promote or weaken each other (Zhang et al., 2017;
Lai et al,, 2022; Pang et al., 2022; Liu et al., 2023). Unfortunately,
only few studies have elucidated the relationship between the
degree of the development of bedding-parallel fractures and
intrinsic reservoir factors (e.g., mineralogical composition, lithol-
ogy, reservoir thickness, and total organic carbon contents);
accordingly, it is difficult to quantitatively predict the spatial dis-
tribution of the development of bedding-parallel fractures (Lai
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et al., 2022; Zeng et al., 2022). Therefore, methods for the multi-
scale quantitative characterization and prediction of bedding-
parallel fracture development in fine-grained sedimentary rocks
should be comprehensively consider these affecting factors and
practical applications.

The Lucaogou Formation in the Jimusar Sag exhibits consider-
able potential as fine-grained sedimentary hydrocarbon reservoirs
(e.g., tight oil and shale oil), developed numerous parallel-bedding
fractures, and is the key exploration interest in the Xinjiang Oilfield
of PetroChina (Kuang et al., 2019; Pang et al., 2022; Zhang et al,,
2022). When the formation of these fractures is temporally
coupled with the hydrocarbon generation from the source rocks
and the bedding fractures are spatially coupled with the source
rocks, they show the best oil-bearing property (Yang et al., 2018;
Kuang et al., 2019; Lu et al., 2021; Pang et al., 2022; Zhang et al.,
2022; Chen et al., 2023). Recently, several wells in the Lucaogou
Formation within the Jimusar Sag have achieved commercial pe-
troleum flows from fine-grained sedimentary reservoirs charac-
terized by the presence of a large number of bedding-parallel
fractures. Subsequently, remarkable discoveries have been made in
sedimentary settings, the formation mechanisms of bedding-
parallel fractures, reservoir characteristics, and oil accumulation.
These findings provide valuable references for predicting the
development of bedding-parallel fractures. This study is primarily
divided into two sections. The first section establishes a quantita-
tive method for predicting the development of bedding-parallel
fractures based on the proposed multi-scale characterization pa-
rameters, while the second section explores the factors affecting
the development of bedding-parallel fracture development by
evaluating the degree of development of these fractures. This study
proposes an effective, objective, and practical method for predict-
ing the development of bedding-parallel fractures in fine-grained
sedimentary rocks and provides an important reference for appli-
cation in other regions.

2. Geological settings

The Jimusar Sag (1300 km?), formed on middle Carboniferous
folded basement, is located in the south-eastern Junggar Basin in
western China (Fig. 1(a)) and has experienced successive Hercy-
nian, Indosinina, Yanshan, and Himalayan tectonic movements (Qiu
et al., 2016; Kuang et al., 2012, 2019; Wu et al.,, 2019). Its current
structural pattern comprises an asymmetric dustpan-like sag,
faulting in the west and overlying in the east, with a half-ring belt
monocline structure and rare faulting inside (Fig. 1(b) and (d)).

Continental fine-grained sedimentary rocks (e.g., tight oil and
shale oil) of the Lucaogou Formation in the Jimusar Sag have been
recently shown to have abundant hydrocarbon resources and
remarkable exploration potential (Cao et al., 2016; Kuang et al.,
2019; Zhi et al., 2019; Wang et al., 2020; Lin et al., 2021). Existing
drilling, well-logging, and 3D seismic data have revealed the
following stratigraphic sequence above the Carboniferous folded
basement from the bottom to the top (Xiang et al., 2013): the
Carboniferous (C) formation; the Jiangjunmiao (Poj), Lucaogou (Pl),
and Wutonggou (Pswt) Permian formations; the Jiucaiyuanzi (Tyj)
Triassic formation; the Badaowan (Jib) Jurassic formation; the
Tugulu (K;tg) Cretaceous formation, and Paleogene (E) formation
(Fig. 1d). The lithological and electrical characteristics of the
Lucoagou Formation, developed with 2.5 third-order cycles, were
systematically analyzed, leading to its classification into the P4
and Pl sub-members (Fig. 1¢) (Kuang et al., 2012; Yang et al., 2018;
Pang et al., 2022). Two sweet spots were identified—the upper
sweet spot in the Pl sub-member and the lower sweet spot in the
Pyl sub-member (Zhi et al., 2019; Lu et al., 2021; Lai et al., 2022).
The abundance of industrial shale oil in these sub-members has
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Fig. 1. Location and geological map of the Jimusar Sag in the Junggar Basin. (a) Simplified structural units of the Junggar Basin and location of the Jimusar Sag. (b) Structure contour
of the top of the Lucaogou Formation of the Jimusar Sag. (c) Stratigraphic column of the Permian Lucaogou Formation in the Jimusar Sag. (d) Geological seismic profile in the
east—west direction. Legend as follows: (1) wells, (2) faults, (3) Lucaogou Formation top structure contour in meters, (4) pinchout line of Lucaogou Formation, (5) seismic profile, (6)
3D seismic data volume survey, (7) subsag in Junggar Basin, (8) muddy siltstone, (9) dolomitic siltstone, (10) calcareous siltstone, (11) shale, (12) dolomitic mudstone, (13) limestone,
(14) dolomite. GR: Natural gamma ray. RT: deep resistivity log. TWT: two-way travel time.

attracted considerable interest in China, leading to the construction
of a national continental shale oil demonstration site.

The Lucaogou Formation, comprising typical fine-grained sedi-
mentary rocks, with a thickness ranging from 100 to 350 m, is
categorized as a saline lake with shore-shallow to deep lacustrine
facies in a sedimentary environment (Fig. 1c) (Kuang et al., 2012;
Yang et al., 2018; Zhi et al., 2019; Lin et al., 2021; Pang et al., 2022).
Influenced by structural activities, climate, and sediment supply,
the Lucaogou Formation displays a changing setting of deep and
shallow lacustrine and extensively developed siltstones, carbon-
ates, mudstones, and shales (Zhang et al., 2019; Lu et al., 2021; Lai
et al,, 2022; Pang et al., 2022). Owing to the periodic injection of
terrestrial clastic material, the Lucaogou Formation mainly devel-
oped a thin sand layer with individual thickness ranging from 0.5 to
2 m and an accumulative thickness ranging from 20 to 90 m. The
pore spaces in this layer mainly include intragranular dissolution
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pores, intergranular pores, and micro-fractures (Zhang et al., 2018;
Pang et al., 2022; Zeng et al., 2022), characterized by a low matrix
porosity and ultra-low permeability. The matrix porosity of rocks is
primarily concentrated in the range of 0.1-24.8%, with a median
value of 7.76%, whereas permeability is mainly distributed in the
range of 0.004—9.82 mD, with a median of 0.4 mD (Fig. 2).

3. Materials and methodology
3.1. Material and photographic analysis

Cores, conventional logging curves, micro-resistivity scanning
imaging images, 3D seismic data and scanning electron microscopy
images, and thin section photographs from the Lucaogou Formation
were used in this study. Geological data were obtained from the
Xinjiang branch Oilfield Company of China National Petroleum
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Fig. 2. Permeability and matrix porosity characteristics of the two groups (with bedding-parallel fractures and without bedding-parallel fractures) in the fine-grained sedimentary
rocks of the Lucaogou Formation in the Jimusar Sag. (a) For each group, the cross plots showed a poor correlation between permeability and matrix porosity. (b) and (c) Matrix
porosity distribution histogram of each group. (d) and (e) Permeability distribution histogram of each group.

Corporation and Zhundong Petroleum Technology Co., Ltd.

3.1.1. Core samples

In this study, 823 m drilled cores from five coring wells (J172,
J174, ]29, J10016, and J10025) were examined (Fig. 1(b)). Core
samples were first examined to reveal fracture types, including
diagenetic fractures (bedding-parallel fractures, dissolved frac-
tures), tectonic fractures, and abnormal pressure fractures, as well
as the filling characteristics of the fracture planes. They were then
used to calibrate the micro-resistivity scanning imaging images and
identify geological variables of interest (Moreau and Joubert, 2016;
Zhang et al., 2020; Lai et al., 2022).

3.1.2. Geophysical datasets
Conventional wireline logs at 0.125 m intervals were acquired

from 27 wells. Natural gamma ray (GR), spontaneous potential (SP),
density (DEN), acoustic velocity (AC), compensated neutron log
(CNL), true formation resistivity (RT), flushed zone resistivity (RXO),
and invaded zone resistivity (RI) were primarily used to evaluate
reservoir properties (e.g., lithology, porosity, thickness, oil layer
types) by applying cross plots and mathematical physical models
(Lai et al., 2017).

Micro-resistivity scanning images from 27 wells, with a longi-
tudinal resolution of 5 mm, revealed continuously fine features of
the wellbore wall, evidenced by color variations (0—255) presented
in static and dynamic images (Serra, 1989; Rajabi et al., 2010;
Moreau and Joubert, 2016; Zhang et al., 2020; Lai et al., 2022). Static
images were normalized across the entire interval, encompassing
the entire Lucaogou Formation, and were useful in identifying li-
thology. Contrastingly, dynamic images, which are scaled in the
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sliding window (usually 0.6096 m), provided specific data on the
geological characteristics of the borehole (Donselaar and Schmidt,
2005; Wilson et al, 2013; Keeton et al., 2015; Moreau and
Joubert, 2016; Aghliet al., 2020; Zhang et al., 2020; Lai et al,
2022; Pang et al., 2022), such as grain size, sedimentary beddings,
fractures, and vugs.

The 3D seismic data (28 Hz dominant-frequency) were acquired
in situ and provided reliable information for the prediction of the
development of bedding-parallel fractures. The selected study area,
spanning approximately 250 km? was located in the eastern
Jimusar Sag (Fig. 1(b)).

3.1.3. Petrographic analysis

Thin section photographs and scanning electron microscopic
(SEM) images can provide fine micro-images (nanometer to
micrometer scale) of microfractures (<0.1 mm), thereby charac-
terizing fine microfractures (Loucks et al., 2009; Gou et al., 2019;
Espejel et al., 2020; Lin et al., 2021; Zhu, 2021). Over 40 polished
thin section photographs gathered from five drilled boreholes in
the Jimusar Sag were studied using petrographic optical micro-
scopy to distinguish microfractures. Additionally, SEM images ob-
tained from 74 samples, using an accelerating voltage of 20 kV,
were also used to identify microfractures.

