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Abstract: The largest Precambrian gasfield in China has been found in the central Sichuan Basin. It
has been assumed as an Ediacaran (Sinian) mound–shoal, microfacies-controlled, dolomite reservoir.
However, the extremely low porosity–permeability and heterogeneous reservoir cannot establish high
production by conventional development technology in the deep subsurface. For this contribution,
we carried out development tests on the fractured reservoir by seismic reservoir description and
horizontal well drilling. New advances have been made in recent years: (1) the prestack time and
depth migration processing provides better seismic data for strike-slip fault identification; (2) seismic
planar strike-slip structures (e.g., en échelon/oblique faults) and lithofacies offset together with
sectional vertical fault reflection and flower structure are favorable for strike–slip fault identification;
(3) in addition to coherence, maximum likelihood and steerable pyramid attributes can be used to
identify small strike-slip faults and for fault mapping; (4) fusion attributes of seismic illumination
and structural tensor were used to find fractured reservoir along fault damage zone; (5) horizontal
wells were carried out across the strike-slip fault damage zone and penetrated fractured reservoir
with high production. Subsequently, a large strike-slip fault system has been found throughout the
central intracratonic basin, and the “sweet spot” of the fractured reservoir along the strike-slip fault
damage zone is widely developed to be a new favorable domain for high-production development.
There is still a big challenge in seismic and horizontal well technology for the economical exploita-
tion of the deep fractured reservoirs. This practice provides new insight in the deep tight matrix
reservoir development.

Keywords: Precambrian gasfield; strike-slip fault; fractured reservoir; seismic technology; horizontal well;
Sichuan basin

1. Introduction

With the exhaustion of the hydrocarbon resources in the Meso-Cenozoic strata, the
ancient Precambrian reservoir has been becoming a potential domain in oil/gas exploration
and development [1,2]. Precambrian petroleum systems and their oil/gas resources have
been discovered in East Siberia, North Africa, the Middle East, North America, India and
Central and South America [1–6]. Owing to multiple structural and diagenetic activities
in the deeper subsurface, the ancient Precambrian oil/gas resources at the base of petro-
liferous basins are generally characterized by complicated accumulation and production.
Subsequently, they had more difficulties in the Precambrian oil/gas resource exploration
and development, as well as much less oil/gas production from the ancient strata [1–6]. In
recent years, Neoproterozoic continental rifts have been found in the Sichuan, Tarim and
Ordos basins in China [7–9]. Furthermore, the giant Anyue Gasfield has proven geological
reserves more than 1 × 1012 m3 in the Ediacaran–Cambrian dolomite, indicating huge
exploitation potential of deep Precambrian carbonates [10–12]. Since then, the Precambrian
reservoir has consequently become an important exploitation frontier in China.
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In the Anyue Gasfield, the late Ediacaran mound–shoal bodies widely developed
along the platform margin and in the interior platform [13,14]. The reservoir mainly
occurred in the high-energy mound–shoal dolomite, which is generally thought to be
the major controlling factor on the carbonate reservoir [12–15]. It is assumed that the
arid paleoclimate was favorable to develop the primary matrix pore-type reservoir in the
mound–shoal bodies [15]. Recent studies revealed an unconformity and distinct karst
process by the Precambrian Tongwan movement in the central uplift [15–17]. They showed
that most porosity in the Ediacaran is secondary dissolution porosity. These studies sug-
gested that the karstification before the Cambrian deposition has resulted in a large amount
of dissolution pores and vugs in the Dengying Formation, which had complicated diage-
nesis and origin during the long burial history [12,16,17]. The Precambrian karstification
led to a widespread development of dissolution pores, vugs and caves in the carbonate
reservoirs. Recently, a lot of exploitation work has been deployed in the deep ancient
carbonate reservoirs [10]. However, the Ediacaran reservoirs are quite different from
the carbonate reservoirs of high primary porosity in the Meso-Cenozoic. They generally
have low porosity (<4%) and permeability (<1 mD) and intense heterogeneity for low
production. The production data show that conventional methods and technologies are
not enough to efficiently exploit the large number of reserves from the deep Precambrian
reservoirs. Recent studies showed that strike-slip faults developed in the central Sichuan
Basin [18–20]. These faults resulted in the variable and complicated sedimentary microfa-
cies of the Ediacaran carbonates [20]. In addition, the fault network could connect source
rock and enhance porosity and permeability for high production in the deep Ediacaran
carbonate reservoirs [19]. However, it is ambiguous if there is large-scale fractured reservoir
in the deep subsurface and little information on the exploitation of this kind reservoir.

