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Carbonate reservoirs are the main reservoir types in China, which occupy the large ratio of reserves and production at present. The
high-efficiency development of carbonate reservoirs is of great significance to assure the stability of national energy supply. The
Lower Paleozoic reservoir in Jingbian gas field and the Sinian reservoir in Anyue gas field are two typical carbonate gas
reservoirs, and their successful development experiences can provide significant references for other similar carbonate gas
reservoirs. For Jingbian gas field, it is a lithological-stratigraphic reservoir developed in a westward monocline and multiple rows
of nose-fold structures, and is a stable craton basin with simple palaeognomy distribution and stable connectivity, which has
complex gas-water distribution. However, for Anyue gas field, it is a lithological-structural reservoir with multiple tectonic high
points and multiple fault systems, and is biological dune beach facies under extensional setting with highly differentiated inside
of the block in palaeognomy characteristics, which has limited connectivity and tectonic side water is in a local area. The
difference of gas reservoir characteristics leads to the diverse development strategies. For these two gas reservoirs, although there
are some similar aspects, such as the screen of enrichment areas, the application of irregular well pattern and reservoir
stimulation techniques, the criteria of enrichment areas, the well types, and the means of reservoir stimulation are absolutely
different. In addition, due to the differences of control reserves and production capacity for these two kinds of reservoirs, the
mode of stable production is also different. The effective development of Jingbian gas field can give some references to the future
exploitation on the Sinian gas reservoir. Firstly, the sedimentary characteristics should be studied comprehensively. Secondly,
the distribution pattern and distribution characteristics of the palaeognomy should be found and determined. Thirdly, the
distribution of fracture system in the reservoir should be depicted finely. Finally, dynamic monitoring on the production
performance should be strengthened, and the management for this gas field should be improved further. The findings of this
study can help for better understanding of the Karst weathering-crust carbonate gas reservoir formation characteristics and the
optimal development technologies that should be taken in practice.

1. Introduction

Carbonate rock is an important type of oil and gas reservoirs.
45% of global natural gas recoverable reserves and 60% of pro-
duction are attributed to carbonate rock reservoirs. Due to its
physicochemical properties, carbonate rock reservoirs account-

ing for more than 80% of proven gas initially found in place
(GIIP) are found with origins that are related to karst processes.
Karst reservoirs refer to reservoirs associated with karstifica-
tion, whose coming-into-being is controlled by unconformity
types, slope setting, and faulting. Karst weathering-crust reser-
voirs are the most important type of karst reservoirs. The oil
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and gas exploration and development practice have proven that
many petroliferous basins in the world are developed with car-
bonate rock paleoweathering-crust hydrocarbon-bearing reser-
voirs. According to statistics, 20%–30% of the global oil and gas
are related to the formation unconformity, specifically related
to the paleoweathering crust [1, 2]. In terms of the exploration
and development of oil and gas fields in China, the carbonate
rock paleoweathering-crust and paleokarst reservoirs associ-
ated with unconformity are commonly developed and more-
over play a very important role. Karst reservoirs are one of
the critical reservoir types in China’s marine petroliferous
basins, and are widely distributed in multiple hydrocarbon-
bearing formation series of the Ordos Basin, Sichuan Basin,
Tarim Basin, and Bohai Bay Basin in China [3–6]. Among
those, the Lower Paleozoic gas reservoir in the Jingbian gas
field, Ordos Basin and the Sinian gas reservoir in the Anyue
gas field, Sichuan Basin are the most monolithic karst
weathering-crust carbonate rock gas reservoirs in China, with
the largest proven GIIP. The Jingbian gas field is one of the first
large-scale karst weathering-crust carbonate rock gas fields in
China that has been discovered and successfully put into devel-
opment [7, 8]. It is one of the main gas fields in Changqing gas
area. As for the Sinian gas reservoir in the Anyue gas field,
Sichuan Basin, it is a monolithic weathering-crust carbonate
rock gas reservoir with the oldest payzone, the most complex
gas reservoir characteristics, and largest GIIP in China [9, 10].
Currently, it is reported that GIIP of this gas reservoir amounts
to trillions of cubic meters, and the gas field is building its pro-
duction capacity. Since its discovery 30 years ago, the Jingbian
gas field has actively carried out various testing and research
on challenges involved in the production establishment and
production stimulation. The understanding of the gas reser-
voirs has gradually become clear, a series of supporting tech-
nologies have been developed, and abundant development
experience has accumulated, which greatly supports the initial
production building and long-term stable production of the
Jingbian gas field. So far, the Jingbian gas field has maintained
an annual production of 5.5 billion cubicmeters for 14 years in
a row, and the cumulative gas production has exceeded more
than 85 billion cubic meters, which results in tremendous eco-
nomic and social benefits. Because the two types of gas reser-
voirs both belong to the karst weathering-crust carbonate rock
gas reservoir, it is of great guiding significance to compare and
analyze the similarities and differences between the gas reser-
voir characteristics and development technology strategies
and learn from the successful development experience of the
Jingbian gas field, for expanding the exploration area of the
Sinian gas reservoir in the Sichuan Basin, and development
appraisal and rapid production establishment of the Gaomo
area.

For the review on the formation characteristics and the
development technologies for carbonate gas reservoirs, on
the one hand, some researchers summarize the comprehen-
sive studies on identification, characterization, andmodelling
for different fault/fracture systems, and highlight the differ-
ent rock texture aspects for some typical carbonate reservoirs
[11, 12]. On the other hand, many investigators present some
EOR methods that have been used in the exploitation of car-
bonate reservoirs, such as Water-Alternating-Gas (WAG),

polymer flooding, and smart water flooding, and review the
mechanisms for these methods for different reservoir condi-
tions [13–16]. However, there are no reviews on the forma-
tion features and development strategies simultaneously,
and more studies either focus on the formation geology or
development technology. Therefore, in this paper, in terms
of two typical carbonate gas reservoirs in China, we do not
only study the formation characteristics for these two reser-
voirs, such as structure, sedimentation, and pore types, but
we also review the development strategies and technologies
in field practice, which can be seen as the primary novelty
compared with previous researches. To some extent, the
studies in this paper can support the efficient development
on the similar carbonate reservoirs in the world.

