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A B S T R A C T

Natural fractures are one of the critical types of reservoir space in lacustrine shale formations. The enrichment, 
preservation, and production of shale oil are closely related to these natural fractures. However, the development 
of various sedimentary structures in lacustrine shale can interfere with fracture identification. In this study, we 
combined image logging and array sonic logging methods to examine the response characteristics of natural 
fracture development zones in the borehole, near-wellbore, and far-wellbore regions. We integrated a new 
logging identification method for natural fractures and explored the relationships among mineral composition, 
fracture types, and reservoir quality, providing a reference for selecting sweet spots in lacustrine shale reservoirs. 
Core samples, thin sections, and scanning electron microscope observations of the Fengcheng Formation shale 
reveal characteristics of multi-scale natural fracture development. High-angle and oblique fractures, which are 
relatively easy to identify, were recognized using core-calibrated image logs and appear as sinusoidal features on 
image logs. Low-angle fractures, however, require correlation with core observations for accurate identification. 
Using array acoustic logging data, including shear leaky and reflected waves, we obtained radial profiles of fast 
and slow shear waves based on dispersion variations, enabling the determination of fracture development zones. 
The crossing of slowness curves of fast and slow shear waves along the radial direction and strong responses of 
red energy clusters in radial profiles indicate the presence of fractures. Additionally, processing of shear-wave 
reflected wave information remote acoustic reflection imaging profiles, allowing the identification of re
flectors distant from the borehole. This resulted in a new multi-scale observation method for natural fracture 
identification by coupling acoustic and electrical imaging data. Applying this method, we identified natural 
fractures and established relationships among mineral composition, fracture types, and reservoir quality. The 
study indicates that high-angle and oblique fractures tend to develop in interbedded felsic shale and mudstone, 
while low-angle fractures are more likely to form in interbedded felsic shale, dolomitic shale, and mixed shale. 
Reservoir quality deteriorates with increasing clay mineral content but improves with higher felsic minerals and 
dolomite content. The findings of this research provide a valuable reference for improving natural fracture 
logging identification methods and offer guidance for achieving efficient development of lacustrine shale oil.

1. Introduction

Natural fractures are one of the important reservoir spaces in con
tinental shale formations and play a critical role in the preservation and 
enrichment of lacustrine shale oil reservoirs (Anders et al., 2014). 
Moreover, the presence of natural fractures provides preferential 

pathways for artificially induced fractures and serves as an essential 
prerequisite for fracture selection during hydraulic fracturing (Tan et al., 
2020). The existence of natural fractures can effectively enhance 
reservoir properties and influence the propagation and distribution 
patterns of artificial fracture networks, thereby exerting a decisive 
impact on the oil and gas quality and exploitation efficiency of shale oil 
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reservoirs (Eyinla et al., 2023; Sun et al., 2023). Therefore, studying 
natural fractures in lacustrine shale reservoirs is of great significance for 
evaluating shale oil and gas sweet spots and designing development 
schemes. Most continental shales in China were formed in lacustrine 
sedimentary environments (Huang et al., 2023; Wang et al., 2024a; Xiao 
et al., 2024). Due to tectonic uplift and subsidence activities, seasonal 
climate fluctuations, biological prosperity and decline, and alternating 
strong and weak material supply, lake levels experienced frequent 

fluctuations (Dai et al., 2021; He et al., 2024; Ma et al., 2020; Yu et al., 
2021; Zou et al., 2022). The shales formed under these processes and 
environments often exhibit diverse mineral compositions and complex 
overlapping relationships of laminae, leading to uneven stress states 
during diagenesis and tectonic evolution (Wang et al., 2021; Xi et al., 
2020; Yang et al., 2022). This exacerbates the complexity of natural 
fracture networks in continental shales, making the study of natural 
fractures in these formations particularly challenging.

Fig. 1. (A) Location of the Junggar Basin in China. (B) Structure division of the Junggar Basin. (C) Structure division of the study area. (D) Stratigraphic column of 
the Fengcheng Formation in the Junggar Basin.
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Over the years, scholars both domestically and internationally have 
focused on the development characteristics, formation mechanisms, 
identification methods, and distribution prediction of natural fractures, 
achieving significant breakthroughs in tight sandstone and carbonate 
reservoirs (Du et al., 2023; Guo et al., 2018; Mazdarani et al., 2023; 
Wang et al., 2024b; Zhang et al., 2021). In recent years, with the 
continuous deepening of shale oil and gas exploration and development 
and ongoing technological and theoretical innovations, it has been 
recognized that natural fractures in shale oil reservoirs exhibit obvious 
particularities and complexities (Zhao et al., 2020). Lacustrine shales 
generally possess sedimentary laminae, and structural fractures under 
the same stress conditions have more complex mechanical responses 
than those in tight sandstones or carbonates. Structural fractures tend to 
deviate in areas with dense sedimentary laminae, resulting in irregular 
fracture surfaces (Wu et al., 2024). The orientation alignment between 
low-angle fractures (bedding-parallel fractures) and diagenetically 
altered fractures formed through burial processes presents significant 
challenges in their differentiation using micro-resistivity imaging tech
niques due to their analogous spatial configurations. (Nian et al., 2021; 
Wang et al., 2021). In lacustrine shale reservoirs, conventional logging 