For this contribution, we present recent advance in seismic technology on the strike-
slip fault mapping and fractured reservoir description in the Anyue Gasfield. Based on the
geological and geophysical data, we propose a method and its result on horizontal well
drilling across different fault zones to explore the Ediacaran fractured reservoir. Further-
more, we discuss the challenge in the fractured reservoir exploitation technology in the
deep ancient carbonate.

2. Geological and Exploitation Background

The Sichuan Basin covers an area more than 560,000 km2 in southwestern China [21].
It is a superimposed basin with complete Ediacaran-Cenozoic strata that has recorded the
opening–closing cycles of the Proto- to Neo-Tethys oceans [21,22]. The basin developed
Ediacaran post-rift successions in the pre-Ediacaran metamorphic basement. The Lower
Ediacaran Doushantuo Formation deposited thick sandstones and interbedded mudstones
and progressively turned to dolomites in an intracratonic shelf environment. The Upper
Ediacaran Dengying Formation composed of two sets of thin shale–thick dolomite assem-
blages in the central carbonate platform (Figure 1) [12–14]. In the end of the Ediacaran, the
central Sichuan Basin had a regional uplift and subsequent unconformity karstification [15].
A N–S-trending Deyang–Anyue intracratonic rift trough developed to the western Anyue
Gasfield, which is unconformably filled with the Lower Cambrian shales. Thick Cambrian–
Ordovician carbonates were deposited in succession in the intracratonic basin. At the end
of Silurian, the central uplift formed with the absence of the Silurian–Carboniferous by
a regional compressional tectonic movement. During the Permian–Middle Triassic, the
carbonate platform developed widely and was then overlain by the late Triassic–Cretaceous
siliciclastic deposition in the central basin. With the progressively increased Indo-Asian
collision in the Cenozoic, the western foreland depression took shape, and multiple thrust
fault systems developed around the basin margins [21,22]. During the multiple tectono-
sedimentary evolution, a broad and inherited central paleo-uplift developed in the central
intracratonic basin.
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Figure 1. (a) The paleogeographic map of the Ediacaran Dengying Formation and (b) the strati-
graphic column of the Ediacaran–Cambrian in the Sichuan Basin ((1)–(4): four members of Dengying
Formation; SYS: System; FM: Formation; revised from references [20]).

The Anyue Gasfield is composed of two large anticline traps with a large area of
7500 km2 in the central Sichuan Basin (Figure 1) [10,23]. The source rocks are mainly of
shales from the Lower Cambrian Qiongzhushi and some from the Ediacaran Dengying
and Doushantuo formations [23–25]. The carbonate rocks and the overlain shales formed
favorable source–reservoir–cap assemblage. Generally, the oil accumulation occurred in
the Permian–Early Triassic and subsequent cracked gas accumulation in the late Triassic–
Jurassic during the rapid subsidence in the central basin [23–25]. The burial depth of the
Ediacaran reservoir is up to 5000~5500 m. The formation temperature is much higher, up
to 145~160 ◦C, and the formation pressure is in the range of 56~59 mPa with a pressure
coefficient of 1.07~1.09. The fourth member of the Dengying Formation is the major
reservoir interval that is mainly of microbial dolomite and grain dolomite. There are
multiple reservoir layers with a single-layer thickness varied in the range of 1~40 m. The
reservoir spaces are mainly of dissolution microbial pores, interparticle dissolution pores
and vugs [12,15–17]. It is noted that some wells have penetrated fractures and show much
higher permeability and production. The reservoirs can be divided into pore-type, vug-type
and fracture–vug-type. The porosity and permeability of the matrix reservoirs are variable
in a large range to show strong heterogeneity, and their average values are less than 4% and
0.5 mD, respectively. The absolute open flow of a gas well is varied at (2~531) × 104 m3/d,
and more than 70% of wells are less than 30 × 104 m3/d. This suggests that the deep burial
gas reservoir is characterized by multiple thin layers, complicated tri-pore media, extremely
low matrix porosity and permeability, strong heterogeneity, high temperature and pressure
and varied production.