3.2. Methodology

The fine-grained sedimentary rocks studied exhibit low matrix
porosity, strong heterogeneity, and bedding-parallel fracture
development (Yang et al., 2018; Zhang et al., 2018; Lu et al., 2021;
Pang et al., 2022). Quantitatively characterizing reservoir bedding-
parallel fractures using sample cores and FMI images is simple
(Zhang et al., 2020; Lai et al., 2022; Pang et al., 2022). However,
these methods cannot be directly used to predict the macro dis-
tribution of bedding-parallel fractures without seismic data. To
address this issue and predict the development characteristics of
bedding-parallel fractures in fine-grained sedimentary rocks, spe-
cial attention was paid to their identification and quantitative
characterization as well as the multi-scale integrated application of
seismic, FMI, and conventional logging data.

3.2.1. Mathematical model

Matrix porosity and oil saturation were calculated using con-
ventional logging curves calibrated using the core samples. Addi-
tionally, individual oil layer types were identified, and their layer
thickness was estimated (Lai et al., 2017; Zhang et al., 2022). Oil
layers with better oil-bearing characteristics were identified and
evaluated based on the matrix porosity and oil saturation, which
were calculated from conventional logging curves. The identifica-
tion criteria for oil layers were as follows: matrix porosity >7%, oil
saturation >70%, and thickness >0.5 m. Subsequently, these oil
layers were divided into four ranks based on their oil saturation
levels. The oil saturation values falling in the ranges of 70%—75%,
75%—80%, and 80%—85% and >85% were categorized as class IV, III,
II, and I types of oil layers, respectively. The identification of these
oil layer types was automatically completed using a code developed
employing the CIFLog software. These oil layers may be continuous
or discontinuous in the longitudinal direction, which is represented
with a stratigraphic model (Fig. 3). We observed that the AB oil
layer was discontinuous, while the CD and DE oil layers were
continuous. In this case, the AB and CE intervals were considered as
a single reservoir interval, indicating that the single reservoir in-
terval consisted of a discontinuous oil layer or several continuous
oil layers.

The density of the bedding-parallel fractures within the reser-
voir interval was introduced to characterize the intensity of the
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development of bedding-parallel fractures based on the number of
fractures and the thickness of the reservoir interval. Bedding-
parallel fractures in fine-grained sedimentary rocks were identi-
fied, and the density of bedding-parallel fractures in a single
reservoir interval was calculated using results interpreted from the
conventional logging and FMI images. The parameters were cali-
brated using cores at specific depths to determine the empirical
correction value (Zhang et al., 2022). Fig. 3 shows that the CE in-
terval was a single reservoir interval comprising two oil layers (CD
and DE intervals). In this case, the density of the bedding-parallel
fractures in a single reservoir interval was N, + N3/H, + Hs. Thus,
the reservoir interval density of the bedding-parallel fracture was
calculated using Eq. (1) as follows:

n

> Noui
i=1

n

>~ Hori

i=1

BFdg; =

(1)

where BFdg, is the reservoir interval density of the bedding-parallel
fracture, i is the number of oil layers in the reservoir interval (i = 1,
2,3, ..., 1), Nog;is the subordinate oil layer bedding-parallel fracture
number in the reservoir interval, and Hgy; is the subordinate oil
layer thickness in the reservoir interval.

Selecting a reservoir interval density of bedding-parallel frac-
tures is particularly crucial for predicting and evaluating the
development of bedding-parallel fractures in fine-grained sedi-
mentary rocks. Considering that the reservoir interval density of
bedding-parallel fractures is clearly affected by matrix porosity
(Chen et al., 2016; Zhang et al., 2017; Lu et al., 2021; Pang et al.,
2022), the weighted porosity was used as an estimate of the
reservoir interval porosity. The weighting coefficient was deter-
mined from the oil layer thickness in the reservoir interval. Fig. 3
shows that FK is a single reservoir interval, comprising three oil
layers (FG, GJ, and JK intervals). In this case, the weighted matrix
porosity of the single reservoir interval is (Hg<¢4 + Hs <5 +
Hg -9g)/(H4 + Hs + Hg). Eq. (2) was used to calculate the weighted
matrix porosity as follows:

n
>~ Hovi*eoLi

i=1
n

PRI =

(2)
Hoyi
i

where ¢g; is the weighted matrix porosity of a reservoir interval and
¢ori is the subordinate oil layer matrix porosity in the reservoir
interval.

The 3D seismic data used to predict the distribution of reservoirs
during oil and gas explorations worldwide have revealed that the
identifiable thickness of reservoirs is considerably affected by the
dominant frequency (Shang et al., 2021; Dong et al., 2022; Bao et al.,
2023), which is theoretically greater than a quarter of the reflection
wavelength. In this study, the thickness of a single reservoir interval
predicted by seismic data was substantially larger than that ob-
tained from logging curves (Fig. 3). Accordingly, a sweet spot in-
terval revealed by sensitive seismic attributes may consist of
several reservoir intervals interpreted from logging curves (Dong
et al., 2022; Bao et al., 2023). In the stratigraphic model displayed
in Fig. 3, the AQ sweet spot interval revealed by seismic attributes is
composed of the AB, CE, FK, and PQ reservoir intervals obtained
from conventional logging curves. Conventional average methods
are unsuitable and not universally applicable for determining the
conversion relationship between sweet spot and reservoir intervals
using 2D scattered intersection charts. To resolve this issue,
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Fig. 3. Evaluation methods for quantitative characterization of bedding-parallel fractures based on conventional logs and FMI images. O.L.i is the i-th oil layer in a reservoir interval.
¢oLi and Hoy; denote the matrix porosity and thickness of the i-th oil layer, respectively. No; is the numbers of bedding-parallel fractures in the i-th oil layer. R.Lj is the j-th reservoir
interval in a sweet spot interval. ¢gyj, Hgj;, and BFdg;; denote the weighted matrix porosity, accumulative thickness, and reservoir interval density of bedding-parallel fractures in the
Jj-th reservoir interval. i is the number of oil layers in a reservoir interval (i = 1, 2, 3, ..., n). j is the number of reservoir intervals in a sweet spot interval (j = 1, 2, 3, ..., m). M¢, and
MBFds denote the matched matrix porosity and sweet spot density of bedding-parallel fractures in a sweet spot interval, respectively. P¢s and PBFds denote the predicted matrix
porosity and sweet spot density of bedding-parallel fractures in a sweet spot interval, respectively.

adjusting weight analysis was employed in this study. Adjusting
weight analysis is a data matching method for calculating the
reservoir parameters (e.g., matrix porosity, bedding-parallel frac-
tures density) of sweet spot intervals using a fine synthetic seis-
mogram, which is consistent with the objective elements and has
reliable petrophysical basis in reservoir evaluation (Schulz et al.,
2005; Xiao et al., 2015; Corina and Hovda, 2018; Zheng et al.,
2021; D.M. Niu et al., 2022). Based on Fig. 3, Egs. (3) and (4) were
established as follows:

m
2; Hgjj * oRij
Myg="———— (3)
> Hgyj
=
m
Hpi =Y H; (4)
A

where M¢; is the matched matrix porosity of the sweet spot in-
terval, ¢gj; is the subordinate reservoir interval matrix porosity in
the sweet spot interval, Hgjj is the subordinate reservoir interval
thickness in the sweet spot interval, H; is the subordinate oil layer
thickness in the reservoir interval, and j is the number of reservoir
intervals in the sweet spot interval (j = 1, 2, 3, ..., m).

m
Z BFdRI_] . (pRIj
MBFdg ="' (5)

> PRIj
j=1

where MBFd; is the matched sweet spot density of bedding-parallel
fractures and BFdgj; is the subordinate reservoir interval density of
bedding-parallel fractures in a sweet spot interval.

Furthermore, based on the logging data of drilled exploratory
wells, a statistical mathematical relationship between M¢s and
MBFd; was established using interpretation results of conventional
logging and FMI images as follows:

MBFds :f(M(Ds) (6)

where f(M¢s) denotes a function relationship, such as linear,
exponential, or power. To achieve the highest possible accuracy, the
fitting correlation coefficient of the mathematical formula must be
as large as possible (Corina and Hovda, 2018; Zheng et al., 2021), i.e.,
E(MBFdg, — f(Mgg,)) = 0 and min(Var(MBFdg, — f(Meg))), where k
is the number of known points involved in the statistical datasets.

3.2.2. Artificial workflow

Based on the proposed logging parameters and calculating
methods, the distribution of bedding-parallel fractures in fine-
grained sedimentary rocks was quantitatively predicted using
seismic and borehole data, multi-scale matching, and stepwise
progression. The artificial workflow has been presented in Fig. 4,
and the specific steps are as follows.

(1) Based on conventional logging curves and FMI images, all
bedding-parallel fractures were identified, and the thickness
and matrix porosity of each oil layer and reservoir interval,
respectively, were calculated.

(2) Using the results of the first step, M¢s and MBFds; were
calculated.

(3) The functional relationship between M¢s and MBFds was
fitted according to the mathematical statistical analysis
method.

(4) Aninterwell matrix porosity model (P¢s) to predict the sweet
spot density of bedding-parallel fractures was established by
coupling the seismic attributes sensitive to Ms.

(5) The planar distribution of the extent of the development of
bedding-parallel fractures (PBFds;) was predicted in fine-
grained sedimentary rocks according to the Pgs.

As the selection of matrix porosity-sensitive seismic attributes,
extraction of fusion-sensitive attributes, and acquisition of an
interwell matrix porosity model can be easily achieved using
commercial software (e.g., Strata, Jason, Landmark), these steps are
not described here.
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Fig. 4. The artificial workflow chart of multi-scale matching and step-by-step pro-
gressing method for predicting the development of bedding-parallel fractures.