The structure of this paper is organized as follow: first,
the overview of these two carbonate gas reservoirs is pre-
sented; second, the development history for these two reser-
voirs is illustrated; third, the formation characteristics of
gas reservoirs are compared and analyzed comprehensively,
which include reservoir structure, sedimentation features,
formation connectivity, and distribution of gas-water zone;
fourth, the development strategies and technologies that have
been taken for these two reservoirs are analyzed and studied
in detail, which contain the selection of enrichment areas, the
utilization of well patterns and stimulation technologies, and
the methods for reservoir production stabilization. The fifth
part is the inspirations for the development of similar car-
bonate gas reservoirs from the comparative analysis on these
two reservoirs, and finally the conclusions and summaries
can be obtained. Furthermore, to show the skeleton of this
article more clearly, the general sketch of this paper is shown
in Figure 1.

2. Overview of Two Gas Reservoirs

2.1. Lower Paleozoic Gas Reservoirs in the Jingbian Gas Field.
The Jingbian gas field is one of the birthplaces and main gas
fields of the natural gas business in the Changqing oil and gas
region. It is also the world’s largest world-class monolithic
low-permeability, low-abundance, and low-production gas field
discovered in the late 1980s, following the Sichuan gas field [17,
18]. The Jingbian gas field is located in the central part of the
Shanbei slope of the Ordos Basin and the Jingbian-Hengshan
area on the northeast side of the central paleouplift. With the
strike along the north-northeast direction, it has a length of
about 240km, a width of about 130km, and an area of 3:12
× 104 km2. It is a large-scale weathering-crust complex gas field
with low permeability, low abundance, and low yield, associated
with the Ordovician marine carbonate rock (Figure 2).

2.2. Sinian Gas Reservoirs in the Anyue Gas Field. The
Sichuan Basin is the birthplace of China’s natural gas indus-
try, with history of natural gas extraction for more than a
thousand years, and has 27 sets of gas-bearing strata. The
potential for natural gas exploration and development is
tremendous. The Anyue ultra-large gas field in the Sichuan
Basin is the oldest and largest-in-reserve monolithic marine
carbonate rock gas field in China, of which the discovery
has tremendously boosted the exploration of deep oil and
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gas in the Sichuan Basin [19–25]. The Gaoshi-1 well is the
discovery well of the Sinian gas reservoir in the Anyue gas
field, which is located in the higher part of the Gaoshiti struc-
ture of the Leshan-Longnvsi paleouplift in the Sichuan Basin,
and the well completion is at the pre-Sinian system (Figure 3).
During the drilling process, four gas detection anomalies, one
gas intrusion event, and one loss-of-circulation event were
observed in the Deng-4 Member of the Dengying Formation.
In the meantime, the mud and wireline logging data have
revealed the presence of the karst dolomite reservoir in the Den-
gying Formation. The Gaoshi-1 well obtained high-production-
rate industrial streams from the Dengying Formation, which
marks a major discovery in the exploration of the Sinian gas
reservoir in the Anyue gas field.

The basic information of the Lower Paleozoic gas reservoir
in the Jingbian gas field and the Sinian gas reservoir in the
Gaomo area are shown in Table 1, which includes geological
characteristics, formation and fluid properties, and develop-
ment schemes.

3. Comparative Analysis on the
Development History

3.1. Lower Paleozoic Gas Reservoirs of the Jingbian Gas Field
in the Ordos Basin. The Jingbian gas field began with the pilot
development test in 1991 and has been through four develop-
ment stages:

3.1.1. Comprehensive Evaluation and Pilot Development
(1991-1996). In this stage, the seismic survey grid was refined
to minutely examine the lateral variation of the gas reservoir;
evaluation wells were drilled to study regularity behind high
production and gas accumulation, and to optimize the favor-
able areas for development; various test approaches and
multiple methods were adopted to predict and evaluate the

reasonable production capacity per individual well; technical
testing such as deep-penetration acidizing tests was carried
out to improve the productivity of low-production wells.
The accomplishment of the six-year work mainly includes
important tasks such as setting up of the Jingbian gas field
development project, development of the surface engineering
construction technical plan, and determination of the produc-
tion scale prior to 2000. Moreover, awareness of complexity of
the Jingbian gas field has been learned from 10 evaluation
wells, and the development concept of “loosening drawdown
pressures at the initial stage to stimulate production per well”
was proposed, which laid foundation for coming-into-being of
the production scale reaching 55 × 108 m3 per year.

3.1.2. Production Testing and Appraisal Based on Prospecting
Wells (1997-1998).Tremendous efforts have beenmade to build
an annual natural gas production capacity of 12 × 108 m3, with
the average daily proration of a single well equal to 7:0 × 104 m3

, through production testing in prospecting wells. On July 1,
1997 and September 30, 1997, the Jingbian gas field accom-
plished the goals of supplying gas to Xi’an and Beijing, respec-
tively, and the construction of a framework project for an
annual output of 30 × 108 m3 of natural gas has been success-
fully completed. Meanwhile, through large-scale long-term pro-
duction testing in exploratory wells combined with geological
comprehensive research, seismic lateral prediction, interwell
connectivity analysis and studies on characteristics of gas well
production performance, the stable production capacity of the
gas well was further identified. It is demonstrated that the reser-
voir range with effective connectivity is the basis for the stable
production of gas wells, while the high degrees of how the res-
ervoir is naturally fractured is the guarantee of high production.
The optimized well placement, engineering scheme optimiza-
tion design, and production stimulation technology were

1. Overview of two typical carbonate gas reservoirs

2. General review of development history 

Jingbian gas field

Anyue gas field
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Figure 1: General sketch of this article.
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developed, which provide scientific and effective technical basis
for the efficient development of the Jingbian gas field.

3.1.3. Large-Scale Development Stage (1999-2003). After six
years of comprehensive evaluation and two years of
prospecting-well production, the understanding of the Lower
Paleozoic gas reservoir in Jingbian was further deepened,
and various technologies became increasingly mature. In
1999, the gas field stepped into the large-scale development,
and by the end of 2003, 339 wells in total have been drilled,
among which 276 were development wells and 93 were pro-
specting wells. The producing geological reserves were 2695
× 108 m3, with a production capacity of 55 × 108 m3/a.
Through years of technical research, the main development

technology of the Jingbian gas field has been developed,
including the reservoir comprehensive evaluation technology,
seismic lateral reservoir distribution prediction technology,
well placement optimization technology, gas well productivity
evaluation technology, gas field development optimization
design technology, gas production technology and, ground
gathering and transportation technology.