For the large-scale gas development of the fourth member of the Dengying Formation
in the Anyue Gasfield, a series of technologies have been used in the gas reservoirs [10,23].
The high porous blocks were optimized for development by the reservoir modeling and
seismic description in the karstic reservoirs. As a result, the reservoir encounter rate has
increased more than 26%. On the production reserve evaluation in the strong heterogeneous
reservoirs, the gas recovery of different reservoirs has been evaluated to optimize favorable
reservoir targets. Furthermore, the drilling technology has been optimized in the strong
heterogeneous reservoirs. The highly deviated well is deployed in multiple superimposed
reservoirs and a horizontal well with a horizontal section of 800–1100 m has been deployed
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in lateral connected reservoirs. In addition, the well spacing between horizontal wells
were adjusted by the reservoir quality. Subsequently, the ratio of drilling failure decreased
from 20.7% to 4.9%, and the reservoir penetration rate increased from 24.2% to 87.3%.
In addition, the variable acid fracturing process in different segments has been carried
out to increase gas production in strong heterogeneous reservoirs in the highly deviated
and horizontal wells. With the advances in the development technologies, the annual
gas production has been enhanced to more than 60 × 108 m3 in the fourth member of
the Dengying Formation [10]. However, there are still many low-production wells that
have big challenges in “sweet spot” reservoir prediction to obtain economic benefit in the
deep subsurface.

3. Discovery of a Large Strike-Slip Fault System
3.1. Seismic Data Processing

A 3D seismic survey of more than 22,000 km2 has been carried out in the central
Sichuan Basin (Figure 1). The seismic data are favorable for the strata interpretation of the
top and base of the Dengying Formation. As the seismic data are low-resolution with a
main frequency of 20–40 Hz, it is hard to identify the strike-slip fault with vertical throw less
than 20 m, and it is difficult to describe the dolomite reservoir in the deep subsurface [18,19].
This is shown by the absence of seismic image of the fault plane and lack of fault response
in chaotic seismic reflection in the basement. For this contribution, the pre-stack time and
depth migration processing has been performed in the 7066 km2 3D area of the Anyue
Gasfield (similar processes in references [23,26]).

In the prestack time migration process, a prestack high-fidelity process, well-controlled
deconvolution process and multi-information velocity modelling are used to eliminate
noise and enhance the imaging effect. Well-controlled TAR factor compensation, grid
tomographic velocity update, azimuthal anisotropy correction and post-migration multi-
wave suppression have been used in the prestack depth migration process. As a result, the
strike-slip fault zone presents distinct vertical flexural deflection or clear fault planes in
its seismic section (Figure 2). The weak seismic response of the strike-slip fault could be
enhanced, and the deep noises could be eliminated to show clear vertical fault zones in the
deep strata. In addition, the reprocessing could improve the seismic image of small faults
and fault linkages. Through the seismic processing, some continuous seismic reflections of
the vertical flexural deflection could be offset by fault planes or chaotic reflections to indicate
strike-slip faults. In this way, the seismic reprocess can improve the fault image accuracy.
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Figure 2. Seismic sections by (a) prestack time migration and (b) prestack depth migration processes
in Anyue Gasfield (the red arrows indicating strike-slip fault; the pink arrows showing false image
could be inferred to be strike-slip fault).