4. Results
4.1. Multi-scale characteristics of bedding-parallel fractures

In the Permian Lucaogou Formation of the Jimusar Sag, bedding-
parallel fractures are the most extensive diagenetic fractures
(Zhang et al., 2018; Lu et al., 2021; Lai et al., 2022; Pang et al., 2022),
which occur along sediment bedding planes that are weaker than
rock matrix due to complicated mechanical compaction, weath-
ering, solution, and tectonics (Bergbauer and Pollard, 2004; Gale
et al., 2014; Zeng et al, 2022). A statistical analysis of these
multi-scale characteristics of bedding-parallel fractures would
provide a reliable basis for predicting their distribution.

4.1.1. Macroscopic characteristics of core samples

A total of 539 natural fractures were identified in 324 m drilled
cores from the Lucaogou Formation. Among them, bedding-parallel
fractures were usually observed at the interface of different li-
thologies or beddings, extending parallel or almost parallel to the
interface planes (Fig. 5(a)—5(i)) (Zhang et al., 2018; Lai et al., 2022).
They primarily exhibited horizontal or almost horizontal develop-
ment through the core, variable aperture and gentle fractured plane
characterization, and strong connectivity (Fig. 5(f)). Most bedding-
parallel fracture planes were also found to be unfilled, with oil-
saturated, oil-stained, and oil-potted phenomena often repre-
sented along the bedding-parallel fracture planes (Fig. 5(e), (f), and
5(h)). Affected by tectonic activities or diagenesis at differential
stages, some bedding-parallel fracture planes were fully or partially
filled with calcite, pelite, and other minerals (e.g., quartz, dolomite,
asphalt) (Fig. 5(a)) (Zhang et al., 2019; Lai et al., 2022). Accordingly,
the oil-bearing capacity was poor, with the fractures sometimes
generating no oil (Lu et al.,, 2021; Pang et al., 2022). However, as
certain filling minerals, such as calcite, can be dissolved by acidic
solutions during the late-stage diagenetic modification, cementa-
tion and dissolution may occur within these bedding-parallel
fracture planes (Fig. 5(d), (e), and 5(i)). Stylolite, which was
formed by dissolution (Zhang et al., 2018; Lai et al., 2022; Pang
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et al., 2022; Zeng et al., 2022) and can be recognized from the
serrated surfaces in the core samples, also appeared in the study
area (Fig. 5(h) and (j)).

Compared with bedding-parallel fractures, tectonic fractures
appeared at a regularly stable frequency, with a specific orientation
constrained by tectonic trends—usually extending (Fig. 5(j) and
(k)), and fracture dip angles mainly distributed between 60° and
80° (Fig. 10(b)). Additionally, some abnormal pressure fractures
caused by overpressure fluid in the Lucaogou Formation (Zhang
et al, 2019; Lai et al., 2022; Pang et al., 2022), which were
commonly fully filled with calcite cements and irregularly distrib-
uted in vein groups, were also observed (Fig. 5(1)). These fractures
were denoted as drainage fractures, which can be easily identified
using core samples (Zhang et al., 2019; Lai et al., 2022).

4.1.2. Microscopic characteristics of thin sections and SEM images

Thin section photographs showed that the bedding-parallel
fractures occurred within the bedding surfaces (Fig. 6(a) and (f)),
usually bypassing the hard mineral particles (Fig. 6(a), (c), and
6(d)). Therefore, the visual geometry shapes of microfractures
showed a curved extension, rather than a straight one, as shown on
the core samples (Zhu, 2021; Pang et al., 2022). The morphology of
microfractures resembled a wedge, with fracture apertures ranging
from 0.1 to 5 um and lengths ranging from 0.1 to 10 mm (Fig. 6(a)—
6(g)). In cases where dissolution had occurred along the bedding-
parallel fracture planes during the late-stage diagenetic modifica-
tion (Fig. 6(g)), the fracture apertures were expanded to some
extent, while some hard particles were dissolved. Additionally, the
high-magnification SEM images showed that numerous micro-
fractures occurred near organic matter (Fig. 6(h)). A thorough in-
spection of fine microimages showed that 82.7% of the total
number of examined microfractures were unfilled (Fig. 6(a) and
(c)—(h)), while a few were filled with pelite (Fig. 6(b)), calcite, or
quartz, accounting for 17.3%.

Contrastingly, abnormally high-pressure fractures exhibited
distinct characteristics of being filled, as evident from the thin
section photographs (Fig. 6(i)). These fractures were commonly
filled with quartz and calcite cements (Zhang et al., 2018; Gou et al.,
2019; Lai et al,, 2022; Zeng et al.,, 2022); thus, they were not
considered to contribute to the movement of hydrocarbons and
were excluded from the statistics in this study.

4.2. Interpretation of bedding-parallel fractures from FMI images

4.2.1. FMI images

FMI images contain abundant, fine geological information and
are extensively employed to detect and assess fractures, structures,
texture characteristics, and sedimentary beddings (Rajabi et al.,
2010; Basa et al., 2019; Ezati et al., 2019; Zhang et al., 2020; Lai
et al,, 2022; Pang et al., 2022). Several prominent geological vari-
ables, such as bedding-parallel fractures, tectonic fractures, induced
fractures, and stylolite, were identified with FMI dynamic imaging
in this study (Fig. 7). Fracture evaluation focused on the dip angle,
strike (Fig. 10), and developmental degree (Egs. (1)—(6)).

The morphology of bedding-parallel fractures was observed on
the FMI dynamic images as sinusoidal waves of low grayscale pixels
(i.e., black and near black), with troughs and amplitudes denoting
the dip direction and the size of the dip angle, respectively (Serra,
1989; Zhang et al., 2020; Lai et al., 2022). The lower the dip
angle, the weaker the amplitudes; the dip angle of bedding-parallel
fractures is nearly equal to that of sedimentary bedding planes, as
the bedding-parallel fractures usually extend along bedding planes
(Xu et al., 2020; Lai et al,, 2022; Pang et al., 2022). The bedding-
parallel fractures characterized with lower dip angles (<10°) were
represented on at least three pads of a logging tool, with the
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Fig. 5. Core photos showing the differences in various natural fractures in the Lucaogou Formation, Jimusar Sag. (a) Two bedding-parallel fractures filled by calcite (Well J29,
2311.8 m). (b) Unfilled bedding-parallel fractures with variable width (Well J174, 3114.1 m). (c) Stylolites filled by fine-grained sediments containing organic matter (Well 174,
3124.6 m). (d) Seeping oil along unfilled bedding-parallel fracture (Well J10025, 3796.1 m). (e) Dissolution and seeping oil along three distinct unfilled bedding-parallel fractures
(Well J172, 2929.9 m). (f) Fractures parallel to bedding planes characterized by variation in width and gradual pinchout to the other end (Well 176, 3036.2 m). (g) Styloities filled by
fine-grained sediments containing organic matter (Well J10025, 3683.8 m). (h) Dissolution, cementation, and seeping oil along the bedding-parallel fractures (Well J10025,
3622.8 m). (i) Four distinctive bedding-parallel fractures with parallel bedding surfaces (Well J10012, 3294.3 m). (j) A distinct high angel tectonic fracture filled mudstone and a
stylolite (Well J10025, 3587.8 m). (k) A distinct unfilled high angel tectonic fracture (Well J10025, 3594.8 m). (1) Abnormal pressure fracture (Well J174, 3253.1 m).

individual fracture trace length being approximately equal to the
width of the borehole image across a given window height (Zhang
et al, 2020). The apertures of bedding-parallel fractures were
<100 um (Gou et al., 2019); thus, they were significantly thinner
than the mudstone bands, which indicated that black or nearly
black strips on FMI images are not bedding-parallel fractures
(Fig. 7(a)—7(c)). Therefore, bedding-parallel fractures were well-
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represented by both dynamic and static images, picked put as a
red sinusoidal line in this study (Fig. 7(a)-7(c)).

Tectonic fractures could be classified as conductive and resistive
fractures, which are characterized by a specific dip angle (Basa et al.,
2019; Zhang et al., 2020; Nian et al., 2022), as well as mixtures and
often intersect sedimentary bedding surfaces (Fig. 7(c) and (d)). In
the FMI images, the morphology of tectonic fractures appears
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Fig. 6. Thin section and SEM images showing the bedding-parallel fractures in the Lucaogou Formation, Jimusar Sag. (a) Unfilled micro-fractures paralleling the lamina bypass the
harder particles (Well J32, 3725.1 m). (b) Micro-fractures filled by mud with widths of 1-50 um (Well 31, 2730.1 m). (c) Half-filled micro-fractures parallel to the lamina bypass the
harder particles (Well J251, 3769.1 m). (d) Unfilled micro-fractures bypass the harder particles (Well J251, 3769.4 m). (e) Unfilled micro-fractures parallel to the lamina (Well J251,
3606.5 m). (f) Unfilled micro-fractures parallel to lamina (Well J31, 2859.3 m). (g) Structural micro-fractures and dissolution in particles (Well J174, 3272.6 m). (h) Micro-fractures
distributed at the edge of organic matter (Well J37, 2853.8 m). (i) Abnormal pressure fractures filled by calcite (Well J251, 3966.6 m).

similar to that of the bedding-parallel fractures (Lai et al., 2017).
When fractures are filled with low-resistivity materials (e.g., dril-
ling mud), the morphology is shown by a sinusoidal line of low
grayscale pixels, indicating conductive fractures, or high grayscale
pixels, indicating resistive fractures (Zhang et al., 2020; Lai et al,,
2017, 2022). In this study, conductive and resistive fractures are
displayed as blue (Fig. 7(c)) and yellow (Fig. 7(d)) sinusoidal lines,
respectively.

In addition to bedding-parallel fractures and natural fractures,
drilling-induced fractures are also common in the Lucaogou For-
mation (Zhang et al., 2018; Pang et al., 2022; Zeng et al., 2022),
which are usually conductive owing to the invasion of drilling mud
(Tadayoni et al., 2020; Zhang et al., 2020; Lai et al., 2022). They are
observed as continuous feathers or echelons of low grayscale pixels,
paired, and oriented at 180° from each other (Fig. 7(e)). The di-
rection of the drilling-induced fractures was found to be consistent
with that of the current maximum principal stress (Wilson et al.,
2013; Zhang et al., 2020; Nian et al., 2022).