techniques are constrained by inadequate resolution (>1 mm), signifi
cantly impeding microfracture identification. While borehole image logs 
offer enhanced visualization, their diagnostic capability is frequently 
compromised by wellbore instability issues, compounded by the anal
ogous geophysical responses observed among natural fractures, bedding 
planes, and drilling-induced fractures (Wang et al., 2021; Huang et al., 
2023). The pervasive presence of fracture-filling minerals (e.g., calcite, 
pyrite) introduces substantial signal attenuation, effectively masking 
genuine fracture signatures. Furthermore, pronounced reservoir 
heterogeneity-manifested through erratic total organic carbon (TOC) 
distribution (1–8 wt%) and millimeter-scale laminations—imposes 
critical limitations on the quantitative assessment of fracture parame
ters, particularly porosity and permeability estimations (Ma et al., 2021; 
Lai et al., 2024). Research on multi-scale natural fracture logging 
identification and characterization in such reservoirs is extremely 
scarce, leading to insufficient understanding of the development char
acteristics and distribution patterns of natural fractures, which severely 
restricts effective exploration and efficient development of continental 
shale oil reservoirs. Fortunately, the development of array acoustic 
logging technology has brought new breakthroughs in natural fracture 

Fig. 2. Detection range and response to natural fractures of electrical image and array acoustic logging.
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identification (Kamel and Mabrouk, 2004; Li et al., 2022; Xu et al., 2024; 
Zhang et al., 2024). The resolution of array acoustic logging lies between 
physical model experiments and fracture monitoring. By utilizing the 
dispersive characteristics of dipole shear waves and employing numer
ical simulation methods to invert the radial variation of acoustic velocity 
near the borehole, radial velocity profiles of dipole shear waves can be 
established to explore the response characteristics of natural fractures 
within 1–2 m around the borehole and near-wellbore area (Chen et al., 
2023; Ma et al., 2021). Additionally, significant progress has been made 
in remote acousic reflection imaging technology, achieving a techno
logical leap from monopole reflected P-wave profiles to dipole reflected 
S-wave imaging profiles. This advancement not only enables the deter
mination of the azimuth of near-well reflectors but also extends the 
application range of acoustic logging to tens of meters outside the well 
(Zhuang et al., 2019). This development makes it possible to combine 
electrical imaging with array acoustic logging methods to clarify the 
in-situ multi-scale (borehole-near wellbore-formation) geophysical re
sponses of natural fractures, opening up new ideas for the study of 
characterization methods of natural fracture distribution characteristics 
in lacustrine shales.

In view of this, this paper intends to investigate the responses of 
different types of natural fractures in image logs through core- 
calibrated. Subsequently, using the information of dipole shear wave 
leaky modes and reflected waves from array acoustic logging, we extract 
radial shear wave profiles and remote acousic reflection imaging pro
files, explore the variation patterns of fast and slow shear waves along 

the radial direction, clarify the correlation between off-well reflectors 
and natural fractures, and verify through comparison with core and 
imaging results. Thus, a set of multi-scale logging identification methods 
for natural fractures is established. Furthermore, the relationships 
among natural fractures, mineral composition, and reservoir quality are 
explored, providing a reference for the study of the relationship between 
natural fractures and sweet spots in lacustrine shales, and promoting the 
high-quality development of lacustrine shale oil in China.

2. Geological settings

The Junggar Basin, located in the Xinjiang Uygur Autonomous Re
gion of northwestern China, is a multi-cycle hydrocarbon-bearing basin 
underlain by a Carboniferous basement (Fig. 1A) (Tang et al., 2021; Zhi 
et al., 2021). Encircled by six major mountain ranges, the basin exhibits 
intense tectonic activity along its periphery while maintaining a stable 
central region. Based on structural deformation characteristics and 
geophysical properties across different areas, the basin can be further 
divided into six primary structural units, designated as Wulungu 
Depression, Luliang Uplift, Central Depression, Western Uplift, Eastern 
Uplift, and Southern edge thrust belt (Fig. 1B) (Cao et al., 2005). The 
Mahu Sag is situated on the northwestern margin of the Central 
depression, at the forefront of Zhayier and Halaalate mountain ranges, 
and connects with Wuxia and Kebai fault belts, resulting in 
well-developed faults and fractures (Fig. 1C) (Wang et al., 2022). From 
the Late Carboniferous to the Permian periods, the ocean basin 

Fig. 3. Core, thin section and SEM photos show the types of natural fractures in shale rocks of the Junggar Basin. (A) Oblique fractures, MY1, 4744.27m. (B) Oblique 
fractures, MY1, 4744.27m, fluorescent photo. (C) high-angle fractures, FN14, 4023.81m. (D) Low-angle shear fractures with oil stain, MY1, 4729.70m. (E) Low-angle 
shear fractures, MY1, 4753.36m. (F) Microfractures filled with organic matter, MY1, 4674.48m. (G) Microfractures filled with hydrothermal minerals, MY1, 
4709.43m. (H) Microfractures penetrating minerals, MY1, 4755.67m. (I) Microfractures penetrating dolomites, XY1, 3981.80m.
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progressively closed from west to east. In the Early Permian, seawater 
retreated from multiple depressions in the western basin, leading to the 
formation of a relatively enclosed marginal lacustrine basin in the 
Central Depression (Liu et al., 2016).

The Fengcheng Formation in the Mahu Depression exhibits 

characteristics of a typical foreland basin structure, characterized by 
westward thrusting and eastward progressive overlap, with a thicker 
western and thinner eastern profile, and thicknesses exceeding 1800 m 
in the central area (Guo et al., 2021; Hu et al., 2016). Based on sedi
mentary cycles, lithological variations, and well-logging response 

Fig. 4. Conventional and image logs response characteristics of low-angle fractures.

Fig. 5. Conventional and image logs response characteristics of horizontal fractures.