Furthermore, the process could eliminate some false images showing “strike-slip
fault” resulting from the varied velocity of the Triassic evaporates, etc. For example, an



Energies 2022, 15, 8137 5 of 14

assumed strike-slip fault in the center of Figure 2 could be excluded by the reprocessed
sections that show continuous antiform reflection rather than chaotic reflection in the
unprocessed section. The seismic data are helpful to exclude false fault images of basement
fold (Figure 2), fault detachment fold and the velocity pull-up effect by evaporite. In
addition, the prestack seismic reprocessing could provide better seismic attributes in strike-
slip fault identification. The prestack seismic process could improve fault resolution which
could be very helpful in small fault identification (Figure 3). In addition, the fault image by
prestack depth migration process could be better than the prestack time migration. In this
way, the prestack time/depth migration process provides higher-resolution seismic data
for strike-slip fault identification and description in the Ediacaran reservoirs.

Energies 2022, 15, x FOR PEER REVIEW  5  of  16 
 

 

 

 

Figure 2. Seismic sections by (a) prestack time migration and (b) prestack depth migration processes 

in Anyue Gasfield (the red arrows indicating strike‐slip fault; the pink arrows showing false image 

could be inferred to be strike‐slip fault). 

Furthermore,  the process  could  eliminate  some  false  images  showing  “strike‐slip 

fault” resulting from the varied velocity of the Triassic evaporates, etc. For example, an 

assumed strike‐slip fault in the center of Figure 2 could be excluded by the reprocessed 

sections that show continuous antiform reflection rather than chaotic reflection in the un‐

processed section. The seismic data are helpful to exclude false fault images of basement 

fold (Figure 2), fault detachment fold and the velocity pull‐up effect by evaporite. In ad‐

dition, the prestack seismic reprocessing could provide better seismic attributes in strike‐

slip  fault  identification.  The  prestack  seismic  process  could  improve  fault  resolution 

which could be very helpful in small fault identification (Figure 3). In addition, the fault 

image by prestack depth migration process could be better than the prestack time migra‐

tion. In this way, the prestack time/depth migration process provides higher‐resolution 

seismic data for strike‐slip fault identification and description in the Ediacaran reservoirs. 

 

Figure 3. Seismic coherence attribute at top of the Ediacaran by (a) prestack time migration and (b) 

prestack depth migration processes in Anyue Gasfield (the red circles indicating the prestack depth 

migration process is better in small strike‐slip fault image). 

3.2. Identification of Strike‐Slip Fault 

Generally, the small vertical displacement (<60 m) cannot show obvious slip surface 

in  the  seismic  section  (Figure 2).  In  this way, vertical  flexural  chaotic  reflection and a 

flower structure could be used to identify strike‐slip fault in seismic section (Figures 2 and 

4a). Moreover, the varied height difference of the vertical deformation zone in different 

strata could be used to identify strike‐slip faults. As many seismic sections have an am‐

biguous fault response in the deep basement, it is hard to distinguish a downward steep 

Figure 3. Seismic coherence attribute at top of the Ediacaran by (a) prestack time migration and
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depth migration process is better in small strike-slip fault image).

3.2. Identification of Strike-Slip Fault

Generally, the small vertical displacement (<60 m) cannot show obvious slip surface
in the seismic section (Figure 2). In this way, vertical flexural chaotic reflection and a flower
structure could be used to identify strike-slip fault in seismic section (Figures 2 and 4a).
Moreover, the varied height difference of the vertical deformation zone in different strata
could be used to identify strike-slip faults. As many seismic sections have an ambiguous
fault response in the deep basement, it is hard to distinguish a downward steep strike-slip
fault (Figure 4a). In this way, it is generally inferred from the high steep antiform or
syncline [18,19]. However, the fault could turn into a small dip to show normal or reverse
faults. Furthermore, many more vertical flexural deformations and chaotic reflections
could be led by the fold deformation or velocity variation (Figure 3). In addition, the
flower structure and high steep fault are not sufficient for strike-slip fault identification,
but are pitfalls in misinterpretation [27]. Owing to many false fault images showing in
seismic section, they need to be excluded during the seismic section interpretation. The
fault properties cannot only be determined by a few profiles, and the interpretation of
seismic profile data needs to be carefully discriminated.