3.1.4. Stable Production Stage (2004-Present). In 2004, the
annual gas production of the Lower Paleozoic gas reservoir
in the Jingbian gas field reached 55:1 × 108 m3. Since 2004,
the annual gas production has remained at about 50 × 108 –
55 × 108 m3, achieving the goal of long-term stable gas supply.
Over the years, the well pattern infilling and adjustment,
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horizontal well development testing, pressure-charging recov-
ery test, dewatering gas recovery and optimization of gas well
working schemes, etc., have been carried out to form a series of
low-permeability gas field production stabilization technolo-
gies with the Changqing characteristics. These include the well
infilling adjustment based on fine reservoir description, hori-
zontal well development technology to improve the single-
well production and producing degrees of low-quality
reserves, pressure-charging recovery testing for enhanced gas
recovery, refined gas reservoir management with the core of
subdivision of development units, and gas reservoir dynamic
surveillance involving fluids, pressures, production rates and
corrosion monitoring.

3.2. Sinian Gas Reservoir in the Sichuan Basin. Beginning
with the single-well production testing of Well Gaoshi-1 in
2012, the development of the Sinian gas reservoir of the
Anyue gas field has gone through three stages.

3.2.1. Early Evaluation Stage (2012-2013). In view of the old
and complex nature of the gas reservoir complex, strong
heterogeneity, and large differences in gas well productivity,
this stage was mainly to make full use of exploration results,
and conduct formation testing, well testing, production
testing, and data acquisition through the single-well produc-

tion testing inWell Gaoshi-1, with objectives of preliminarily
identifying gas reservoir geological characteristics. It is indi-
cated that on the basis of reasonable production rates, gas
wells are able to maintain a certain stable production capacity
and achieve certain cumulative gas production. The resultant
data have supported reporting of the three levels of reserves
of the Sinian gas reservoir.

3.2.2. Development Evaluation Stage (2014-2016). In terms of
the difficulty in cost-effective development of the gas reser-
voir and lack of effective key development technologies and
practices, this stage focused on the placement of development
evaluation wells and the development seismic surveys, pro-
duction testing of the Gaoshiti and Moxi blocks, and the
development of pilot testing zones, to deepen the under-
standing of gas reservoir characteristics, optimize the main
development practice, accurately evaluate the gas well pro-
ductivity and producible reserves, and complete the determi-
nation of the gas field development plan. On the basis of two-
phased production testing and a pilot testing zone, multiple
rounds of gas reservoir description and practice testing were
carried out, and the production-building block selection was
optimized. The development well placement pattern and the
production stimulation and reservoir reconstruction practices
were continuously improved, and the goal of eliminating
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Type-III wells in the prospecting well was achieved. At this
stage, the development plan is completed with high quality,
and five major technologies have come into being, including
the karst reservoir description technology, development favor-
able zone evaluation and optimization technology, develop-
ment well target optimization technology, precise managed-
pressure drilling technology, and finely staged acid fracturing
technology. At the same time, the single-well output was
greatly improved, with the open flow capacity increasing from
75:05 × 104 m3/d to 133:85 × 104 m3/d (by 1.78 times). The
proportion of Type-I wells grew from 28.81% to 75%, and
Type-III wells were completely eliminated.

3.2.3. Production Capacity Building Stage (2017-2019). At
present, the gas reservoir development is in the production
capacity building stage. By producing from the proven
reserves of 1600 × 108 m3, with irregular well patterns featur-
ing main development well types of a combination of the
deviated well + horizontal well, the production scale of 36
× 108 m3/a is achieved. Because the various supporting tech-
nologies are relatively mature, the current work on capacity
building is progressing smoothly.

4. Comparative Analysis on Gas
Reservoir Characteristics

The Sinian gas reservoir in the Anyue gas field and the Lower
Paleozoic gas reservoir in the Jingbian gas field are both karst-
type weathering-crust carbonate rick gas reservoirs, and yet
there are some differences in gas reservoir characteristics.

4.1. The Sinian Gas Reservoir in the Anyue Gas Field is
Characterized by a Lithologic-Structural Trap Gas Reservoir
with Multiple Structural High Points and Multiple Fault
Systems, While the Jingbian Lower Paleozoic Gas Reservoir is
a Lithologic-Stratigraphic Trap that Features a Westward-
Dipping Monocline and Multirowed Nose-Fold Structure. The
top of the Sinian system in the Anyue gas field presents a large
slowly dipping anticline structure, and the northeast-east-
trending nose-like upheaval on the setting of the Leshan-
Longnvsi paleouplift, with multiple rows and high points. In
this area, there are three nearly east-west-trending, north-
west-trending, and northeast-trending normal faults, while
the northwest trending is dominant, and most of them disap-
pear above in the Cambrian formation and fade away in the

Table 1: Basic information of the Lower Paleozoic gas reservoir in the Jingbian gas field and the Sinian gas reservoir in Gaomo area.

Parameters
Gas reservoir

Lower Paleozoic reservoir in the
Jingbian gas field

Sinian reservoir in the Anyue gas field

Geographical location Across Shanxi and Inner Mongolia
Suining and Ziyang in Sichuan and Tongnan

in Chongqing

Basin Ordos Basin Sichuan Basin

Position for geological structures Shanbei slope Leshan-Longnvsi paleouplift

Time of discovery 1989 2010

Burial depth (m) 300~3765 4953~5535
Target formation Ordovician Ma-51 Sinian Deng-4 and Deng-2

Reservoir rock type
Dolomite reservoir with dissolved

pores and vugs
Fractured-vuggy dolomite reservoir

Gas reservoir type
Composite stratigraphic-lithologic

trap
Composite stratigraphic-lithologic trap

Cumulative gas-bearing layer average thickness (m) 8.4 63

Average porosity (%) 5.47 3.3

Average permeability (10-3 μm2) 2.63 0.5

Gas-bearing area (km2) 9640 1085

Proven GIIP (108m3) 5477 4084

Reserve abundance (108m3/km2) 0.5682 3.12

Quantity of completed wells 736 67

Average daily gas production per well (104m3) 3.26 17.3

Relative density of natural gas 0.59~0.63 0.59~0.64
Average CH4 content (%) 93.42 91.98

Average CO2 content (%) 5.12 5.77

Average H2Scontent (/m
3) 1489.57 1.24%

Formation water type CaCl2-type CaCl2-type

Average formation pressure (MPa) 30.24 59.65

Average formation pressure coefficient 0.91 1.13

Average temperature (°C) 105.85 153.55

Average geothermal gradient (°C/100m) 3.05 2.6
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Deng-2 Member below. On the other hand, due to the devel-
opment of the rift trough, the lithologic pinch-out is found
in the Deng-4Member of the western part of the gas reservoir.
In summary, the Sinian gas reservoir in the Anyue gas field is
found as a lithologic-structural trap gas reservoir with multiple
structural high points and multiple fault systems.