Furthermore, borehole wall breakouts also occurred in fine-
grained sedimentary rocks (e.g., shale) (Lai et al., 2022; Pang
et al., 2022), as evidenced by the presence of two black or near
black bands spaced at 180° in FMI images (Fig. 7(f)). In practice,
borehole wall breakouts and drilling-induced fractures do not
occur in the same interval simultaneously and are used to
comprehensively determine the current maximum principal stress
(Ezati et al., 2019; Lai et al., 2022; Pang et al., 2022).

4.2.2. Criteria for identifying bedding-parallel fractures on FMI
images

In this study, the morphology of all types of fractures was rep-
resented with linear features (Ezati et al., 2019; Lai et al., 2022; Nian
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et al, 2022; Pang et al., 2022). The images showing a black or near
black sinusoidal curve indicate that the fracture was filled with
conductive materials (e.g., drilling mud) (Figs. 7(a), 7(b), 8, and 9);
otherwise, the sinusoidal curves are white or bright (Fig. 7d and e).
Furthermore, structural factures are mainly conductive fractures,
with medium-high dip angles (Zhang et al., 2018; Zeng et al., 2022)
and sharp fracture edges in the FMI images, and can cross various
sedimentary beddings (Fig. 8). Compared to that of tectonic frac-
tures, the dip angle of bedding-parallel fractures is similar to that of
strata (Lu et al., 2021; Lai et al., 2022; Pang et al., 2022). Dissolution
often occurs along the bedding planes in late-stage diagenetic
modification, resulting in rougher fracture planes than those of
tectonic fractures (Poppelreiter et al., 2010; Zhang et al., 2018;
Tadayoni et al., 2020; Zeng et al., 2022). These are distinguished in
the FMI images by the presence of frequent discontinuous black or
near black linear characteristics (Figs. 7(a), 8 and 9) (Lai et al., 2022).

To adequately identify bedding-parallel fractures, it is necessary
to distinguish them from sedimentary beddings and lithological
interfaces (Poppelreiter et al., 2010; Tadayoni et al., 2020; Zhang
et al., 2020). The major difference between them is that bedding-
parallel fractures often show gradual thinning in the static FMI
images (Fig. 9), whereas the thickness of sedimentary beddings is
generally fixed, with grayscale values above the lithological inter-
face clearly differentiated from those below it (Figs. 8 and 9).

The criteria for identifying bedding-parallel fractures in the FMI
images were as follows: (1) The bedding-parallel fractures showed
regularly continuous sinusoidal black or nearly black curves. (2) The
sinusoidal curves extended along sedimentary bedding planes. (3)
The amplitude of the sinusoidal curve was low. (4) The aperture of
the sinusoidal curve was narrow (<100 um). (5) The sinusoidal
curve showed gradual thinning in the static images.
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Fig. 7. Capturing geological objects with FMI dynamic images. (a) Bedding-parallel fractures and mudstone strip identified as red sinusoidal curves and blue region, respectively. (b)
Stylolite identified as a green sinusoidal curve. (c) Conductive tectonic fractures identified as blue sinusoidal curves. (d) Resistive tectonic fractures identified as yellow sinusoidal

curves. (e) Vertical conductive tectonic fractures identified as green regions. (f) Borehole breakouts identified as pink regions.
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Fig. 8. Fractures in fine-grained sedimentary rocks interpreted from core photos and FMI images at 3786.5—3791.3 m in the J10025 well. Here, a, b, ¢, and d represent four distinct
high angle conductive tectonic fractures; 1, 2, and 3 represent three unfilled bedding-parallel fractures; two green lines represent lithological interface.

3824



Z.-H. Zhang, T. Zhang, H.-Q. Liu et al.

Petroleum Science 21 (2024) 3815—3838

Core photos FMI images Bedding
: parallel
| Depth: 3754.2~3758.1 m Static Depth, Dynamic fracture
[ m intervals
o180 360° 0° -'@"_ _360°
I EF b | =]
iy M B =i S R =
S B asl f
: 37555 | uai "
B 2
B ll
ol o
~ 3
c L | 1 CHIELNET B
. i NS S
- 3756.0 2 g -
i I = e
I : - A
— +H -
— - - L
d T
e mD
S Sy S| 7565 2
L LI SR -
bl ool 1 -
] !: ci.
o = S ha =
‘ I il 3Dl

Fig. 9. Interpretation of bedding-parallel fracture intervals based on FMI images at 3754.2—3758.1 m in the J10025 well. Here, red sinusoidal waves represent bedding-parallel
fractures; four green lines represent lithological interfaces; two blue regions represent borehole breakouts; 1, 2, 3, 4, and 5 and the five red regions represent five bedding-

parallel fractures intervals.
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Fig. 10. Fracture occurrence and development characteristics in the Lucaogou Formation. (a) The distribution of different types of fractures in 27 wells indicates that the bedding-
parallel fractures are most developed, followed by conductive fractures. (b) Fracture dip angle is primarily distributed between 0 and 10°, i.e., horizontal bedding-parallel fractures.
(c) Doughnut chart shows the types of distribution of fractures interpreted from FMI images in the order from more to less, as follows: bedding-parallel fractures, conductive
fractures, resistive fractures, and induced fractures. (d) Conductive and resistive fracture strikes were concentrated along the NW-SE and nearly N-S directions, respectively. (e)

Bedding-parallel fracture strikes were concentrated along the NE-SW direction.

4.2.3. Occurrence of bedding-parallel fractures

The dip angle, strike, and inclination were used to quantitatively
describe the occurrence of fractures using tadpole diagrams based
on the FMI images (Gale et al., 2014; Lai et al., 2017, 2022; Zhang
et al., 2020, 2022; Nian et al., 2022). Fractures were then picked
based on the FMI data processed with the CIFLog software (Figs. 7-
9). The apertures of bedding-parallel fractures were derived from
the core observations from five coring wells. Due to the release of
confining pressure during sample collection, the apparent aperture
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of the fractures is noticeably greater than the true aperture of
fractures in the underground environment. Thus, the apparent
fracture aperture observed in the cores from different lithologies
was converted into the true aperture of fractures in the under-
ground environment using the amending formula proposed by Lu
et al. (2021). Statistics showed that the aperture values of
bedding-parallel fractures in dolomite (including silty dolomite),
muddy siltstone, and dolomitic siltstone were in the ranges of
10—100 pm (an average of 37 pm), 10—60 um (an average of 31 um),



Z.-H. Zhang, T. Zhang, H.-Q. Liu et al.

and 10—90 pm (an average of 35 um), respectively.

In this study, the following four types of fractures were recog-
nized in the FMI images of 27 wells according to the proposed
identification criteria: resistivity fractures (3.9%), conductive frac-
tures (20.6%), bedding-parallel fractures (74.3%), and induced
fractures (1.2%) (Fig. 10(a) and (c)). Among these, horizontal frac-
tures were the most common, accounting for 76.4% of the total
number of fractures, while high angle and vertical fractures
accounted for 13.3% and 8.8%, respectively (Fig. 10(b)).

The tectonic fracture statistics for various fill materials revealed
that the strike of conductive fractures had a predominantly NW-SE
direction (Fig. 10(d)), which is in accordance with the orientation of
the present maximum principal stress (Lyu et al., 2017; Zhang et al.,
2018; Tadayoni et al.,, 2020; Zeng et al., 2022). These resistive
fracture strikes were primarily concentrated in the N-S direction
(Fig. 10(d)), which is strongly in agreement with the orientation of
the maximum principal stress in the Hercynian period (i.e., N-S
compressional stress) (Liu et al., 2017; Kuang et al., 2019; Zhang
et al,, 2018). This suggests that the resistive fractures are inti-
mately related to the Late Hercynian tectonic activity.

Compared to that of tectonic fractures, the development of
bedding-parallel fractures was found to be considerably affected by
diagenesis modification, hydrocarbon generation, and acid expul-
sion, whereas the influence of tectonic activities was weak (Liu
et al.,, 2017; Zhang et al., 2018; Lin et al., 2021; Zeng et al., 2022).
These results indicate that the occurrence of bedding-parallel
fractures is closely related to that of strata and is characterized in
a highly consistent manner (Liu et al., 2020; Lai et al., 2022; Pang
et al.,, 2022). The Lucaogou Formation was deposited during the
Hercynian period (Kuang et al., 2019; Tong et al., 2018; Wang et al.,
2020). Although it was influenced by several post-depositional
tectonic activities in the Indosinian, Yanshanian, and Himalayan
stages, these were weak and did not substantially transform the
stratigraphic strike. Hence, the bedding-parallel fracture strike was
approximately consistent with that of the resistivity fractures in the
Hercynian period, which showed a predominately NE-SE direction
(Fig. 10e) (Zhang et al., 2018; Lai et al., 2022).

4.3. Quantitative parameters for characterizing the development of
bedding-parallel fractures in fine-grained sedimentary rocks

Several quantitative parameters were established using the FMI
images and conventional curves to characterize the development of
bedding-parallel fractures (~mm), and corresponding maps were
produced to establish the characterization methods (Fig. 11). The
quantitative parameters for characterizing the bedding-parallel
fractures were as follows: the single reservoir interval, reservoir
interval density of bedding-parallel fractures, weighted matrix
porosity of reservoir interval, matched matrix porosity of sweet
spot interval, and matched sweet spot density of bedding-parallel
fractures.

4.3.1. Single reservoir interval

Single reservoir intervals consisted of continuous oil layers
(identical or diverse types) in the longitudinal direction (Fig. 3)
(Aghli et al., 2016; Pang et al., 2022; Zhang et al., 2022). Based on
the calibration of logging datasets with core samples and thin
section photographs, the conventional log values and morpholog-
ical combination (primarily GR, DEN, AC, CNL, RT, and RI) were
integrated, and the oil layer was interpreted for each point with the
petrophysical model using the CIFLog software. For characterizing
the development of bedding-parallel fractures, the thickness of
each oil layer should be more than 0.5 m (Zhang et al., 2022). Using
well J10025 as an example, the matrix porosity, oil saturation, oil
layer, and reservoir interval were obtained and are presented in
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Fig. 11.