S. Wang et al.                                                                                                                                                                                                                                   



Marine and Petroleum Geology 176 (2025) 107346

6

characteristics, the Fengcheng Formation can be stratigraphically 
divided from bottom to top into three lithological members (P1f1, P1f2 
and P1f3) (Fig. 1D) (Tang et al., 2022; Yu et al., 2018). The P1f1 Member 
was deposited in environments ranging from coastal shallow lacustrine 
to deep and semi-deep lacustrine settings, with volcanic clastic rocks at 

the base gradually transitioning upward into dolomitic siltstone and 
dolomitic mudstone/shale, accompanied by a slow increase in water 
salinity. The P1f2 Member was deposited in coastal shallow lacustrine to 
semi-deep lacustrine environments, with lithology mainly comprising 
dolomitic shale, felsic shale, and argillaceous siltstone, interbedded with 

Fig. 6. Conventional and imaging logs response characteristics of high-angle filled fracture.

Fig. 7. Conventional and image logs response characteristics of network fractures.
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minor alkaline mineral layers. In the P1f3 Member, water salinity 
gradually decreased, with lithology transitioning from mudstone/shale 
at the base to fine sandstone and gravelly sandstone at the top, and the 
depositional environment evolving into shallow lacustrine and shallow 
lacustrine settings (Zhang et al., 2018).

3. Data and methods

Well MY1 is the only well in the study area that cored the entire well 
interval, obtaining a core length of 289 m in the shale section of the 
Fengcheng Formation. In this study, in addition to observing the phys
ical cores, fluorescent core photographs were acquired, which not only 
facilitated the observation of fractures but also allowed for the assess
ment of their hydrocarbon-bearing potential. Furthermore, selected plug 
samples were ground into thin sections for microscopic examination of 
mineral types and microfracture characteristics. Fragment samples were 
also selected for further analysis of the relationships between fractures 
and minerals using scanning electron microscopy, thereby achieving 
fracture identification at the macro, meso, and micro-scales.

This study primarily explores the identification of natural fractures 
using logging data. Due to the varying detection ranges of different 
logging suites and methods, their responses to natural fractures differ 
accordingly (Fig. 2). Well MY1, being the only fully cored well 
throughout its entire interval in the study area, collected a compre
hensive suite of logging data, including conventional logging, micro- 

resistivity imaging logging, array acoustic scanning logging, elemental 
scanning logging, and two-dimensional nuclear magnetic resonance 
(NMR) logging. The conventional logging data encompass caliper, 
gamma ray, deep and shallow resistivity, compressional slowness, 
neutron porosity and density curves. In this study, micro-resistivity 
image logs was performed using Schlumberger’s Formation Micro
Imager (FMI) instrument. Beyond standard procedures such as acceler
ation correction, pad equalization correction, dynamic and static image 
generation, and shallow resistivity-calibrated static image, the gaps 
between the pads were filled, increasing pad coverage to 100%. This 
enhancement effectively reduces the ambiguity in identifying borehole 
fractures to a certain extent (Brekke and Roenitz, 2021; Khoshbakht 
et al., 2012). The study primarily utilizes leaky and reflected wave in
formation from sonic scanner (Li, 2023). By conducting dispersion 
inversion to obtain radial profiles of fast and slow shear waves, we 
established a response relationship between the radial differences of 
these shear waves and natural fractures, thereby identifying fractures 
within a 1–2 m range around the borehole (Zhang et al., 2024). Since 
reflected waves propagate over longer distances, they can be processed 
using seismic data processing methods such as filtering, stacking, and 
migration to invert the acoustic logging reflected wave information into 
images analogous to seismic profiles, enabling the identification of faults 
distant from the borehole (Wang et al., 2020). This method develops a 
multi-scale fracture identification methodology that combines electrical 
imaging for borehole fracture identification, shear radial variation 

Fig. 8. The radial variation differences and profiles of the fast and slow shear waves. 
RVP: radial variation differences, RVP: radial variation profiles. (Slow-Fast) = slow shear wave minus fast shear wave, (Slow/Fast) = slow shear wave divided by fast 
shear wave.
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profile for detecting fractures outside the borehole, and remote acoustic 
reflection image for recognizing reflectors in regions further from the 
wellbore. This integrated approach effectively reduces the ambiguity 
associated with fracture identification when relying on a single method.

4. Results

4.1. Reservoir fractures characteristics

Fractures are not only significant reservoir spaces but also key factors 
in enhancing reservoir permeability and lowering the thresholds of 
reservoir physical properties. Observations from cores, thin sections, 
and scanning electron microscopy (SEM) reveal that the natural frac
tures in the Fengcheng Formation of the Mahu Sag exhibit multi-scale 
characteristics. These include centimeter-scale fractures observable in 
cores, millimeter-scale fractures visible under an optical microscope, 
and micro-to nano-scale fractures identifiable under SEM. Fractures 
observed in cores allow for the determination of fracture dip angles and 
filling characteristics, such as oblique fractures (Fig. 3A and B), high- 
angle fractures (Fig. 3C), and low-angle fractures (Fig. 3D and E). 
These fractures predominantly develop in thin-layered felsic shale and 
laminated dolomitic shale. In the fluorescence photomicrographs, si
nusoidal yellow fluorescence is clearly observed along the fracture 
surfaces (Fig. 3B). Additionally, oil stains developed along these fracture 
surfaces are evident in Fig. 2D, indicating a close association between 
the fractures and oil-bearing properties. An increased number and 
density of shale laminae promote the development of bedding fractures 

and low-angle fractures. Both high-angle and low-angle fractures exhibit 
features of mineral filling and organic matter filling (Du et al., 2023). 
Microscopic fractures provide clearer observations of filling types and 
crystal forms. Organic matter often appears as dark, irregular linear 
distributions along fractures (Fig. 3F). Hydrothermal mineral fillings are 
observed as pure, large crystals under cross-polarized light (Fig. 3G). 
SEM observations reveal fracture characteristics of different brittle 
minerals, with some microfractures even cutting through mineral grains 
(Fig. 3H and I).