The Ordos Basin during Paleozoic was a stable craton
basin, with the tectonic movement dominated by vertical
rise-and-fall. The greatest feature of the basin is the develop-
ment of a giant monoclinic structure dipping toward the west,
namely the Shanbei slope. The slope structure is relatively
stable and hardly seen with large regional faults. The Jingbian
gas field is located in the north-central part of the Shanbei
slope. It generally extends along the north-south direction,
and there are no obvious structural traps, with only a few small
folds, presenting dominant northeast and minor northwest
trending. This series of nose folds are arranged in an echelon
form, and nose folds in the northern and central areas are
large, while those in the southern area is small. On the other
hand, the gas traps have inconsiderable relationship with the
structure, and are affected by the groove cutting action. Thus,
the gas reservoirs are characterized by lithologic-stratigraphic
traps. To sum up, the Lower Paleozoic gas reservoir in the
Jingbian gas field is a lithologic-stratigraphic trap gas reservoir
on the basis of a west-trending monocline.

4.2. The Sinian Gas Reservoir in the Anyue Gas Field
Represents Sedimentation of the Platform Mound-Beach
Facies under a Tensile Background, Which is Different from
Deposition of the Tidal Flat Facies in Jingbian in the Case of
a Stable Craton Basin. From the sedimentary period of the
Sinian Dengying Formation to the Early Cambrian, the
Upper Yangtze area has remained in a tensile environment
for a long time, and the Sichuan Basin was characterized by
the craton inner rift basin. The direct response to the Sinian
tensile effects of the Sichuan Basin is the formation of the
Deyang-Anyue inside-platform rift. Influenced by the forma-
tion and evolution of the rifting, the Sinian formation of the
Sichuan Basin has a structural pattern of alternating convex
and concave [26, 27]. In the Deng-1 and Deng-2 periods, it
is characterized by the paleogeographic background of “one
upheaval and four sags”; due to the continuous tensile fault-
ing of the Deyang-Anyue inside-platform rift as well as the
penetration into the Changqing rift, the Sichuan Basin was
divided into two parts, and evolved from the “one upheaval
and four sags” into the “two upheaval and four sags,” with
respect to paleogeographic pattern [28, 29]. The Deng-1
and Deng-3 Members are in the transgressive system tract,
and meanwhile the Deng-2 and Deng-4 Members are of the
highstand system tract. The effective reservoir is mainly
developed in the Deng-2 and Deng-4 Members. Controlled
by the Anyue-Deyang rift trough, the Gaomo area is devel-
oped with open platform facies deposition. The high-energy
mound-beach complex is found at the edge of the platform,
while the low-energy mound-beach complex is developed
inside the platform. Owing to paleoenvironment, paleostruc-
ture, paleowater depth, and paleoclimate characteristics, the
development of mound and beach bodies in the vertical
direction presented as evolving from being isolated to later-

ally overlain and then to vertically overlain, from top to bot-
tom. From the platform boundary to the interior of the
platform, the degree of development of mound and beach
bodies reduces, and the continuity and connectivity of
mound and beach bodies deteriorate.

The Ordos Basin is a multicycle composite superimposed
craton basin, which belongs to the substructural unit of the
North China Platform. Its tectonic and sedimentary evolu-
tion is controlled by the Xingmeng trough on the north and
the Qinqi trough in the southwest [30–32]. For the Ordos
Basin, the inner is relatively stable internally, while the
peripheral area is quite active [33]. In the early Ordovician,
the north and south of the basin were controlled by the Xing-
meng trough and the Qinqi Trough. The east and west were
dominated by the remaining Helan aulacogen, and the
central part was developed with an apparent positive tectonic
unit, namely the “L”-shaped central paleouplift. Accordingly,
the western and southern parts of the basin and the Suide-
Yanchuan area in the eastern part are found with altitudinal
differentiation, and the structural pattern of “upheaval in the
west and sag in the east” was formed in the basin. The Majia-
gou Formation is mainly developed on the Yishan slope on
the northeast part of the “L”-shaped central paleouplift.
The Majiagou Formation can be divided into three gas-
bearing combinations: the upper combination includes the
Ma-51-Ma-54 submember, the middle combination includes
the Ma55-Ma-510 submember, and the lower combination
includes formations from the Ma-4 Member to the Ma-1
Member. The lithology analysis shows that the Majiagou For-
mation has obvious cycles in the vertical direction, indicating
that its sedimentation is affected by the oscillating relative sea
level changes of different periods. The sedimentary environ-
ment of the Ma-5 Member in the Ordovician Majiagou
Formation is an evaporative tidal flat environment with
salinized and shallow water as well as frequent exposure. Its
sedimentary facies has a slowwidth, a near-north-south trend-
ing, a stable lateral distribution, and a variable vertical facies
sequence. A large amount of gypsum-salt nodules formed in
the sediments of the supratidal zone, and the dispersed
gypsum-salt crystals formed on the intertidal zone; these are
the substance conditions for coming-into-being of the main
storage space of the Ma-5 Member, which thereby laid a solid
foundation for the paleokarst process and the formation and
development of the dissolution pores and vugs.

The comparative analysis of the sedimentary environment
demonstrates that the reservoir deposition of the Sinian gas
reservoir in the Anyue gas field presents a sedimentary envi-
ronment controlled by the rift trough. From bottom to the
top, and from the platform edge to the platform interior, the
scale, thickness, lithology, continuity, and connectivity of the
mound and beach bodies are seen with certain variation
regularity. Although the Lower Paleozoic gas reservoir in the
Jingbian gas field is controlled by sedimentation cycles of
different levels and different periods in the vertical direction,
with resultant large lithology changes greatly, the lithological
distribution in the lateral direction is much more stable than
that in the Anyue gas field. The comparability of the Paleozoic
gas reservoir across the whole area is far higher than that of the
Dengying Formation in the Anyue gas field.
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4.3. The Paleokarst of the Top Sinian Formation of the Sichuan
Basin is Characterized by “Three Upheavals and Two Sags,”
Which is Different from the Relatively Simple Paleokarst
Landform Environment in the Ordos Basin Presenting “High
in Central Part, While Low in the Eastern and Western Parts,
and Steep in the West While Placid in the East.” The Sichuan
Basin is a NE-trending rhombic superimposed basin developed
on the pre-Sinian metamorphic basement of the stable Yangtze
craton (Figure 3). From the Nanhua period to Sinian, a large-
scale Nanhua rift valley was developed in the Upper Yangtze
area. In the Sinian, the regional continental rifting ended and
the evolutionary stage of the craton basin came. The multi-
cycle tectonic movement results in the development of the
multiperiod unconformity interfaces in the Sichuan Basin.
Influenced by the Tongwan Phase-III tectonic movement,
the Dengying Formation of the Anyue gas field is developed
with two karst weathering-crust reservoirs of the Deng-2 and
Deng-4 Members in the Dengying Formation. The results of
previous studies on restoration of karst paleogeography across
the entire Sichuan Basin Sinian System show that the top
paleokarsts of the Sichuan Basin are characterized by “three
upheavals and two sags” [34], and from west to east occur
karst highlands, karst slopes, and karst basins, respectively.
Controlled by the tensile rift trough, the karst slopes are seen
with alternating karst lowlands and karst platforms.