4.3.2. Reservoir interval density of the bedding-parallel fractures

Fracture density, commonly referred to as the fracture linear
density, indicates the extent to which countable fractures (e.g.,
oblique fracture, bedding-parallel fractures) develop based on the
thickness in the FMI images (Lai et al., 2017; Lu et al., 2021; Zhang
et al., 2022). While invisible microfractures and mesh fractures that
are actually present cannot be considered, they occur in association
with countable fractures (Shi and Qiu, 2021; Lai et al., 2022). In a
single reservoir interval, the presence of many countable fractures
indicates a high development capacity. To characterize the devel-
opment capacity of all fractures in a reservoir interval, the BFdg; was
calculated (Fig. 3). For fine-grained sedimentary rocks, it was found
that the reservoir interval density of bedding-parallel fractures was
not only suitable for selecting reservoirs during perforation
development but was also a mesoscale fracture parameter for
predicting fractures using 3D seismic data (Dong et al., 2022; Bao
et al,, 2023). Fig. 11 shows that the 3558.6—3561.7 m interval is a
reservoir interval for a total of nine bedding-parallel fractures.
Thus, the reservoir interval density of bedding-parallel fractures
was 2.9 m~L,

4.3.3. Weighted matrix porosity of the reservoir interval

The weighted matrix porosity of the reservoir interval (¢g)
represented the mathematical statistic matrix porosity of a single
reservoir interval comprising multi-continuous oil layers (Fig. 3).
Compared with the average matrix porosity, the weighted matrix
porosity emphasizes the contribution of the thick oil layer to matrix
porosity and is more widely applied in geological research and for
calibrating seismic attributes. Fig. 11 shows that the
3540.6—3544.7 m interval is a reservoir interval consisting of four
oil layers in the J10025 well. Here, the statistical weighted matrix
porosity was 18.2% and the average matrix porosity was 17.8%.

4.3.4. Matched porosity of sweet spot intervals

The matched matrix porosity of sweet spot intervals was used to
characterize the porosity of longitudinal reservoir assemblies
(Fig. 3). The reservoir assemblies (i.e., sweet spots) can be identified
based on sensitive seismic attributes (Savin et al., 2005; Dong et al.,
2022; Bao et al., 2023). Here, a cross plot between logging porosity
and seismic attributes for a sweet spot section was established, and
a specific functional relationship between the two was established
(Li et al., 2018). The identical scale porosity was used to validate the
interwell matrix porosity model and predict bedding-parallel
fractures using 3D seismic data.

4.3.5. Matched sweet spot density of bedding-parallel fractures

The matched sweet spot density of bedding-parallel fractures
(MBFd;) can also be considered as a macroscale fracture parameter,
providing a meaningful link to transform data scales between
logging parameters and seismic attributes (Fig. 3). Fig. 11 shows
that the 3552.4—3564.3 m interval is a sweet spot interval corre-
sponding to 3D seismic data and includes four reservoir intervals. In
this case, the matched sweet spot density of the bedding-parallel
fractures was calculated considering the four reservoir interval
densities of bedding-parallel fractures, while the weighting co-
efficients were considered as the weighted matrix porosity of the
reservoir interval.

4.4. Characterization of the distribution of bedding-parallel
fractures

A practical application was performed to assess the extent to
which the proposed model could accurately predict the
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Fig. 11. Interpretation of matrix porosity, oil saturation, and bedding-parallel fractures based on conventional well logs and FMI images from the J10025 well. ¢. and So.: Calculated
porosity and oil saturation from conventional well logs, respectively. ¢g: Weighted matrix porosity of a reservoir interval. BFdg;: Reservoir interval density of bedding-parallel
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preted results of bedding-parallel fractures from FMI images.

development of bedding-parallel fractures based using seismic at-
tributes. Figs. 11 and 14 show the relevant results to describe
bedding-parallel fracture development.

4.4.1. Longitudinal distribution of bedding-parallel fractures in a
single well

The method was tested in well J10025 in the Jimusar Sag. The
evaluation results of bedding-parallel fractures from seven reser-
voir intervals are displayed in Fig. 11. The low-resistivity intervals
were closely related to the bedding-parallel fractures, as evidenced
by their development in the single well (Fig. 11). Bedding-parallel
fractures did not usually appear in high-resistivity intervals. On
the contrary, several bedding-parallel fractures can be identified in
the yellow-dark intervals on the FMI images (Zhang et al., 2020; Lai
et al., 2022; Pang et al,, 2022). This is especially evident at the
interbedded brittle, which corresponds to the intermittent dark/
light strips on the FMI images and has more bedding-parallel
fractures (Figs. 7 and 9). This indicates that the logging resistivity
curve can indicate the approximate developmental position of
bedding-parallel fractures in the longitudinal direction (Lai et al.,
2022), but it cannot characterize the intensity of development of
bedding-parallel fractures.

Fortunately, the logging interpretation matrix porosity seemed
to be well correlated with the development of bedding-parallel
fracture (Fig. 11). Our analyses revealed that the BFdg; and
weighted matrix porosity of the reservoir interval (¢g;) were closely
correlated (Fig. 11). After combining the 59 interpretation datasets
of 27 wells, the weighted matrix porosity of reservoir intervals (¢gy)
was fitted with BFdg, (Fig. 12). The lower the ¢g;, the higher was the
BFdg;. These results indicate an overall negative exponential cor-
relation between these parameters, with a multiple correlation
coefficient as high as 0.7649. The specific functional expression
obtained is as follows:

BFdg; =3.3561-e0-064-0w (7)

Moreover, in a single well, bedding-parallel fractures primarily
occurred in low-resistivity intervals, which indicated that the
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Fig. 12. Gradual decrease in the reservoir interval density of bedding-parallel fractures
for each of the three major lithological fine-grained sedimentary rocks with increasing
weighted matrix porosity of a reservoir interval; cross plots showing the overall better
negative correlation of them. BFdg;: Reservoir interval density of bedding-parallel
fractures; ¢g;: Weighted matrix porosity of a reservoir interval.

intensity of their developmental can be predicted from the
weighted matrix porosity of the reservoir interval.

4.4.2. Planar distribution of bedding-parallel fracture development

Multi-scale matching and step-by-step progressive methods
were employed to predict the planar distribution of bedding-
parallel fracture development. Integrated method testing was
implemented in the upper sweet spot in the Lucaogou Formation
(Fig. 1(b) and (d)). Based on the results interpreted from logging
datasets and seismic attribute analysis, a predicted matrix porosity
isogram (P-¢s) for the upper sweet spot was acquired (Fig. 13),
showing that matrix porosity mainly ranged from 6% to 15%.

with only a few separate values greater than 14% in the south-
eastern part of the study area (e.g., ]22, J301, and J221 well blocks).
Overall, the high matrix porosity (>15%) in the central areas
extended for 15 km in the NW-SE direction, with a width of ~6 km.
The isogram of the developmental intensity of bedding-parallel
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Fig. 13. Regional distribution of the predicted matrix porosity in the upper sweet spot interval (P¢;) of Lucaogou Formation, Jimusar Sag.

fractures (PBFds) was subsequently produced using the Strata
software (Fig. 14). It primarily ranged from 1.25 to 2.5 m™’, pre-
senting significant heterogeneity. Simultaneously, the develop-
mental degree of bedding-parallel fractures was weak (PBFd; <
1.5 m~ 1) in the central areas and strong along the margin. However,
certain isolated areas in the middle part of the study area (e.g., J172,
J173, J175, and J10016 well blocks) showed greater values of PBFd;
(>175m™).

5. Discussion
5.1. Factors affecting the development of bedding-parallel fractures

Previous studies on the formation mechanisms of bedding-
parallel fractures have shown that their genesis is predominantly
linked to tectonic evolution, diagenesis modification, and hydro-
carbon generation in the Permian Lucaogou Formation in the
Jimusar sag (Gao and Li, 2016; Ma et al., 2017; Zhang et al., 2017;
Basa et al., 2019; Zeng et al., 2022). These factors, which control the
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development of bedding-parallel fractures, can be classified into
intrinsic reservoir factors—primarily sedimentation, minerals, li-
thology, total organic carbon content, and thickness, and extrinsic
tectonic factors, including tectonic stress and faults.

5.1.1. Intrinsic reservoir factors

Multi-complex intrinsic reservoir factors generally lead to var-
iations in the development of bedding-parallel fractures in fine-
grained sedimentary rocks, which can substantially promote or
weaken each other (Cobbold et al., 2013; Zhang et al., 2017, 2021;
Wau et al,, 2019; Gu et al,, 2020; Gasparrini et al., 2021; Lu et al.,
2021; Su et al,, 2022). If they are considered simultaneously, the
influence of specific factors on the development of bedding-parallel
fractures cannot be fully revealed. Therefore, in this study the ef-
fects of mainly intrinsic reservoir factors on the development of
bedding-parallel fractures were investigated separately using sta-
tistical methods (Fig. 15).

Bedding-parallel fractures are generally assumed to originate in
petrologically firmer beds and terminate at bedding surfaces



Z.-H. Zhang, T. Zhang, H.-Q. Liu et al.

15670000 15672000 15674000

15676000

Petroleum Science 21 (2024) 3815—3838

15678000 15680000 15682000

T T
4902000 4904000

T
4900000

4890000 4892000 4894000 4896000 4898000

4888000

o
o
o |
g
(2]
[ce]
<
o
o
o
g |
(9]
g
0 1 2
[ 22— ]
= .
8 @ Well location Fault
2
[ee]
~ 0 1 2 3m-!
T o R
T T T T
15670000 15672000 15674000 15676000

15678000

15680000 15682000

Fig. 14. Regional distribution of the predicted sweet spot density of bedding-parallel fractures (PBFd;) of upper sweet spot interval in Lucaogou Formation, Jimusar Sag.