4.2. Well log responses characteristics in fractrues of the shale reservoirs

4.2.1. The image logs response
Micro-resistivity image logging is currently the highest-resolution 

method for identifying natural fractures using logging data 
(Khoshbakht et al., 2012; Wang et al., 2021). The response character
istics of natural fractures in shale reservoirs differ significantly from 
those in conventional sandstone reservoirs and fracture-vuggy carbon
ate reservoirs. In conventional sandstone and carbonate reservoirs, mud 
invasion leads to a noticeable resistivity contrast between the reservoir 
matrix and the fracture surfaces. Compared to shale reservoirs, these 
conventional reservoirs exhibit less pronounced stratification, making it 
easier to observe complete sinusoids in image logs (Ju et al., 2020; Lai 
et al., 2024). In contrast, shale reservoirs display strong vertical het
erogeneity in both composition and structure. Variations in mineral 
composition or depositional structures can cause subtle, layered alter
nations of light and dark in image logs, increasing the difficulty of 

Fig. 9. The shear variation and image log response characteristics of high-angle natural fracture.
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identifying low-angle fractures and horizontal fractures.
By comparing conventional logs, imaging logs, and core photo

graphs, identification chats were established (Figs. 4–7). Figs. 4 and 5
illustrate the response characteristics of low-angle fractures and hori
zontal fractures, respectively. On image logs, low-angle, partially filled 
fractures appear as indistinct, dark sinusoidal lines, while conventional 
logs show minimal differentiation between deep and shallow resistivity 
readings (Fig. 4). Horizontal fractures exhibit strong similarities to shale 
bedding in image logs, the primary distinction is that horizontal frac
tures appear as intermittent sinusoidal lines with uneven thickness, 
reflecting irregular bituminous infilling or variations in fracture aper
ture within a single fracture (Fig. 5). Simultaneously, conventional logs 
display positive differences between deep and shallow resistivity. 
However, even with these responses, it is insufficient to conclusively 
identify fractures as bedding fractures without corroboration from core 
samples and additional data. High-angle fractures are easier to identify 
than low-angle fractures due to their significant differences in texture 
and orientation compared to shale reservoirs. Fig. 6 depicts high-angle 
fractures: conventional logs exhibit sharp resistivity peaks, image logs 
show distinct bright-edged sinusoidal lines, and core samples reveal 
obvious calcite mineral fillings. During core examination, hydrochloric 
acid titration results in the emergence of numerous fine bubbles from the 
fracture surfaces. While such fractures in zones with good matrix 
reservoir properties do not enhance permeability, they become critical 
factors for fracture initiation during hydraulic fracturing layer selection. 
Fig. 7 displays a network of fractures partially filled with oil and gas. 
Conventional logs indicate increased resistivity, image logs show only 

portions of sinusoidal lines without peaks or troughs, and the core 
samples are relatively fragmented with good oil saturation. This repre
sents the most favorable scenario in reservoir evaluation. When coupled 
with siltstone bands possessing excellent matrix properties, these con
ditions constitute the highest-quality reservoirs.

4.2.2. The shear radial variation profile response
The most significant application of traditional monopole acoustic 

logging in reservoir evaluation is calculating porosity and identifying 
gas layers using compressional slowness (P-wave). In contrast, array 
acoustic logging employs dipole sources, which can excite shear waves 
(S-waves). Shear waves undergo dispersion during propagation and split 
into fast and slow shear waves in anisotropic formations (Mazdarani 
et al., 2023; Trichandi et al., 2023). Because shear wave dispersion is 
related to propagation distance, and the distances between the source 
and the various receivers in array acoustic logging differ, it becomes 
possible to invert radial slowness using the dispersion characteristics of 
fast and slow shear slowness (Nian et al., 2021). In this study, we utilized 
the slowness of fast and slow shear obtained from dispersion inversion to 
process the shear radial variation profiles and differences. This approach 
amplifies the response of radial acoustic differences to natural fractures. 
Specifically, operations on the radial profiles and differences of the fast 
and slow shear waves included calculating the difference (slow shear 
wave minus fast shear wave) and the ratio (slow shear wave divided by 
fast shear wave), thereby enhancing the signals associated with forma
tion anisotropy (Fig. 8). By comparing these results with core images, we 
can determine the radial responses of fractures. Additionally, variations 

Fig. 10. The shear variation and image log response characteristics of low-angle natural fracture.
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in the radial transit times of fast and slow shear waves and their cross
over points are used to verify the presence of natural fractures.

Figs. 9–11 illustrate the radial profiles of shear wave differences in 
fracture-developed zones, dynamic full-coverage electrode electrical 
imaging, and crossplots comparing radial distance with fast and slow 
shear wave time differences from logging responses. This analysis es
tablishes the correlation between shear wave response characteristics 
within a radial range of 1–2 m and the matching relationships among 
imaging logs and core fractures. In Fig. 9, the interval from 4608.8 m to 
4609.4 m represents a typical fracture-developed section. Tracks 2, 3, 5, 
and 6 display intensely strong red energy clusters, indicative of positive 
differential responses where the slow shear slowness exceeds that of the 
fast shear wave. We extracted the radial variation of the fast shear 
slowness at 4609.26 m and observed that both the fast and slow shear 
slowness initially increase and then decrease. Notably, there is an 
intersection point where the fast and slow shear slowness are equal, 
indicating significant heterogeneity within the reservoir. The electrical 
image logs at the corresponding depth exhibits a large-amplitude sinu
soidal trace, and the corresponding core photo reveals a high-angle 
natural fracture.