On the other hand, typical planar strike-slip structures, such as en échelon/oblique
faults and lithofacies offset can be used to identify strike-slip fault [19,27]. Generally, the
small strike-slip fault zones present en échelon/oblique faults on coherence and amplitude
attributes in Anyue Gasfield (Figures 3 and 4b). These faults are generally associated with
brachyanticline or dome structures or minimal pull-apart graben. These are favorable for
strike-slip fault identification. In addition, the vertical throw is variable along the fault
zone. This is consistent with the segmented fault zone [19]. In the east of this study area, a
few fault zones have horsetail faults that can also indicate strike-slip faults. In this context,
the planar marks other than section marks are favorable for identifying strike-slip faults in
the deep subsurface. The reprocessed seismic data provide more accurate planar attributes
for identifying and mapping the strike-slip faults in the deep subsurface. Together with
seismic section interpretation, the coherence, curve and coherence-enhancing attributes can
be used to map the large strike-slip fault zone (Figures 3 and 4). Owing to the complexity
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and diversity of strike-slip faults, it is also needed to exclude the pitfalls in planar strike-slip
fault interpretation and mapping.
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A series of large strike-slip fault zones were identified by seismic sections and coherent
attributes. However, the small vertical strike-slip fault generally cannot be identified in
the seismic section and is ambiguous in planar attributes. Except for seismic coherence
data, maximum likelihood is used to identify the small strike-slip fault. The maximum-
likelihood attribute can be used to detect the maximum probability and appropriate location
of faults by scanning the fracture similarity in the 3D seismic data [28]. Compared with
the conventional seismic attributes of coherence and curvature, the maximum-likelihood
attribute can improve the seismic image of small faults and fault segments (Figure 5a,b).
It has been shown that the secondary faults are more distinct in the maximum-likelihood
attribute. The fault zone is composed of a series of small secondary faults. Furthermore,
the steerable pyramid process can be used to image the strike-slip fault [29,30]. The
coherence attribute processed by a steerable pyramid could improve strike-slip fault im-
ages by suppressing the influence of other geological factors, such as rivers, reef–shoal
facies, etc. (Figure 5c,d). The result (Figure 5d) shows distinct fault segments and clear
fault traces, which is helpful for small fault mapping and fault linkage analysis. Compared
with conventional seismic attributes of coherent and curvature, maximum-likelihood and
steerable pyramid attributes can enhance the seismic imaging effect of small faults and
fracture assemblages and are helpful in the description of small fault zones.

Together with these methods, the strike-slip faults could be better distinguished in
the seismic section and planar map. In this way, a large strike-slip fault system has been
found in the 3D seismic area (Figure 6). There are 12 first-order faults with a total length of
860 km, and 13 second-order faults with total length of 630 km in the Ediacaran Dengying
Formation. Most strike-slip faults present as NWW-trending across the study area. In
addition, some smaller NE-trending strike-slip faults have been found in the 3D seismic
area. Generally, the first-order fault zone is more than 50 km in length and more than
60 m in vertical displacement, as well as a fault damage zone width of more than 1 km.
The associated third-order faults developed along the major first and second faults or
among them. They are generally isolated en échelon or oblique assemblages at the top
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of the Ediacaran carbonate. These fault network form a large number of faulted blocks
throughout the 3D area. The major strike-slip faults are inherited upward to the Cambrian,
and some extend to the Permian and Triassic. They show multiple flower structures in
different strata to show multi-stage fault activities.
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4. Advance in Fractured-Reservoir Exploitation
4.1. Description of Fractured Reservoir

Generally, it is hard to describe the small-scale fracture and fractured reservoirs
in the deep subsurface [31–33]. Owing to the fracture and fractured reservoirs often
occurred in the fault damage zone, we use seismic illumination attribute to constrain
the envelope of the fault damage zone and the fracture-cave reservoirs. The seismic
illumination process is based on the analysis parameters of illumination energy that are
favorable for improving the imaging accuracy of seismic data in complex structures (the
method based on references [34,35]). In addition, we use attribute fusion by structural
tensor attribute (similar method to reference [33]) to improve the images of the fault damage
zone and the fractured reservoirs. Using well calibration, the fusion of these attributes
was performed to distinguish the fracture network and fractured reservoirs from the
surrounding rocks.