(Figs. 5(a)—5(i), 6(a)—6(f)) (Rajabi et al., 2010; Cobbold et al., 2013;
Gale et al., 2014; Liang et al., 2021; Lai et al., 2022; Liu et al., 2022).
Thus, variations in minerals can affect the intensity of the devel-
opmental of bedding-parallel fractures in fine-grained sedimentary
rocks (Bergbauer and Pollard, 2004; Altawati et al., 2021; Xu et al.,
2021; Lai et al., 2022; Xie et al., 2022). The X-ray diffraction results
of 87 samples from the upper sweet spot in the Lucaogou Forma-
tion show that predominant minerals include carbonate minerals
(mainly dolomite and a few calcites), quartz, feldspar (primarily
plagioclase and minor K-feldspar), and clay minerals, with average
contents of 38.6%, 26.3%, 22.8%, and 10.2%, respectively. The me-
chanical performance of several typical minerals were examined
according to their elastic modulus, Poisson's ratio, and fracture
toughness, revealing the following order of brittleness:
dolomite > quartz > plagioclase > clay minerals (Hooker et al.,
2019; Heng et al., 2020; Liang et al., 2021; Xu et al,, 2021; Zeng
et al, 2022). Dolomite and quartz are typical brittle minerals,
characterized by high modulus of elasticity, low Poisson's ratios,
and low fracture toughness, whereas clay minerals are typical
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plastic minerals, and feldspar has a medium brittleness. Brittle
minerals (including dolomite and quartz) exert a considerable ef-
fect on the extent of the development of bedding-parallel fractures.
High contents of brittle minerals indicate a high degree of the
development of bedding-parallel fractures. The cross plots between
the brittle mineral content and the BFdg; were plotted based on the
X-ray diffraction results and interpretation of logging data
(Fig. 15(a)), which showed a clear monotonic relationship between
them. These results indicated that the reservoir interval density of
bedding-parallel fractures increased with the brittle mineral con-
tent. However, brittle mineral contents corresponding to the values
of the reservoir interval density of bedding-parallel fractures
showed a wide range (Fig. 15(a)), indicating that other factors also
affect the development of bedding-parallel fracture.

The upper sweet spot in the Lucaogou Formation comprises
muddy siltstone, dolomitic siltstone, and dolomite, which are
deposited in shore-shallow lacustrine and beach-bar facies (Yang
et al., 2018; Zhang et al., 2019; Zhi et al., 2019; Lin et al., 2021).
These lithologies have different mineral compositions and
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Fig. 15. Effects of intrinsic reservoir factors on the development of bedding-parallel fractures (indicate by reservoir interval density of bedding fractures). (a) As the contents of
brittle minerals increase, the reservoir interval density of bedding-parallel fractures gradually increases. (b) Box diagram of the reservoir interval density of bedding-parallel
fractures shows that the bedding-parallel fractures are most developed in dolomite, followed by dolomitic siltstone and muddy siltstone. (¢) With increasing thickness of the
single reservoir interval, the reservoir interval density of bedding-parallel fractures gradually decreases in the all, while poor correlation of them were found within a thickness of
1.5 m and greater a thickness of 3.5 m. (d) Better positive correlation between TOC and reservoir interval density of bedding-parallel fractures. BFdg;: reservoir interval density of
bedding-parallel fractures; Hg;: single reservoir interval accumulative thickness; TOC: total organic carbon contents.

abundant bedding structures (e.g., parallel, oblique, and cross
beddings), which lead to distinct differences in the degree of
development of the bedding-parallel fractures. The observation of
core samples from five coring wells revealed that the degree of the
development of bedding-parallel fractures was the most intense in
dolomite reservoirs, followed by that in dolomitic siltstone and
muddy siltstone reservoirs. The logging data of the reservoir in-
terval density of bedding-parallel fractures also showed similar
results (Fig. 15(b)). Based on the box diagrams for muddy siltstone,
dolomitic siltstone, dolomite, and mudstone, the values of reservoir
interval density of bedding-parallel fractures were 1.45—2.55 m™!
(mean value = 1.85m™1),1.83—-3.05 m™! (2.56 m™!), 2.73—3.38 m ™!
(298 m™!), and 0.55-1.26 m~! (0.81 m™!), respectively. These
statistical results reveal that the sequence of the developing degree
of bedding-parallel fractures at different lithologies in the Lucaogou
Formation is dolomite > dolomitic siltstone > muddy
siltstone > mudstone. In particular, in the case of similar mineral
components, finer rock particles indicate highly developed
bedding-parallel fractures. Core observation results showed that
the fracture development in siltstone was better than that in fine
sandstone, followed by medium sandstone, and conglomerate
(Figs. 8 and 9). These results indicate that the granularity of rock
particles also affects the degree to which bedding-parallel fractures
develop. Moreover, the heterogeneity of the reservoir interval
structure (contact relationship and arrangement of minerals) also
affects the development of bedding-parallel fractures (Loucks et al.,
2009; McGinnis et al., 2017; Lai et al., 2022; Pang et al., 2022).
Under the conditions of compression caused by the same tectonic
stress, differences in the structural deformation of reservoir in-
tervals often result in a variation in the degree of development of
bedding-parallel fractures and their direction.

Apart from minerals and lithological factors, individual reservoir
interval thickness is also a non-negligible intrinsic factor influ-
encing the degree to which bedding-parallel fractures develop
(Yawar and Schieber, 2017; Zhang et al., 2018; Lu et al., 2021; Zeng
etal, 2022; Liu et al., 2023). Compared to the rock matrix, bedding
planes are weak interfaces (Gale et al., 2014; Lin et al., 2021). In this
study, bedding-parallel fractures usually occurred within the rock

layer and did not intersect with the bedding planes (Figs. 7(a), 7(b),
and 9). The degree to which bedding-parallel fractures developed
within individual reservoir intervals was examined based on the
interpretation of logging data from 27 wells. Statistical analysis
showed that the reservoir interval density of bedding-parallel
fractures decreased with an increase in the thickness of single
reservoir intervals (Fig. 15(c)). The reservoir interval density of
bedding-parallel fractures was the highest for single reservoir in-
tervals with thickness <1.5 m while was poorly correlated on them.
This can be attributed to the presence of several laminae with weak
interfaces in the thinner reservoir interval, which promote the
development of bedding-parallel fractures, resulting in a poor
relationship between the reservoir interval density of bedding-
parallel fractures and the thickness of single reservoir intervals.
For single reservoir intervals thicker than 3.5 m, thickness had only
mild effects on the development of bedding-parallel fractures. That
is, under equal tectonic stress conditions, thinner reservoir in-
tervals are more prone to diastrophism, resulting in stronger frac-
turing. The thinner reservoir intervals constrained the overall
development of bedding-parallel fractures (Zhang et al., 2018,
2022; Zeng et al., 2021; Lai et al., 2022); however, the ratio of the
number of bedding-parallel fractures developed within reservoir
intervals to their thickness was relatively large, indicating that the
reservoir interval density of bedding-parallel fractures in thinner
reservoirs was larger. This is because the statistical unit used to
calculate the reservoir interval density of bedding-parallel fractures
was less reservoir thickness. Conversely, thicker reservoir intervals
had more space for bedding-parallel fracture development and a
higher total bedding-parallel fracture count than thinner reservoir
intervals. However, owing to the sharp increase in reservoir thick-
ness, the reservoir interval density of bedding-parallel fractures
was relatively small. In addition, an analysis of the number of
bedding-parallel fractures directly identified in FMI images in the
sweet spot section from the 27 wells in the study area and the
thickness of the sweet spot section indicated that as the thickness
of the sweet spot section increased, the total number of bedding-
parallel fractures increased overall (Fig. 16(a)), but the sweet spot
density of bedding-parallel fractures gradually decreased
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(Fig. 16(b)). These statistical results indicate that the thickness of
fine-grained sedimentary rocks has a negative influence on the
overall development of bedding-parallel fractures under the same
mineral composition, tectonic stress, temperature, and geofluid
conditions.

Effective source rocks of the Lucaogou Formation in Jimusar Sag
are widely distributed and mainly comprise mudstone, shale, silty
mudstone, dolomitic mudstone, and calcareous mudstone (Zhang
et al,, 2019; Lu et al, 2021; Pang et al., 2022). The total organic
carbon content (TOC) of source rocks was primarily 0.68—9.13%,
with an average of 3.58%. Under nearly equal tectonic stress, TOC
may also affect the development of bedding-parallel fractures due
to hydrocarbon generation (Xiang et al., 2013; Kuang et al., 2015;
Zhang et al., 2018, 2021; Wu et al., 2019; Wang et al., 2021; Zeng
et al., 2021, 2022), which was considerably reflected by the distri-
bution of organic matter. The higher the TOC, the greater the extent
of the development of bedding-parallel fractures in the middle or
along the margin of the organic matter strips is expected to be. This
phenomenon was frequently observed in the SEM images
(Fig. 6(h)). To visualize the relationship between TOC and the
reservoir interval density of bedding-parallel fractures, the average
TOC near the reservoir interval and corresponding reservoir inter-
val density of the bedding-parallel fractures were selected, and
their cross plots were drawn (Fig. 15(d)). Results showed that the
reservoir interval density of bedding-parallel fractures increased
with increasing TOC, indicating that an increase in TOC promotes
the development of bedding-parallel fractures to some extent.

5.1.2. Extrinsic tectonic factors

In contrast to the intrinsic reservoir factors that control
bedding-parallel fracture development at the millimeter-/centi-
meter-scale, extrinsic tectonic factors mainly affect the distribution
at the meter-/kilometer-scale (Zhang et al., 2018; Heng et al., 2020;
Xu et al., 2020; Dong et al., 2022; Liu et al., 2022; Su et al., 2022;
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Zeng et al., 2022). Most fractures mainly occurred at areas with
released tectonic stress, such as fault belts, fault transformation
zones, sub-fault development areas, and the top of local structures
(Zhang et al.,, 2022). Therefore, the macroscale distribution of
bedding-parallel fractures was related to the tectonic evolution of
the study area. The Jimusar Sag is far away from the structural belts
of Junggar Basin (Fig. 1(b)). Thus, its strata have mainly experienced
overall uplift or settlement without largescale deformation or
displacement (Qiu et al., 2016; Kuang et al., 2019; Wu et al., 2019),
resulting in undeveloped tectonic fractures. Nevertheless, the
magnitude and direction of paleotectonic stress considerably var-
ied among different tectonic activity periods (Zhang et al., 2018;
Heng et al., 2020; Su et al., 2022; Zeng et al., 2022). The tectonic
compression is expected to significantly promote the development
of bedding-parallel fractures and the unsealing nature. As strata
compressed by tectonic stress have weak bedding planes that are
mechanically prone to fracture, bedding-parallel fractures develop.