The Ordos Basin is a complex craton basin with multiple
tectonic regimes, multiple evolutionary stages, multiple
sedimentary systems, and multi-overlain prototype basins. In
different stages of geological development, complex tectonic
deformations were generated due to different geodynamic
backgrounds and tectonic stress field characteristics. After
the Ordovician sedimentation, the sedimentary discontinuities
of the Silurian andDevonian systems in the basin amounted to
1:3 × 1012 a, which played a decisive role in the development
of the Ordovician weathering-crust karst reservoir. The paleo-
geography of weathering rock under karst effects presents the
characteristics of inheriting development, and still maintains
the paleogeographic features of “high in central while low in
east and west, and steep in west while placid in east.” The east-
ern slope of the central paleouplift belongs to the karst slope
area, in view of the paleogeography, with concentrated water
streams and active runoff, which creates favorable conditions
for the development of weathering-crust karst reservoirs.

The paleogeographical characteristics of the top of the
Dengying Formation of the Sichuan Basin and the Ordovician
in the Ordos Basin are quite different. The paleogeography of
the Sinian karst weathering crust shows the characteristics of
“three upheavals and two sags,” and the distribution of karst
paleogeography is relatively complicated. However, the karst
paleogeography of the Ordovician weathering crust in the
Ordos Basin is relatively simple. The entire basin is affected
by the central paleouplift, which leads to the karst paleogeog-
raphy featuring “high in central while low in west and east,
and steep in west while placid in east.”

4.4. The Paleogeographical Features of the Gaoshiti and Moxi
Blocks in the Sichuan Basin Present Considerable Differences,
Which is Different from the Relatively Monolithic Distribution
of the Paleogeography in the Main Area of Jingbian. The res-

toration results of karst paleogeography in the Gaoshiti-Moxi
area indicate the development pattern of “two grooves and
three blocks.” The two geological troughs, namely Moxi 119
and Gaoshi 108, divide Gaoshiti-Moxi into three blocks:
Gaoshiti, Moxi, and Gaoshitinan. In a macroscopic view, the
Gaoshiti-Moxi area presents a sequence of paleogeographic
distribution from east to west of the karst platform, karst slope,
and karst lowland, and various secondary microgeographic
units are developed inside the karst platform [35–37]. On
the other hand, the distribution differences of the microgeo-
graphic units in the Gaoshiti and Moxi areas are also obvious.
The Gaoshiti area is seen with a steep slope, while the Moxi
area is dominated by a gentle slope. At the same time, the
mounds of different scales are developed on the edge of the
Gaoshi platform, and the height difference of the paleogeogra-
phy is relatively large. Alternatively, the main area of the Moxi
area is dominated by the relatively gently undulating platform
surface, on which small-scaled residual mounds and depres-
sions scatter. Finally, it can be seen from the overlay of the res-
toration of paleogeography and the distribution of fracture
distribution that the distribution of the karst microgeography
unit is obviously controlled by paleofaults.

The Jingbian gas field is located in the secondary paleo-
geographic unit––the karst slope area. The gas field micro-
geographic unit shows a unique paleokarst geography with
coexistence of troughs and platforms. Therefore, the paleoge-
ography unit is relatively simple, with only Level-III paleo-
geographic units such as platform mounds, slopes, and
troughs.

It can be seen that the distribution of the karst paleogeog-
raphy at the top of the Sinian system in the Anyue gas field is
more complicated. First, the microgeography is various; sec-
ond, the differentiation and characteristic difference of the
microgeography in different blocks are also considerable;
third, the distribution of microgeographic units is obviously
affected by factors such as the paleofaults, lithology, and
structural up-and-rise differences. Compared with the Sinian
gas reservoir in the Anyue gas field, the karst paleogeographic
units of the Upper Paleozoic gas reservoir in the Jingbian gas
field are relatively simple in types, and the macroscopic dis-
tribution is only characterized by the relatively monolithic
karst slope paleogeographic distribution featuring “high in
west and low in east.”

4.5. The Continuity and Connectivity of the Sinian Gas
Reservoir in the Anyue Gas Field is Limited, Which are
Different from the Relatively Stable Reservoir Continuity and
Connectivity in the Jingbian Gas Field. Under the influence
of differential tectonic movement and platform-type sedimen-
tary model, the mound-beach sedimentary complex occurs in
the Sinian gas reservoir of the Anyue gas field, which have laid
a material foundation for the development of paleokarst reser-
voir rocks. Affected by the Tongwan movement, in the middle
and late stages of the Dengying period, the southern China
land mass generally rose, especially for a marginal area of the
platform. The platform area was exposed on the surface, sub-
jected to different degrees of denudation, and developed with
fractured-vuggy high-quality reservoirs. In the meantime, the
development degree and scale of high-quality reservoirs
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(fracture-cavity-type and pore-vug-type) are controlled by the
mound-beach body, karst microgeographic unit, and karst
structure, and the continuity and connectivity of effective res-
ervoirs are limited (Figure 4).

For the Jingbian gas field, on the one hand, the overall
sedimentary environment of the Ma-5 Member is character-
ized by evaporative tidal flat sedimentary facies, and the
lithology in the vertical direction is seen with regular varia-
tion, while the lithology distribution in the lateral direction
is stable, with good continuity and connectivity. On the other
hand, in the weathering karst period, the overall Jingbian gas
field was located in the karst slope, and the karst develop-
ment degrees are relatively stable in the vertical and lateral
directions. The boundary of the effective reservoir is con-
trolled by troughs at different levels, and the trough of the
drainage channel divides the gas reservoir into multiple rela-
tively isolated blocks. Within each block, effective reservoir
development is stable, with good continuity (Figure 5).