Due to the extremely dense lamination in shale formations, the ori
entations of horizontal fractures, sedimentary laminae, and bedding 
planes are nearly identical. This results in similar image logs responses, 
making them difficult to distinguish. However, shear waves in the radial 
direction exhibit distinct response characteristics. Fig. 10 presents the 
radial shear wave and electrical imaging logging responses of low-angle 
fractures. Similar to the red acoustic energy clusters observed for high- 

angle fractures in Fig. 9, red acoustic energy cluster responses also 
appear here. However, these acoustic energy clusters appear com
pressed, forming linear responses, which indicates that the fractures do 
not extend widely in the vertical direction. The image logs display a 
horizontal layered pattern representing the orientations of fractures, 
while core photo reveal groups of low-angle fractures. At a depth of 
4749.16 m, the slowness responses of fast and slow shear waves during 
radial propagation similarly increase and then decrease, with an inter
section point appearing. This behavior indicates the presence of frac
tures. Therefore, by integrating the responses of acoustic energy clusters 
with image logs, it is possible to distinguish between sedimentary 
laminae and low-angle fractures.

Fig. 11 illustrates the logging responses within a mesh-like fracture 
zone formed by the interaction of low-angle and high-angle fractures. In 
the depth interval from 4618.5 m to 4618.9 m, imaging logs exhibit both 
high-angle sinusoidal curves and dark laminar responses, indicating the 
presence of multiple fracture types. Core images also reveal various 
fractures. Due to the abundance of horizontal laminae, the acoustic 
energy clusters display an elliptical shape, and the four red energy 
clusters show significant morphological differences. At a depth of 
4618.58 m, the radial time difference between fast and slow shear waves 
initially increases and then decreases. When the parameter R/A 
(gradient) exceeds 4, the time difference of the fast shear wave becomes 
greater than that of the slow shear wave, indicating a reversal phe
nomenon between the fast and slow shear wave time differences. 
Regardless of whether the fractures are high-angle, low-angle, or mesh- 
like, positive differential responses appear in the radial acoustic energy 

Fig. 11. The shear variation and image log response characteristics of network natural fracture.
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clusters, manifested as red energy clusters that correspond well with 
fractures observed in core samples. Because the detection range of 
acoustic logs extends farther than that of borehole image, these acoustic 
responses can serve as a bridge between far-field detection and borehole 
detection in the evaluation of fracture systems.

4.2.3. The remote acoustic reflection imaging response
The remote acoustic logging technique, also known as reflection 

acoustic logging, enables the detection and evaluation of geological 
anomaly reflectors, such as fractures, cavities, and faults-within tens of 
meters outside the borehole (Wang et al., 2020; Wu et al., 2020). This 
significantly extends the application scope of acoustic logging technol
ogies. Typically, acoustic logging instruments generate high-frequency 
acoustic signals within the borehole ranging from 1 to 20 kHz (Kamel 
and Mabrouk, 2004). The acoustic energy primarily propagates along 
the borehole wall, producing refracted compressional and shear waves, 
as well as Stoneley waves. By increasing the radiated power of the 
acoustic source, more energy penetrates the borehole wall and enters 
deeper into the formation (Li et al., 2022). When this energy encounters 
geological structures with acoustic impedance contrasts relative to the 
surrounding formation, such as fractures, cavities, or reservoir bound
aries, it is reflected back to the borehole in the form of reflected waves, 
which are recorded by receiving transducers (Fu et al., 2024; Xu et al., 
2024). By extracting these reflected waves from the recorded data and 

performing migration imaging, parameters such as the position, orien
tation, and morphology of reflectors outside the borehole can be 
determined. Actual measurements have demonstrated that the radial 
detection range of remote acoustic logging can cover distances from 3 to 
50 m, with a resolution of approximately 1 m, greatly expanding the 
detection capabilities of logging technology.

In this study, we employed sonic data collected using Schlumberger’s 
Sonic Scanner instrument to extract shear-wave reflection profiles at 
various azimuths, specifically at 0◦, 30◦, 60◦, 90◦, 120◦, and 150◦

(Fig. 12). The reflectors observed in these profiles exhibit energy of 
varying intensities, with the strongest energy indicating the azimuth 
corresponding to the strike direction of the reflector. At a depth of 4850 
m, the reflector shows the strongest energy in the due north and north- 
northeast directions, while at 4840 m, the strongest energy is observed 
in the east-west direction. By analyzing these energy variations, we 
determined the azimuth and strike of the reflectors. Furthermore, 
combining this information with the spatial relationship between the 
reflectors and the borehole wall allowed us to ascertain the apparent dip 
of the reflectors. Fractures are only one component of fault systems. In 
previous studies, fractures associated with boreholes have predomi
nantly been identified using electrical imaging. However, due to the 
complexity of fracture morphology and spatial extension, relying solely 
on electrical imaging logging can lead to ambiguous interpretations in 
the identification of natural fractures. Therefore, to accurately identify 

Fig. 12. The remote acoustic (shear) reflection imaging response at various azimuths of Well MY1.
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natural fractures, it is necessary to integrate remote acoustic reflection 
image, the red energy clusters observed in the radial profiles of shear 
waves, and the radial variations of fast and slow shear-wave slowness.