Compared with conventional coherence attributes, this method can image better
architecture of the fault damage zone (Figure 7). The fault line, but not the boundaries
of the fault damage zones, can be defined in the coherence attribute (Figure 7a). Using
the seismic illumination process, the fault damage zones could be imaged along the fault
zone (Figure 7b). Furthermore, the attribute fusion is carried out by the structural tensor
process on the seismic illumination attribute. In this way, there is a distinct image of the
fault damage zone (Figure 7c). The fault core generally shows a strong structural tensor
with symmetrical damage zones on both sides. The intensity of the fault damage zone
suggests the fracture network and fractured reservoir. The attribute can clearly show the
distribution and relative width of the fault damage zone that can be more than 1 km. The
map showed branching faults and overlapping fault zones, with patchy patterns related to
distributed fracturing along fault segments. The strength of the structural tensor attribute
is consistent with the development of the fault damage zone which, in turn, is generally
positively correlated with the width of fault damage zone. This has been evidenced by the
fractured reservoirs from cores and logging data in the fault zone. In addition, micro-faults
have a seismic response on the seismic section that could result in a variable response of
the attribute. These are helpful for the seismic prediction of the fault damage zone in the
Dengying Formation.

Although micro-faults are difficult to identify at depth, the envelope of the damage
zone widening on the structure tensor attribute is usually caused by overlapping faults or
branching faults. In this context, the width of the carbonate fault damage zone is related
to fault size. In addition, permeable structures identified by the attributes are also greatly
affected by karstification, lithology and lithofacies. These resulted in isolated, patchy
seismic bodies that can hinder fault identification by conventional seismic attributes. In
addition, the large distributed zones of strong attribute response in the southern part of
Figure 7c are heavily karstified areas. These results are consistent with the power-law
distribution of the fracture density’s correlation with the distance to the fault damage
zone [31]. There is generally one set of NWW-striking permeable structures along the fault
damage zones, which are in line with the major fault zones (Figure 6). In addition, the
attributes also show micro-faults of other orientations that are not consistent with major
faults in the study area. These structures have been confirmed by well data that cannot
be distinguished by conventional seismic attributes. The results of the fusion attribute
by logging data constraints can directly characterize the distribution and strength of the
permeable structures along fault damage zones. The width of damage zone increases
towards the middle part of the segment, especially the width of the damage zone at the top
of the fractured reservoirs. This may be related to fault overlapping and fault splay growth,
and it may also be related to intense fracturing and karstification at the top of the carbonate
reservoirs. The damage zone becomes complex with fault splays developing along the fault
zone, which led to multi-stage superposition of fracturing with the development of the
fractured reservoir. Away from the tip of fault damage zone, horsetail structures may also
form a wide fractured reservoir block.
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4.2. Horizontal Well across the Strike-Slip Fault Damage Zone

Due to complicated fracture network and intense heterogeneous vug–cave assemblage
in the deep fault damage zones, conventional seismic methods have difficulty in effectively
describing the fracture network and the karst reservoirs [11]. Due to intense dissolution
along the fault damage zone, the seismic attributes can be used to confine the fractured
reservoirs. According to the statistical data, high-production wells are generally in strike-
slip fault damage zones (Figure 8). The daily production of high-yield wells in strike-slip
fault zones increases significantly with the decrease in the distance to the fault, which
has an obvious power-law distribution to show the fracture effect on the gas production
along the carbonate fault damage zone. Moreover, there are also many low-production
wells that suggests sealed fracture zones in the fault zone. In this way, the seismic attribute
can be a proxy of fractured reservoir prediction in the deep strike-slip fault zones, and it
could significantly increase gas production along the fault damage zone. These provide
optimized drilling targets and improve the drilling success rate.