4.6. The Structural Edge Water is Developed in Local Areas of
the Sinian Gas Reservoir in the Anyue Gas Field, Which is
Different from the Extremely Complex Gas-Water Distribution
in the Jingbian Gas Field. The gas-water distribution of the
Sinian gas reservoir in the Anyue gas field is relatively simple,
though the gas-water relationship in the platform margin of
theMoxi block is more complicated. In theMoxi block, natural
gas accumulates in the upper submember of Deng-4 Member,
and there is edge water in the north of the platform margin of
theMoxi block.WellMoxi-022-x2 in the local low-lying area of
the gas reservoir and the down-dip Well Moxi-102 encounter
aquifers, yet with limited aquifer distribution, low water pro-
duction, and low pressures of water bodies, which suggests
the local occlusion of water (Figure 6). The gas-water distribu-
tion in Jingbian gas field is relatively complicated. Due to the
nonuniform dissolution and structural reversal, the southwest-
ern part of the Jingbian gas field presents an “L-shaped” water-
bearing area. The distribution of formation water is scattered,
and there is no clear gas-water interface, with no structural
control, which represents the characteristics of the retention
water between layers [38, 39] (Figure 7). It is found that the dis-
tribution of formation water is controlled by reservoir bound-
aries, troughs, and microstructures, and is mainly distributed
at the reservoir pinch-out, the upward part of the trough, the
low position of the structure, and the nose concave of the
nose-like structure.

In summary, the Sinian gas reservoir in the Anyue gas
field is an ancient weathering-crust carbonate rock gas reser-
voir controlled jointly by sedimentation+ karst, while the
Jingbian Lower Paleozoic gas reservoir is a karst-controlled
weathering-crust carbonate rock gas. The planar area of over-
lain favorable mound-beach bodies and microgeographic
development unit of the Sinian gas reservoir in the Anyue
gas field is a favorable reservoir development area, and from
vertical perspectives, the favorable development formation
series is the upper-middle part of the Deng-4 Member
affected jointly by Tongwan-II and Tongwan-III episodes.
Different types of reservoirs are developed, and the reservoir
heterogeneity is strong. Due to the close proximity of the
source rock in the Anyue-Deyang rift trough, the degree of

natural gas charging is relatively high, and the bottom water
occurs in some areas. The Sinian gas reservoir rocks are
affected by multistage tectonic movements and deep hydro-
thermal fluids, resulting in the development of faults and
microcracks at different levels together with strong reservoir
heterogeneity. The overall reservoir is characterized by the
development of storage space attributed to multiscaled pores,
fractures, and caverns, and storage-flow bodies of different
scales and types are stacked or isolated in three-dimensional
space, with inactive formation water. Also, the gas well pro-
ductivity varies significantly, and so does stable production
capacity. The effective reservoir of the Lower Paleozoic gas
reservoir in Jingbian is mainly developed on the karst slope
in the favorable microgeographic unit. In the vertical direc-
tion, it is mainly developed in the thick layer consisting of 2
and 3 sublayers. The reservoir is seen with multiple gas-
bearing layers. The high production of wells is controlled by
the effective reservoir thickness and the degree of microcrack
development. The reservoir in the main area is better than that
around the margin with low permeability. Due to the low
degree of natural gas charging and structural reversal, edge
water is developed in the western and southern parts. The
characteristics of the gas reservoir indicate approximately a
pore-dominated reservoir. Different types of microfractures
are developed, and multiple layers contain gas. Different levels
of troughs have separation effects on the integrity of the gas
reservoir. The physical properties of themain area are superior
to those of the marginal area, and some local areas are seen
with active formation water. The production dynamics char-
acteristics of each single well vary greatly.

5. Comparative Analysis of Development
Strategies and Technologies

Both gas reservoirs are karst weathering-crust carbonate rock
gas reservoirs. The similarities and differences of gas reser-
voir characteristics lead to the similarity and discrepancy in
the development of the two gas reservoirs.

5.1. Both Reservoirs Need to Carry Out Selection of Gas
Enrichment Areas, but Considerations are Different. The
Sinian gas reservoir in the Anyue gas field and the Lower
Paleozoic gas reservoir in the Jingbian gas field are both karst
weathering-crus carbonate rock gas reservoirs. Due to impacts
from reservoir development heterogeneity, both gas reservoirs
require identification of gas enrichment areas during gas
recovery. However, there are differences in considerations.

The Sinian gas reservoir in the Anyue gas field focuses on
the study of sedimentology, microgeography, and fracture
development characteristics in the gas enrichment area
identification process. However, for the Lower Paleozoic gas
reservoir in the Jingbian gas field, there are few studies on
sedimentary characteristics involved in identifying gas accu-
mulation areas, which instead emphasizes only on microgeo-
graphy and fracture development characteristics (as shown
in Figure 8). First, the development patterns of paleogeogra-
phy for the two gas reservoirs decide screening of gas enrich-
ment areas for hydrocarbon recovery, while the distribution
characteristics of karst microgeography play a vital role in
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well placement. Taking the Jingbian Lower Paleozoic gas res-
ervoir as an example, regardless of being a prospecting, evalu-
ation, or development well, it is necessary to avoid troughs at
different levels during the well location placement, and favor-
able residual mounds and slope positions are preferred. Fur-
thermore, for carbonate rock gas reservoirs, the development
degree and scale of microcracks are always the key to high
gas production. Therefore, fracture description, classification
evaluation, and studies of mineral filling characteristics, distri-
bution characteristics are important for gas accumulation
areas of both the two karst weathering-crust carbonate rock
gas reservoirs. Finally, controlled by the sedimentary environ-
ment and facies, the Sinian gas reservoir is of the mound-
beach sedimentation of the open platform, and the mound-
beach bodies with different scales and shapes change regularly
in three-dimensional space. Due to control of the mound-
beach body scale, the effective reservoir presents itself as
“lump-like” structures in a planar view, while being stacked
vertically or laterally connected. The effective reservoir is quite
isolated and has limited connectivity. The Lower Paleozoic gas
reservoir in the Jingbian gas field is of the evaporative tidal flat
deposition, and the effective reservoir is characterized by good
planar stratification. It can be seen that the screening process
of the Sinian gas reservoir enrichment area focuses on the
description of the size, continuity, and connectivity of the
mound-beach body. On contrary, the effective reservoir
continuity of the Lower Paleozoic gas reservoir is good. The
effective reservoir with thickness of 1–4m is seen with large-
area distribution mostly along the buried platform, while that
with thickness greater than 4m is distributed in the form of
massive blocks. Limited effects of sedimentation are imposed
upon development scales of effective reservoirs, and therefore
the sedimentary factors are often not excluded in identifying
gas enrichment areas.