5. Discussion

5.1. Multi-scale well logging identification of natural fractures

Fig. 13 presents the far-field remote acoustic reflection images in a 
fault-developed interval, the radial differential energy clusters of shear 
waves, dynamic electrical image logs, and the radial variations of fast 
and slow shear waves at specific depth points. Among these, the remote 
acoustic reflection images represent logging responses at the formation 
scale distant from the borehole (large scale), the radial profiles of shear 
waves and travel-time variations represent near-borehole circumferen
tial logging responses (medium scale), and the dynamic electrical image 
logs represent logging responses at the well borehole (small scale). In 
Fig. 13, the interval between 4650 m and 4700 m in well MY1 is high
lighted, with the 4680–4685 m section exhibiting the most prominent 
reflection characteristics. Reflectors are observed in both the north- 
south and east-west azimuthal profiles; however, the reflectors in the 
north-south direction are more concentrated (indicated by red elliptical 
dashed lines), while those in the east-west direction are more dispersed, 
exhibiting chaotic reflection features. Upon further scaling down, sig
nificant radial differences between fast and slow shear waves are 
observed within the 4682–4686 m range, appearing as extensive areas of 
red energy clusters. Correspondingly, the image logs reveal multiple sets 
of sinusoidal traces with notable differences in amplitude and azimuth. 
This indicates that natural fractures are well-developed in this interval 
with inconsistent orientations, representing a typical network fracture. 
At specific depth points of 4681.80 m and 4685.60 m, crossover points 
of fast and slow shear waves along radial propagation are evident in the 
radial gradient intersection plots. Notably, at 4685.60 m, two crossover 
points are observed, demonstrating extremely strong heterogeneous 
propagation characteristics. In summary, by integrating the multi-scale 
response characteristics of different logging methods at the same depths, 
it is evident that natural fractures definitively exist within this reservoir 
interval. Therefore, the natural fracture identification method estab
lished in this study—based on the combined use of acoustic and image 
logging data, not only enhances the accuracy of identifying natural 

fractures compared to solely using image logs data but also expands the 
applicability of logging data in natural fracture identification.

5.2. Distribution of fractures in a single well

By integrating constraints from remote acoustic reflection image, 
radial shear-wave energy clusters, and image logging response charac
teristics, natural fractures in the shale interval of key well MY1 were 
identified, resulting in a total of 239 fractures being cataloged (Fig. 14). 
Based on dip angles, these fractures were classified into three types: low- 
angle fractures (dip angle <30◦), oblique fractures (dip angle between 
30◦ and 60◦), and high-angle fractures (dip angle >60◦). Specifically, 
141 low-angle fractures were identified, with fracture strikes predomi
nantly trending north-northeast. The dip angles ranged from 1.5◦ to 26◦, 
with an average of 5.35◦, exhibiting a strong correlation with the 
bedding planes (azimuth between 50◦ and 60◦, northeast direction, 
average dip angle of 5.15◦). A total of 28 oblique fractures were 
observed, mainly trending southeast (aziumth 140◦–150◦), oblique 
fractures in other orientations were also present, with an average dip 
angle of 45.75◦. Additionally, 70 high-angle fractures were identified, 
primarily trending southwest (aziumth 230◦–240◦) and near-south (az
imuth 160◦–170◦), with an average dip angle of 75.84◦. In general, high- 
angle and oblique fractures are the result of tectonic stress, while low- 
angle fractures are controlled by the combined effects of diagenesis 
and tectonic stress. The variations in fracture orientations among the 
different dip-angle classifications reflect the complexity of the fracture 
system in the Fengcheng Formation shales of the Mahu Sag.

Well MY1 also acquired elemental scanning logs (Litho scanner) to 
analyze the mineral composition of the shale intervals. Logging calcu
lations indicated that the main mineral constituents of the Fengcheng 
Formation in the Mahu Sag are clay, quartz, potassium feldspar, sodium 
feldspar, calcite, and dolomite, along with minor amounts of pyrite (Zhu 
et al., 2018). The vertical distribution of mineral assemblages can be 
divided into three sections, corresponding to different types of natural 
fractures (Fig. 15). The upper section primarily consists of interbedded 
felsic shale and mixed shale. Static image reveals alternating dark bands 
and bright massive interlayers, displaying an overall stratified appear
ance. The dominant types of natural fractures in this section are 
high-angle fractures and oblique fractures, with fewer occurrences of 
low-angle fractures. The middle section is characterized by higher clay 

Fig. 13. Multiscale response characteristics of remote acoustic, shear variation profiles and image logging integrated methods in fractures.
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content, with rock types mainly comprising argillaceous mudstone and 
mixed shale, interbedded with small amounts of calcareous shale. This 
section exhibits a low number and density of natural fractures. The 
lower section consists mainly of felsic shale and dolomitic shale, image 
logs show bright massive features. The natural fractures in this section 
are predominantly low-angle fractures, followed by high-angle and 
oblique fractures.

Core observations reveal that the felsic shale of the Fengcheng For
mation in the Mahu Sag contains abundant centimeter-thick feldspathic 

sand layers. These rocks readily form high-angle and oblique natural 
fractures under stress. In the dolomitic shale, dolomite primarily exists 
in the form of millimeter-scale laminae (Fig. 3E), the lamination in
terfaces act as planes of weakness under stress. Consequently, these 
rocks are more prone to forming low-angle fractures that are consistent 
with the lamination orientation and exhibit low dispersion under the 
combined effects of diagenesis and tectonic stress. Due to the relatively 
high content of plastic minerals in mixed shale, its ability to form natural 
fractures under tectonic stress is limited.