Fig. 1(b) shows the Santai fault and its branch faults to the
southwest and south of the Jimusar Sag as well as two sub-faults to
the east. The strata of the Lucaogou Formation in the northern edge
of the study area are steeper, especially the J29 and J34 well blocks.
These specific geological structures affect the overall development
of bedding-parallel fractures. Fig. 14 shows the planar distribution
of the predicted sweet spot density of bedding-parallel fractures
(PBFd;), which have a banded distribution. The analysis of matched
sweet spot density of bedding-parallel fractures showed that the
average values near the mentioned specific geological structures
and other areas were 2.37 m~! and 1.21 m~, respectively. In other
words, the degree to which bedding-parallel fractures developed
was consistent with the distribution of these specific geological
structures (McGinnis et al., 2017; Zhang et al., 2018; Wei et al.,
2021; Su et al.,, 2022; Zeng et al., 2022). Moreover, as the distance
between these specific geological structures increased, the degree
of the development of bedding-parallel fractures gradually
decreased.

In conclusion, both the intrinsic reservoir conditions and
extrinsic tectonism affect the development of bedding-parallel
fractures in the Lucaogou Formation. While the intrinsic reservoir
factors are a prerequisite for the development of bedding-parallel
fractures, the extrinsic tectonic factors substantially promote their
development. Under similar or the same reservoir intervals, the
degree of development of bedding-parallel fractures located in the
fault belts or at the top of local structures is considerably higher
than that of fractures located in other areas. Contrastingly, under
the same structural conditions of the reservoir intervals, the
intrinsic reservoir factors play a major role in the development of
bedding-parallel fractures.

5.2. Relationship between bedding-parallel fracture development
and the physical properties of reservoirs

Bedding-parallel fractures extensively occurred in the fine-
grained sedimentary reservoirs of the Lucaogou Formation in the
Jimusar Sag, and presented heterogeneity in the single well and
planar distribution (Figs. 11 and 14). The variation in the develop-
ment of bedding-parallel fractures is responsible for the differing
physical properties and petroleum-bearing capacity (Liu et al.,
2017; Lu et al, 2021). We investigated the effects of bedding-
parallel fracture development on the physical properties and
petroleum-bearing capacity of reservoirs by considering the pro-
posed parameters for the characterizing the development of
bedding-parallel fractures, i.e., the BFdg;. To simplify the compari-
son, all samples were classified into two groups, with and without
bedding-parallel fractures, and diagrams of the reservoir interval
density of bedding-parallel fractures vs. matrix porosity,
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permeability, and oil-bearing properties were drawn (Figs. 2 and
16).

The simultaneous presence of diverse pores and bedding-
parallel fractures in the Lucaogou Formation adds complexity to
its fracture network (Kuang et al., 2015; Yang et al.,, 2018; Zhang
et al., 2018; Zhi et al., 2019), which was confirmed by the disor-
dered relationship between matrix porosity and permeability
(Fig. 2(a)). The distribution intervals of average matrix porosity of
core samples with and without bedding-parallel fractures are
shown in Fig. 2(b) and (c), respectively. The matrix porosity of core
samples with bedding-parallel fractures was lower than that of
samples without bedding-parallel fractures; most showed low
matrix porosity (<6%), accounting for 46.8% of the total number of
core samples with bedding-parallel fractures. This indicates that
bedding-parallel fractures easily occurred in low matrix porosity
rocks and suggests that the reservoir interval density of bedding-
parallel fractures of low matrix porosity reservoirs is usually
higher than that of reservoirs with high matrix porosity (Fig. 11).
The average porosities of dolomite, dolomitic siltstone, and muddy
siltstone reservoirs in the upper sweet spot of the Lucaogou For-
mation were 4.8%, 8.6%, and 11.6%, respectively. A distribution in-
terval of reservoir interval density of bedding-parallel fractures can
be seen in Fig. 12. The reservoir interval density of bedding-parallel
fractures of dolomite reservoirs was the highest, followed by that of
dolomitic siltstone and muddy siltstone reservoirs. Moreover,
despite having similarly low porosities (6.5%, as marked by a green
circle), the permeability of core samples with bedding-parallel
fractures was significantly higher than that of rocks without
bedding-parallel fractures (Fig. 2(a)). Bedding-parallel fractures
appeared to be more developed in low matrix porosity reservoirs,
which is consistent with the relationship between the reservoir
interval density of bedding-parallel fractures and weighted matrix
porosity of reservoir intervals (Fig. 12). In addition, the existence of
bedding-parallel fractures increased the permeability by 1-2 or-
ders of magnitude (Fig. 2(d) and (e)) in the absence of a monotonic
correlation with the degree to which bedding-parallel fractures
develop. Thus, the relationship between the degree to which
bedding-parallel fractures develop (i.e., reservoir interval density of
bedding-parallel fractures) and reservoir permeability was irreg-
ular (Fig. 17) and did not display an overall monotonic form. In
conclusion, a higher correlation between the reservoir interval

BFdg;, m™'

0.01

Permeability, mD

Fig. 17. Cross plots showing poor correlation between permeability and reservoir in-
terval density of bedding-parallel fractures (BFdg;) from the upper sweet spot interval
of the Lucaogou Formation, Jimusar Sag.
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density of bedding-parallel fractures and matrix porosity suggests
that the development of bedding-parallel fractures in fine-grained
sedimentary rocks depends more on matrix porosity than on
permeability. In terms of the mechanical process underlying
bedding-parallel fracture formation, in case the mineral composi-
tion of fine-grained sedimentary rocks varies slightly, rocks with
higher matrix porosity tend to exhibit lower brittleness charac-
teristics (Baud et al., 2014; Heidari et al., 2014, Li et al., 2018). This is
because the presence of pores weakens the overall mechanical
structure of the tight fine-grained sedimentary rocks. Under the
conditions of compression caused by tectonic stress, the pores tend
to bear a portion of the stress, thereby reducing the internal stress
and decreasing the overall strength of the rock (Shang et al,
2015; Askaripour et al., 2022). This makes the rock more suscep-
tible to deformation rather than fracturing. In other words, a low
matrix porosity favors the development of bedding-parallel frac-
tures in fine-grained sedimentary rocks. Subsequently, these
bedding-parallel fractures tend to increase the effective porosity of
the reservoir to some extent.

The petroleum-bearing capacity in fine-grained sedimentary
reservoirs was closely related to bedding-parallel fracture devel-
opment (Jiang et al., 2013; Zhang et al., 2017; Lu et al., 2021; Pang
et al, 2022; Du et al, 2023a), but it varied among bedding-
parallel fractures. Under identical reservoir conditions (e.g., in-
situ stress, temperature), variations in the oil-bearing capacities
of bedding-parallel fractures were predominantly promoted by the
formation and occurrence of bedding-parallel fractures and spatial
coupling with source rocks (Xiang et al., 2013; Wang et al., 2020; Lu
et al, 2021; Zeng et al., 2021). Most unfilled bedding-parallel
fractures inside or near source-rocks were usually characterized
by improved oil-bearing capacities. Oil-saturated, oil-immersed,
and oil-potted core samples with high oil contents occurred
frequently in the study area, while permeated crude oil and emis-
sive natural gas were clearly observed along the bedding-parallel
fractures (Fig. 18). In fine-grained sedimentary rock formations
(e.g., shale), highly developed bedding-parallel fractures indicate
high petroleum-bearing capacities and high contents of stored
hydrocarbons.

5.3. Applicability of the proposed method for predicting the
development of bedding-parallel fractures

Equations (1)—(6) present the mathematical calculation model
of the parameters used for predicting the development of bedding-
parallel fractures, while Fig. 4 shows the detailed process of
implementation of the method. To highlight the applicability of the
proposed method, the prediction of bedding-parallel fracture
development was carried out in the upper sweet spot in the
Lucaogou Formation; the results are shown in Fig. 12. For verifying
the accuracy of the prediction method, the results of the reservoir
interval density of bedding-parallel fractures were compared with
the logging interpretation results from 22 reservoir intervals that
were not included in the prediction model. The specific results are
displayed in Table 1. The statistical results showed that the method
for predicting the development of bedding-parallel fractures was
well fitted for the Lucaogou Formation. Compared with the that in
matched sweet spot density of bedding-parallel fractures based on
interpretation results of FMI images, the average relative error of
the prediction results was 8%. This acceptable value of error reveals
that the method can be applied during the oil and gas exploration
stages. Further analysis showed that the proposed method gener-
ally provided good results in predicting the development of
bedding-parallel fractures (Table 1), but larger errors were
observed mainly for the sweet spot comprising thinner reservoir
intervals (<1.5 m). Hence, the accuracy of the proposed method was
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Fig. 18. Core photos in the J10025 well showing the seeping oil and gas along bedding-parallel fractures of the Lucaogou Formation. (a) 3615.5 m; (b) 3621.5 m; (c) 3718.9 m; (d)

37471 m.

Table 1

Error analysis of predicted sweet spot density of bedding-parallel fractures in the upper sweet spot of the Lucaogou Formation based on proposed methods.
No. Well Middle depth, m MBFds, m™! PBFds, m~! Error r{, m~! Error 15, %
1 ]38 2766.18 3.32 2.96 -0.36 11
2 J303 2398.45 3.14 3.26 0.12 4
3 72 2830.81 2.98 3.18 0.20 7
4 J29 2312.37 2.96 3.02 0.06 2
5 ]34 3553.33 2.64 233 -0.31 12
6 J174 3128.68 3.50 3.42 —0.08 2
7 ]28 3149.38 0.98 1.12 0.14 15
8 J302 2783.89 2.06 1.89 -0.17 8
9 J36 4081.67 2.23 2.44 0.21 9
10 J27 2217.68 2.24 235 0.11 5
11 J30 3943.00 2.16 2.25 0.09 4
12 J25 3385.67 1.98 2.11 0.13 7
13 J41 3815.08 1.99 1.79 -0.20 10
14 J301 2717.19 1.96 2.13 0.17 8
15 J10060 4074.77 1.82 1.24 —0.58 32
16 J10038 3604.19 1.81 1.84 0.03 1
17 J10004 2571.48 1.73 1.98 0.25 14
18 J37 2796.14 1.64 1.70 0.06 4
19 J42 3267.78 1.30 1.18 -0.12 9
20 J10051 3711.15 1.76 1.88 0.12 7
21 J10035 3394.75 2.29 2.08 -0.21 9
22 J10016 3294.23 2.29 2.39 0.10 4
Average 8

Note: MBFd; is the matched sweet spot density of bedding-parallel fractures. PBFd; is the predicted sweet spot density of bedding-parallel fractures. The formula used for the

considerably affected by the matrix porosity and thickness of the
reservoir interval. We suggest that, overall, the proposed method
for predicting the development of bedding-parallel fractures based
on matrix porosity (i.e., multi-scale matching and stepwise pro-
gressing methods) is practical and reliable.