5.2. Irregular Well Patterns are Used in Both the Two Gas
Reservoirs, Yet with Varied DevelopmentWell Patterns. Influ-
enced by sedimentation and diagenesis, the effective Sinian

gas reservoir presents itself as “lumps” on the plane, and
the effective reservoirs in the vertical direction from bottom
to top evolve from being isolated to laterally connected and
then to vertically stacked. The overall effective reservoir has
a limited range of connected range over the plane. The Lower
Paleozoic gas reservoir is endowed with good stratification
and stable development. The development units relatively
isolated by troughs present good internal effective reservoir
continuity, still with internal variations of physical proper-
ties, thickness, and fracture development. The difference in
geological characteristics determines that both the two gas
reservoirs need to adopt irregular well patterns in the devel-
opment process, and optimize the well pattern and well
spacing to enhance the development revenue and ultimate
recovery factor. In the process of well location placement,
the Sinian gas reservoir implements screening of develop-
ment well locations with respect to sedimentology, paleoge-
ography, microcracks, etc. Moreover, through well type and
trajectory optimization, the gas field mainly uses highly devi-
ated wells (in some local high-quality reservoir areas, with
horizontal wells), to connect more fracture-cavity systems,
increase the contact area between the wellbore and the effec-
tive reservoir, promote the reservoir-encounter ratio and the
proportions of Type-I + II wells, and ultimately stimulate the
single-well production. As for developing the Lower Paleo-
zoic gas reservoir, the early focus is set on the study of the
controlling factors of high production of gas wells, and the
reasonable well placement as an attempt to achieve sparse
well placement and yet high gas production to improve the
development efficiency of the gas reservoir. Due to the fact
that multiple gas-bearing layers exist, vertical wells are often
used for development. In the middle and late development
stages, on the basis of the dynamic and static comprehensive
description of the gas reservoir, the main area enhances the
gas recovered degree with the help of infilling vertical wells,
and the peripheral low-permeability area improves the
producing degree of this area using horizontal wells. Finally
the formation-pressure-charging recovery is implemented
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Figure 7: Cross-section of the Lower Paleozoic gas reservoir of the Jingbian southern gas field.
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whenever the timing comes, with appropriate pressure-charging
methods, to tap the potential of gas reservoir development.

5.3. Huge Differences are Seen in Gas Well Dynamic
Characteristics, While Different Production Stabilization
Methods are Implemented. For the Sinian gas reservoirs, the
effective reservoirs are mainly of fracture-cavity and pore-
vug types, in which the storage space is mostly attributed to
pores and fractures that serve as the main flow channels
[40, 41]. The good configuration of fractures and pores is
the root cause for high production and stable production of
gas wells. Controlled by the degree of fracture development
and the development of the vuggy layer, gas well productiv-
ity, decline rate, single-well-controlled reserves and drainage
area all present large differences. Taking Well Gaoshi-3 as an
example, the production rate achieved during well testing
amounted to 96 × 104 m3, with the open flow capacity of
158 × 104 m3. The well testing interpretation shows perme-
ability of 0.58mD in areas far away from wells, and multiple
fracture-cavity systems are connected. The dynamic reserve
calculated in the evaluation exceeded 60 × 108 m3, with a
drainage area of 6.0 km2. It was put into production in April
2014. The well maintains stable production at 30 × 104 m3/d.
At present, the cumulative gas production reaches 3:1 × 108
m3, and the production remains stable. Compared with Well

Gaoshi-3, the discovery well, Gaoshi-1 in the Sinian gas reser-
voir is seen with poor performance. The well has a testing
production rate of 32 × 104 m3, with open flow capacity of 72
× 104 m3. The well testing indicates obvious low-permeability
characteristics, and the dynamic evaluation gives estimates of
reservoirs of 3 − 6 × 108 m3, with a drainage area of 0.7 km2.
The well was put into production in September 2012 and was
intermittently producing at 5 − 8 × 104 m3/d. The accumulated
gas is 0:7 × 108 m3, and the current tubing pressure is only
12.4MPa. The dynamic characteristics of the Lower Paleozoic
gas reservoirs in the Jingbian gas field also show great differ-
ences. Taking well-controlled dynamic reserves as an example,
the well-controlled dynamic reserves of the gas reservoir range
from 0:8 × 104 m3 to 11:2 × 108 m3, with an average of 2:2 ×
108 m3; the cumulative gas production is of 0 − 7:6 × 108 m3,
with an average of 1:06 × 108 m3, which indicates large
variations.

Nevertheless, there are differences in the two types of gas
reservoirs with respect to production stabilization methods.
The Lower Paleozoic gas reservoir in Jingbian is dominated by
block replacement and assisted by interwell replacement, while
the Sinian gas reservoir in the Anyue gas field primarily adopts
well replacement for production stabilization, with supplemen-
tary block replacement (Figure 9). Since the Lower Paleozoic
gas reservoir exhibits nearly laminated characteristics, the main
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area can be developed with one-time well placement and one-
time well pattern construction. In the later stage, the gas reser-
voir stabilizes its long-term production mainly through bound-
ary expansion. The production capacity building in the early
stage was implemented in a block-wise manner, and from
1997 to 2000, it has achieved a production capacity of 3.2 billion
cubic meters through production capacity establishment in six
well blocks. From 2001 to 2003, the overproduction capacity
of the gas reservoir reached 5.5 billion cubic meters, via the
production capacity building in three well blocks. Then, from
2009 to 2013, through the old well pressurization, infill drilling
in the main area, and the production capacity building of the
eastern buried platform, the stable production of 5.5 billion
cubic meters was maintained. From 2013 to 2017, the produc-
tion block, Shan-251 block starts to build the production capac-
ity, and the annual output of 5.5 billion cubic meters was again
maintained. This gas reservoir can maintain its annual output
of 5.5 billion cubic meters until 2022 through replacement of
the Upper Paleozoic formation series and reservoir boundary
expansion. As the effective reservoir Sinian gas reservoir, it is
characterized by “lump-like” distribution. With identification
of control factors of high production of wells and the realization
of effective karst body characterization, the one-time well place-
ment and one-time well pattern construction can also be
achieved for development wells of the Deng-4 Member. Then,
the long-term production is maintained primarily through tap-
ping potential of the Deng-2Member and corresponding devel-
opment well placement, which enables replacement between
wells. In the early development stage, after production capacity
of the Gaoshiti and Moxi areas are established, the Sinian gas
wells can maintain stable production for 5-8 years, in the case
of scientific evaluation of the gas well production capacity, the
Sinian gas well can maintain a stable production period of 5
to 8 years, and thus the gas reservoir production can be
stabilized at a reasonable development scale. In the later stage,
through the multilayer three-dimensional development and
the remaining reserve tapping (on the one hand, through the
development appraisal and nonuniform well placement in the

Deng-2 Member; on the other hand, via the supplementary
development wells and improved well pattern of the Deng-4
Member), the long-term stable production of the gas reservoir
can bemaintained by the replacement of wells.Meanwhile, each
block inside the platform of the Sinian gas reservoir possesses
certain development potential, which is to some extent able to
provide production capacity supplement to the Sinian gas reser-
voir and reduce the production capacity building risk.