Fig. 14. Distribution of fractures and its attitude Parameters in a single well.
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5.3. The relationship between fractures and reservoir quality

Due to the inherent correlation between lithofacies assemblages and 
the occurrence of natural fractures, layereded felsic shales interbedded 
with clay-rich mudstones are associated with network and high-angle 
fractures, whereas laminated dolomitic mud-shales interbedded with 
felsic shales correspond to low-angle fractures. Therefore, this study 
discusses the coupling relationship between fractures and reservoir 
quality by segmenting based on lithofacies assemblage types. Specif
ically, utilizing mineral profiles calculated from elemental logging 
(Lithoscanner) and comparing the natural fractures identified by our 
method with the response characteristics of two-dimensional nuclear 
magnetic resonance (CMR-NG) logging energy clusters (Cai et al., 2024; 
Fleury and Romero-Sarmiento, 2016; Zhu et al., 2018), we explore the 
relationships among mineral composition, natural fractures, and reser
voir quality.

Nuclear magnetic resonance (NMR) logging was selected for its 
ability to continuously provide T1 and T2 information, which is used to 
analyze reservoir pore structures and fluid types. The T1-T2 crossplot for 
this purpose was proposed and promoted by Schlumberger in 2015 
(Fig. 16A). However, there are two unavoidable issues when using the 

crossplot in practice. First, when T2 is very large, the T1/T2 ratio loses its 
significance, leading to errors in identification results. Second, the 
measurement signals are derived from North American shale forma
tions, and because shale reservoirs differ across regions and strati
graphic intervals, calibration is required before use. In this study, a 
comprehensive analytical approach was employed to produce a T1-T2 
crossplot for identifying pore structures and fluid types. Initially, single- 
point T1-T2 crossplots were constructed using inversion results of T1 and 
T2, where red clusters represent areas with relatively high T1 and T2 
peak values. By comparing these results with fluid production types at 
perforation locations and referencing classical crossplots, the final 
crossplot was established (Fig. 16B). Clusters 1, 2, 3, 5, 6, 8, and 9 are 
concentrated in the lower-left corner of the crossplot and are classified 
as bound water. Cluster 4 is identified as bitumen (T2 peak <10 ms, and 
T1 peak close to 100 ms). Clusters 6, 9, 11, and 13 lie along the T1 = T2 
diagonal, commonly referred to as the water line, and are defined as 
water. Portions exceeding the cutoff value are classified as movable 
water. Cluster 7 exhibits a relatively high T1 value, but its corresponding 
T2 peak does not exceed the cutoff value, and T1/T2 > 10, thus it is 
classified as bound oil (immovable oil). Clusters 10, 12, and 14 are 
located in regions corresponding to movable fluids with T2 values 

Fig. 15. The relationship between lithological assemblage and types of natural fractures.
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exceeding the cutoff value. Their T1 values are also almost entirely 
greater than 100 ms, and T1/T2 values are generally above 10, thereby 
classifying them as movable oil.

In the depth interval of 4645–4660 m, the lithology is predominantly 
felsic shale interbedded with mudstone, where network fractures are 
developed (Fig. 17). We examined the influence of variations in clay 
mineral content on reservoir effectiveness. First, we selected two points 
with relatively high clay mineral content (4649.81 m and 4650.00 m) 
and plotted two-dimensional NMR T1-T2 correlation maps. The images 
displayed double energy cluster characteristics, revealing a lower-left 
cluster (both T1 and T2 not exceeding 10 ms) representing clay-bound 
water, and a middle cluster (both T1 and T2 exceeding 10 ms) indi
cating potential fluids. Subsequently, we plotted two points with lower 
clay mineral content and higher felsic content (4652.99 m and 4656.79 
m). The two-dimensional NMR energy clusters still exhibited double- 
cluster features. However, the area and intensity of the cluster repre
senting bound water were smaller than those in the mudstone interval. 
The right-side cluster had a T1/T2 ratio of 10, and the portion repre
senting free fluids demonstrated excellent oil-bearing properties (e.g., at 
4656.79 m). In the interval of 4680–4690 m, the lithology mainly 
consists of felsic shale interbedded with mixed shales, and the clay 
mineral content is lower than that in the 4645–4660 m interval. High- 
angle fractures are predominantly developed here. We first selected 
depths corresponding to mixed shales (4681.83 m and 4686.30 m) and 
plotted two-dimensional NMR correlation maps. Two energy clusters 

appeared, and compared to the mudstone interval, the lower-left cluster 
overall shifted to the right, indicating a relatively lower content of clay- 
bound water. The right-side cluster exhibited signals of movable oil, 
with T1/T2 ratios of 3 at 4681.83 m and 10 at 4686.30 m. We then 
plotted two-dimensional NMR correlation maps in the felsic shale in
terval, where three energy clusters were observed. The interval at 
4682.15 m exhibited the best physical properties but showed responses 
of bound oil, movable water, and movable oil. Although a bound water 
cluster appeared in the lower-left corner at 4683.10 m, two movable oil 
signals were present on the right side.