Based on the seismic reservoir description, we carried out horizontal wells to penetrate
the strike-slip fault zones for optimal reservoir units (Figures 7c and 9). According to the
fault damage zone description in Anyue Gasfield, the gas enrichment zone was optimized
by the overlap zone of the fault damage zone, the mound–shoal body and the karstic zone.
Then, a fault segment was selected with a strong and wide fault damage zone from the
seismic attributes, and a “sweet spot” of the fractured reservoir was selected. Together
with the prediction of the fracture orientations and principal stress orientation, the target
and wellbore trajectory were optimized across the strike-slip fault damage zone. For
example, well MX-H2 gradually approaches the small NE-trending fault and had mud loss
of 2954 m3 ~250 m away from the fault core. There were four abnormal gas loggings in
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10.5 m intervals and one gas invasion in a cumulative 553 m interval. This suggests that
the well penetrated the fracture zone, although there is no seismic response in the seismic
section and planar attributes. On the other hand, it indicates a wider fault damage zone in
the fault zone. The fault to the northeast of the leakage point has intensified segmented
activity, with large height difference and deformation and may develop a small fault on the
west side, which is inferred to have been drilled to the outer damage zone of the fault zone.
The recent four wells targeting the “sweet spots” in fractured reservoirs have obtained
high production or penetrated better fractured reservoirs. These suggest that efficient well
location characterized with “positive landform, abnormal seismic attribute in intense fault
damage zone” is favorable for high-production wells.
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Figure 8. The absolute open flow of a gas well vs. distance to fault core at the fourth member of the
Denying Formation in Anyue Gasfield.
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the major fault; Є1q: base of the Cambrian); (b) planar seismic illumination attribute showing the
horizontal well locations at the fourth member of the Denying Formation in Anyue Gasfield (the
horizontal interval from A to B; C: mud loss point).

5. Technology Challenges for Fractured Reservoir Exploitation

Due to the tight matrix reservoirs in the deep carbonates, fractured reservoirs are of
significant importance in hydrocarbon exploitation in heterogeneous reservoirs [31–33]. The
fracture network can enhance the permeability by 1–3 orders of magnitude and the fracture-
related dissolution porosity by more than 20% in the deep tight reservoirs. In this way,
the “sweet spot” of fractured reservoirs is the favorable target for economic production
along the strike-slip fault damage zone. The fractured reservoir has been studied by
geological, geophysical and engineering methods, of which the seismic technology plays an
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important role in the reservoir description [32,33,36–38]. Owing to the intense heterogeneity
of fractured reservoirs and low-resolution seismic data, there is still a big challenge in the
description of fractured reservoirs in the deep subsurface.

With the seismic data by prestack time and depth migration process, the fault network
and fault damage zone could be mapped by the seismic fault identification and fault
damage zone description technologies in the Sichuan Basin (Figures 3–5 and 7). These
integration techniques are applicable in deep tight matrix reservoirs. The accuracy of the
planar fault identification and fault damage zone prediction can be compared with the
advancements in the Tarim Basin [33,39]. Because of the low-density seismic acquisition
with folds (<100) much less than the high-density acquisition (folds > 400) in the Tarim
Basin, the seismic imaging of the strike-slip fault in seismic section is much better in the
Tarim Basin. However, small strike-slip faults and fault segment linkages are ambiguous
for seismic mapping in both basins. It is hard to identify the strike-slip fault without
distinct seismic reflections of the fault surface (Figure 2) [18,19]. For this contribution, a
high-density seismic survey could be carried out to retrieve better seismic data in strike-slip
fault identification. The high-resolution seismic survey could be very helpful in strike-
slip fault mapping [33,39]. Moreover, some strike-slip fault zones present continuous
seismic reflection or kink shapes in seismic sections, which could be the pitfalls in fault
interpretation [27]. In this way, the strike-slip fault identification and description techniques
are of great importance in fault interpretation and mapping. Favorable seismic processing
could be very helpful in this issue. Methods such as maximum likelihood can identify
many small faults, although accompanied with the false images. These methods could be
improved, and fusion with steerable pyramids could improve the seismic images of small
faults and fault linkages.