Despite the applicability and reliability of proposed method in
predicting the development of bedding-parallel fractures, its
application has some limitations. The availability of core samples,
the micro-resistivity scanning images and the quality of seismic
data volume are the main limitations and sources of errors with
proposed methodology in practice. Due to the complex and het-
erogeneous lithology of fine-grained sedimentary rocks, it can
introduce errors in porosity evaluation and reservoir thickness
interpretation results. We did not measure mineral composition by
Litho Scanner Logging instrument, and herein, we mainly use
conventional logging data to identify complex lithology. To reduce
errors as much as possible, it would be worthwhile to upgrade the
proposed mathematical model by building finer models for
different lithology types and mechanical stratigraphy thickness in
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the future. The addition and combination resistivity, natural
gamma, and mineral composition logs can consider the variation in
lithology, mechanical property and offer more conclusive results.

5.4. Comparison of the methods for predicting the development of
bedding-parallel fractures

The prediction of development of bedding-parallel fractures in
fine-grained sedimentary reservoirs has attracted considerable
attention in recent years, with various indirect methods being
proposed (Bhattacharya et al., 2018; Basa et al., 2019; Lu et al., 2021;
Dong et al., 2022; Lai et al., 2022). Compared with previous logging
evaluation and seismic inversion methods, the method proposed in
this study is a major step forward in the prediction of the devel-
opment of bedding-parallel fractures. First, the logging evaluation
methods (mainly including conventional logging and FMI) tend to
focus on bedding-parallel fracture development near the borehole
using the fracture number, line density, aperture and porosity but
rarely consider interwell variations (Rajabi et al., 2010; Aghli et al.,



Z.-H. Zhang, T. Zhang, H.-Q. Liu et al.

2016; Moreau and Joubert, 2016; Lai et al., 2022). As they are
determined by comparing the accuracy of commonly used quan-
titative parameters for characterizing fractures, the fracture
numbers interpreted by experts are more reliable than the
computed fracture line density, aperture, and porosity based on
FMI images or conventional logging. Presently, fracture number is
mainly determined using the manually picked FMI images; intel-
ligent auto-interpretation still remains a challenge. Second, the
availability of 3D seismic data has revolutionized the study of faults
and fractures and resulted in quantum advances in the under-
standing of the spatial and temporal distribution of such fractures.
In particular, faults and fractures can be imaged with remarkable
clarity with resolution down to ~m scale in some stances (Bahorich
and Farmer, 1995; Crampin, 2003; Qi et al., 2017; Yuan et al., 2019;
Dong et al., 2022; Bao et al., 2023). Plan view images of seismic
attributes and seismic inversion substantially contribute to the
spatial prediction of bedding-parallel fractures. Complementary
cross-section images provide insights into temporal relationships
as well as geological fault architecture. However, it is difficult to
establish a statistical relationship between the commonly used
seismic attribute parameters, such as curvature, anisotropic
azimuthal, and coherence, and the absolute fracture number, owing
to which the qualitative identification of macroscopic fracture
development zones is based on relative values from seismic events.
Accordingly, obtaining absolute developing degrees of bedding-
parallel fractures with seismic methods is challenging
(Abuamarah et al., 2019; Xu et al., 2020; Wei et al., 2021). Unlike the
above-mentioned two common methods, the proposed method of
multi-scale matching and stepwise progression combines the ad-
vantages of both the elements. This study improves our under-
standing of the development of bedding-parallel fractures and is
expected to improve the reliability of the methods to predict the
development of bedding-parallel fractures to a certain extent.

As a parameter applicable in both logging evaluation and
seismic prediction, the reservoir interval density of bedding-
parallel fractures is key for the spatial prediction of bedding-
parallel fractures. A new approach to quantitatively describe the
degree to which bedding-parallel fractures develop was revealed
by improving the relationship between the reservoir interval den-
sity of bedding-parallel fractures and matrix porosity (Fig. 12). All
intrinsic factors affecting bedding-parallel fracture development
are related to lithological properties, such as brittle mineral con-
tents, mechanical properties, and TOC contents (Zhang et al., 2018;
Zeng et al., 2022). However, lithology is a descriptive variable in
geology and is difficult to quantitatively apply in mathematical
models (Donselaar and Schmidt, 2005; Corina and Hovda, 2018;
Pang et al., 2022). Porosity seems to be the comprehensive response
of these intrinsic factors affecting bedding-parallel fracture devel-
opment, exhibiting the outstanding advantages of having abundant
acquisition methods (e.g., calculation from logging curves, seismic
attributes, seismic inversion) and reliable confidence (Lai et al.,
2017; Wu et al, 2017; Yawar and Schieber, 2017; Dong et al,,
2022). Equations (1)—(6) revealed that the accuracy of the pro-
posed method was considerably affected by the matrix porosity and
thickness of the reservoir interval. The proposed method generally
provided good results in predicting the development of bedding-
parallel fractures (Table 1), but the data with the largest error in
the prediction results mainly came from the sweet spot comprising
thinner reservoir intervals. Hence, it would be worthwhile to up-
grade the proposed mathematical model by building finer models
for different lithology types and mechanical stratigraphy thickness
in the future.
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5.5. Implications for the exploration of oil and gas in fine-grained
sedimentary rocks

Bedding-parallel fractures are effective reservoir spaces and
seepage paths for oil and gas, controlling their movement and
accumulation as well as the productivity of individual wells (Loucks
et al., 2009; McGinnis et al., 2017; Basa et al., 2019; Momeni et al.,
2019; Liang et al., 2021; Lu et al., 2021; Zeng et al., 2024). Oil and gas
seepage along bedding-parallel fractures on core samples revealed
the effectiveness of the bedding-parallel fractures (Fig. 18); by
observing the cores, it is easy to estimate the petroleum-bearing
capacity of individual bedding-parallel fractures. Furthermore, we
found that the better the oil-bearing capacity of a bedding-parallel
fracture in fine-grained sedimentary rocks, the better is the quality
of the surrounding reservoir. However, when the number of core
samples available is limited, investigating all reservoir intervals is
challenging. Fortunately, those reservoirs with higher reservoir
interval density of bedding-parallel fractures generally present a
high oil-bearing capacity in the study area (Figs. 11 and 14) and
have a large production capacity. Therefore, we consider that the
reservoir interval density of bedding-parallel fractures is an ideal
indirect indicator of the quality of fine-grained sedimentary res-
ervoirs and represents a crucial parameter in oil and gas
exploration.

To further clarify the relationship between the reservoir interval
density of bedding-parallel fractures and reservoir productivity,
logging interpretation reservoir types were employed. Reservoir
quality was categorized according to oil saturation and ranked as
follows: Class I > Class Il > Class III > Class IV. These reservoir types
were counted based on the results of the evaluation and prediction
of the reservoir interval density of bedding-parallel fractures in the
Lucaogou Formation. Based on the data from 69 reservoirs from 27
wells, the relationships between reservoir interval density of

Class IV
Class III

Class I

Number of reservoir intervals

2
BFdg, m™'

Fig. 19. The distribution histogram of the reservoir interval density of bedding-parallel
fractures (BFdg;) illustrates the influence of bedding-parallel fracture development on
oil-bearing properties; as the reservoir interval density of bedding-parallel fractures
increases, the oil-bearing capacity increases. Oil layer ranked as Class I > Class Il > Class
Il > Class IV.
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bedding-parallel fractures and reservoir types are presented in
Fig. 19. A high correspondence was observed between the two, as
the reservoir rank increased with an increase in the reservoir in-
terval density of bedding-parallel fractures. These results indicate
that the reservoir interval density of bedding-parallel fractures is an
effective indicator of the production capacity of fine-grained sedi-
mentary rocks in the Lucaogou Formation in Jimusar Sag.

6. Conclusions

Bedding-parallel fractures have extensively developed in the
fine-grained sedimentary reservoirs in the Lucaogou Formation.
They tend to occur in preexisting weaker bedding planes and in-
terfaces between lithologies. Unfilled bedding-parallel fractures
inside or near source-rocks are usually characterized by better oil-
bearing capacity, and they are identified on FMI images by regularly
continuous sinusoidal black or nearly black curves. The degree of
the development of bedding-parallel fractures is positively related
to the brittle mineral and total organic carbon contents and nega-
tively related to single reservoir interval thickness. Furthermore,
the occurrence of faults also plays a promoting role to a certain
extent.

Reservoir interval density of bedding-parallel fractures and
matched reservoir interval density of bedding-parallel fractures
from conventional logging datasets and FMI images were employed
to quantitatively characterize the degree to which bedding-parallel
fractures and heterogeneity develop in fine-grained sedimentary
rocks. The matched sweet spot density of bedding-parallel fractures
was combined to establish a novel approach for predicting the
degree of development and the planar distribution of bedding-
parallel fractures based on 3D seismic data. This paper outlines
an effective and practical approach to predict the degree to which
bedding-parallel fractures develop as well as their spatial distri-
bution. A univariate model employing matrix porosity was estab-
lished to determine the reservoir interval density of bedding-
parallel fractures. The vertical evaluation of the development of
bedding-parallel fractures in individual wells was achieved by
interpreting the quantitative parameters of bedding-parallel frac-
tures in fine-grained sedimentary rocks. Subsequently, their planar
distribution was predicted using multi-scale matching and step-by-
step progressive methods. The proposed methods were applied to
the Permian Lucaogou Formation, and produced favorable results,
with a stronger adaptability than that of previously proposed
methods, underscoring their wide application. Furthermore, the
proposed parameters enhance the quantitative contrasting capa-
bility of bedding-parallel fractures as well as upgrade their multi-
scale quantification characterization, making them indicative for
the fine prediction of reservoirs in fine-grained sedimentary rocks.
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