The intervals of 4785–4787.5 m and 4809–4811.5 m are character
ized by low clay mineral content and high felsic content, with the rock 
type being felsic shale (Fig. 18). The two-dimensional NMR energy 
clusters displayed features entirely different from those of shale in
tervals with higher clay mineral content. At depths of 4786.40 m and 
4810.68 m, the right-side energy clusters were prominent and exhibited 
characteristics of movable oil. At 4787.53 m, the left-side cluster pre
sented a strong asphaltene response, while at 4810.48 m, small amounts 
of asphaltene, bound water, and movable mixed fluid characteristics 
were observed. The 4820–4830 m interval is a section with low clay 
mineral content and relatively high dolomite content, classified as 
dolomitic shale. The corresponding two-dimensional NMR energy clus
ters displayed multi-cluster responses, representing complex pore 
structures and fluid types, including bound water, movable water, 
movable oil, and a small amount of asphaltene. This complexity arises 

Fig. 16. Fluid type identification chart based on two-dimensional nuclear magnetic resonance logging. (A) T1-T2 identify pore and fluid type cross-plot (Modified by 
Kausik et al., 2016); (B) Fluid type identification chart according to 2D NMR logs (MY1).
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because the felsic content in this interval is not low, and the pore types 
mainly include intergranular pores among felsic mineral particles, 
intercrystalline pores within dolomitic laminae, and bedding fractures. 
The diverse reservoir space types result in complex pore structures, 
leading to fluid diversity within the reservoir.

In summary, higher clay mineral content corresponds to poorer 
reservoir quality, with fluids predominantly comprising bound water. 
Conversely, higher felsic content indicates better reservoir quality, with 
fluids mainly consisting of movable oil. When formations comprise in
terlayers of felsic shale and clayey mudstone, they exhibit strong 

heterogeneity. Rocks under tectonic stress are more likely to develop 
complex fracture networks, and high-angle fractures readily form in 
intervals with relatively high felsic content. Therefore, hydraulic frac
turing to enhance production should focus on layers with higher con
tents of brittle minerals (felsic minerals and dolomite) and lower clay 
mineral content. This approach not only ensures that the fluid type is 
movable oil but also facilitates the formation of more complex fracture 
networks under the influence of primary high-angle fractures. In in
tervals with low clay mineral content, rocks are mainly composed of 
brittle minerals, and lamination and foliation are well-developed in 

Fig. 17. The relationship between reservoir quality and natural fractures in the lithofacies assemblage unit of interbedded felsic shale and mudstone.
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shale sections. Bedding planes serve as stress-weakening surfaces, 
making the rocks more susceptible to fracturing along lamination and 
foliation under stress, thereby forming low-angle fractures and hori
zontal fractures. Intergranular pores associated with felsic minerals and 
intercrystalline pores related to dolomite provide reservoir spaces 
within the shale. Coupled with the development of low-angle fractures, 
these intervals can also serve as targets for hydraulic fracturing to 
enhance production.

6. Conclusion

The shale of the Fengcheng Formation in the Mahu Sag is a typical set 
of continental shales with laminar and bedding features formed in a 
lacustrine depositional environment. Influenced by seasonal variations, 
climate, provenance, volcanic activity, and water temperature, the 
reservoir exhibits strong heterogeneity characterized by mixed mineral 
compositions, vertically stacked thin interlayers, and well-developed 
laminae and bedding. During subsequent diagenesis and burial pro
cesses, the shale underwent multiple phases of stress-induced 

Fig. 18. The relationship between reservoir quality and natural fractures in the lithofacies assemblage unit of interbedded felsic shale and dolomitic shale.
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modification, resulting in observable multi-scale natural fractures. Ac
cording to the occurrence of these natural fractures, individual fractures 
can be classified into three types: high-angle fractures, oblique fractures, 
and low-angle fractures.

Shear wave data extracted from acoustic logging, especially radial 
fast and slow shear waves and far-detection reflected shear waves, show 
significant responses to natural fractures and reflectors. These unique 
response characteristics can be utilized to identify natural fractures. In 
sections where fractures are developed, both fast and slow shear waves 
along the radial direction exhibit a pattern of increasing followed by 
decreasing amplitudes, with the occurrence of intersection points in 
acoustic time differences. After data processing methods such as 
filtering, migration, and stacking, shear wave reflections can present 
images similar to seismic profiles. Far-detection shear wave reflection 
profiles can reveal reflectors (fractures) at a distance from the borehole 
wall. By integrating imaging logging, radial profiles of fast and slow 
shear waves, and multi-azimuth far-detection reflection wave profiles 
for specialized fracture identification, the ambiguity in fracture recog
nition can be effectively reduced.

Elemental logging (Lithoscanner) is employed to clarify the mineral 
composition characteristics of the shale reservoir, while two- 
dimensional nuclear magnetic resonance (CMR-NG) logging is used to 
elucidate pore structure and oil-bearing features. Combined with the 
methods presented in this paper to summarize the vertical distribution 
characteristics of natural fractures, the relationships among mineral 
composition, natural fractures, and reservoir quality are clarified. The 
study indicates that the development of interlayers between felsic shale 
and mudstone tends to form high-angle fractures and network fractures. 
When laminated dolomitic shale and felsic shale interlayers are present, 
low-angle fractures and horizontal fractures are more likely to form. An 
increase in clay mineral content leads to deterioration of the reservoir’s 
pore structure and brittleness, an increase in bound water content within 
reservoir fluids, and overall poor reservoir quality. Conversely, higher 
contents of felsic minerals and dolomite improve the reservoir’s pore 
structure and enhance brittleness, resulting in lower bound water con
tent, higher movable oil content, and better reservoir quality. Therefore, 
during fracturing and perforation operations, intervals with relatively 
high contents of felsic minerals and dolomite should be selected to 
achieve greater productivity.
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