Because the fracture cannot be discriminated by seismic data in the deep subsurface,
the envelope of the fault damage zone could be a proxy for fracture imaging in the deep
subsurface [31,33]. Moreover, there is still little understanding on the fracture network
and its relation with the fractured reservoirs [32]. In addition, some weak fractured outer
zones of the fault damage zone could not be imaged by the available seismic method
(Figure 9b). These in turn constrain hydrocarbon exploitation from the deep fractured
reservoirs. Methods such as illumination and structural tensor attributes could be improved
to image the intense fractured reservoirs in the fault damage zone. Furthermore, new
methods of development are expected to quantitatively or semiquantitatively evaluate the
fracture network along the fault zone. With high-resolution 3D seismic data, most “bead
shape” reflections have been successfully identified with fracture–cave reservoirs in the
Tarim Basin [38–40]. The seismic description of small-scale vug and fracture reservoirs is
still a big challenge in the exploitation of oil/gas in the deep subsurface. As the “sweet
spots” of fractured reservoirs generally have some abnormal seismic responses along the
fault damage zone (Figure 7), it could be helpful for the seismic description and well
trajectory design. In this context, the seismic reservoir description technique cannot meet
the requirements of well optimization along the fault zone. The advancement in seismic
techniques is urgent for the description of fractured and matrix reservoir identification and
the description of the deep subsurface.

Furthermore, the fracture sealing and connectivity of the fractured reservoirs are
of greater difficulty in the deployment of horizontal wells [39,41]. The reliability of the
fracture identification techniques requires further study and improvement. In addition, the
reservoir connectivity along the fault damage zone urgently needs to be addressed during
well deployment and oil/gas production [39–44]. With the complicated hydrocarbon
migration and accumulation in the deep subsurface [45,46], the fracture network could be
of great importance for the “sweet spot” reservoir exploitation in the petroliferous basin.
The connectivity between the small vug–cave reservoirs has become more important for
highly deviated and horizontal well employment to increase economical production from
the deep subsurface. How to design highly deviated and horizontal well trajectories is an
important issue in the description of fine reservoirs in the deep subsurface. In addition,
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the large acid fracturing technique has been used and increased the gas production to a
great extent. Moreover, many reservoirs are still difficult to obtain high production in.
Some new methods such as sandy fracturing need further studies and experiments to
increase gas production. The combination of techniques in different reservoirs is being
applied to increase production, such as in fractured reservoirs by seismic quantitative
identification and horizontal wells and matrix reservoirs by horizontal wells and large
multiple fracturing operations. Due to the intense heterogeneity of the reservoirs and
complicated fluid distribution, there are still big challenges, mainly involving the unstable
production [47–49]. This exploitation practice in the Sichuan Basin provides new insights
and techniques in the fractured reservoirs’ development in the deep strike-slip fault zone.

6. Conclusions

Despite the complicated characteristics of the carbonate reservoirs and production in
the deep Precambrian gasfield, we can propose the following conclusive points:

1. A favorable technology has been formed in strike-slip fault identification and mapping,
including higher-resolution seismic data by prestack time and depth migration pro-
cessing, a strike-slip fault identification method by planar and sectional marks, small
strike-slip fault mapping by maximum likelihood and steerable pyramid attributes.

2. A fault damage zone description method is proposed by fusion attributes of seis-
mic illumination and structural tensors, which is a favorable proxy for fractured
reservoir prediction, and a large-scale fractured reservoir was found along the fault
damage zone.

3. A large strike-slip fault system and its associated fault damage zone has been found
in the central Sichuan Basin, which is favorable for fractured reservoir exploitation.

4. Horizontal well drilling across the strike-slip fault damage zone is proposed and
found a new discovery on the “sweet spot” of a fractured reservoir along the fault
damage zone.

5. New technologies are urgently needed for the economical exploitation of the deep
fractured reservoirs in terms of seismic description and horizontal well drilling.
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