5.4. Reconstruction of the Gas Reservoir is of Necessity for
Economically Effective Development in Both Gas Reservoirs,
but the Technologies for Reservoir Stimulation are Different.
Due to the special lithology, physical properties, storage
space, and fluid properties of carbonate rock reservoirs, most
of development of carbonate rock gas reservoirs requires
reservoir stimulation to achieve economic benefits. This is
the case in both the Jingbian Lower Paleozoic and Gaomo
Sinian gas reservoirs. The Lower Paleozoic Ordovician
Majiagou Formation dolomite reservoir in the Jingbian gas
field represents a low-pressure and low-permeability gas
reservoir. At the beginning of the Jingbian gas field develop-
ment, for the purpose of removing near-wellbore pollution
and increasing the length of the acid-etched fracture, a
variety of technologies such as normal-acid acid fracturing
and gelled-acid acid fracturing and acid fracturing involving
multistaged injection were developed. With the infill drilling
and boundary expansion in production capacity establish-
ment, the encountered reservoir is becoming increasingly
tight and the mineral composition has changed. For the
purpose of deep reservoir reconstruction, propped fracturing
and cross-linking acid propped fracturing are carried out in
carbonate reservoirs, which are seen with relatively good
results. In the meantime, the horizontal well reservoir stimu-
lation technology has also achieved preliminary results. With
the progress of the gas reservoir development, reservoir
stimulation faces some new problems: (1) The physical prop-
erties of the surrounding area of the gas field for production
capacity supplement deteriorate, and the output per well is
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Figure 9: Block-replacement production stabilization pattern (a) and well-replacement production stabilization pattern (b).

13Geofluids



low. The surrounding production capacity replacement area
is mainly seen with Type-II + III wells, while the reservoir is
thinner and tighter and the filling mineral composition has
changed. The single-well production after stimulation is
low. (2) The horizontal well extends to the periphery of the
gas field and the boundary tight reservoir, which makes it dif-
ficult to increase the production per well. With the placement
of horizontal wells in the periphery and tight reservoirs of the
gas field, the horizontal well acidizing technology has failed
to meet the requirements for improving the development
efficiency of horizontal wells. First, this is due to the deterio-
rated physical properties of the reservoir, which lead to the
failure of acidizing to achieve deep-area reconstruction.
Second, owing to the reservoir heterogeneity, the nonselec-
tive acidizing across the whole wellbore ends with excessive
acidizing or insufficient acidizing intensity. Third, given low
formation pressures, large-scale acid injection, and massive
volume of the wellbore, the flow back period is prolonged.
(3) The proportion of low-yield and low-efficiency wells in
the main area of the gas field is high, and restimulation is
urgently needed. In response to these problems, for the infill-
drilling area and the surrounding replacement area, the
stimulation for Type-I reservoirs mainly adopts the deep-
penetration acid fracturing, while that for Type-II and III
reservoirs is primarily implemented using propped fracturing
and cross-linking acid propped fracturing for carbonate rock
reservoirs. For the horizontal well reservoir reconstruction,
the coiled tubing-based uniform acid placement + acidizing
technology is adopted to realize the whole-wellbore-section
stimulation, and the horizontal well multistage acid fracturing
technology is developed. For the restimulation of old wells, the
low-production wells are selected to carry out low-damage
well killing using lost-circulation-proof killing fluids and
snubbing operation equipment for low-pressure gas payzones,
and the propped fracturing technology is used to achieve deep
reconstruction.

The Sinian reservoir is characterized by deep depth, high
temperature, presence of sulfur, low porosity, low permeabil-
ity, strong heterogeneity, and various reservoir types. The
following reservoir stimulation difficulties are encountered in
the practice of reservoir reconstruction: (1) The reservoir type
and the fracture-cavity relationship are complex. The Sinian
Deng-4 gas reservoir can be mainly divided into the fracture-
cavity type, pore-vug type, and pore-dominated type. The
reservoir types are diverse, and the pores, vugs, and fractures
are scattered, which results in a complicated configuration. A
single stimulation technology process makes it difficult to
achieve effective reconstruction over different reservoir types,
and it is necessary to adopt a stimulation technology specific
to the characteristics of different reservoir types. (2) The
characteristics of low porosity and low permeability of the
reservoir are obvious. The porosity for cylinder core samples
of the reservoir averages 3.87%, the average permeability is
0.51mD, the full-diameter core sample porosity averages
3.97%, and the horizontal permeability averages 2.89mD.
The fracture-cavity and pore-vug reservoirs are highly devel-
oped, with porosity surpassing 3% and permeability over 0.1
mD, which are high quality. The porosity of the pore-
dominated reservoir is between 2% and 3%, and the dissolved

vug is underdeveloped. Moreover, the connectivity between
vugs is inferior, and the permeability is mostly less than 0.01
mD, which is much smaller than that of the pore-vug and
fracture-cavity reservoirs. In terms of simulation of the low-
permeability reservoir, coming-into-being of long effective
fractures is desirable, and the deep acid fracturing or deep-
penetration acidizing technologies are required to restore or
increase the gas well production. (3) The reservoir is highly
heterogeneous. The Sinian Dengying Formation has a large
reservoir thickness together with a large number of vertical
layers, and is difficult to recover effectively. The lateral uniform
acid placement is challenged, and whether the acid system and
the acidizing technology can achieve uniform placement of acid
across multiple layers is a main factor that directly affects the
postacidizing well performance. (4) There is no obvious inter-
layer between the upper and lower Deng-4 submembers. It is
difficult to achieve zonal acidizing by mechanical zonal isola-
tion tools for acidizing. (5) The reservoir temperature is high,
which results in rapid the acid-rock reaction, short effective
distance of acids, and limited length of the acid etching fracture.
Meanwhile, technical breakthrough regarding temperature
limitation should be made in both the injection process and
the acid system, to as much as possible expand the swept
volume of the acid. (6) The reservoir has high Young’smodulus
and large closure stress (the closure pressure is about 110MPa).
It is difficult to open the bottom-hole fracture and also main-
tain a high-conductivity flow channel after the fracture is
formed. The acid fracturing technology is supposed to be able
to effectively open the fracture and intensify uneven etching
of the fracture surface. Three sets of main stimulation technol-
ogies are developed in the early development stage, given the
reservoir characteristics, namely, retarded-acid fracturing, deep
acid fracturing, and complex-fracture-network acid fracturing.
In the later stage, given the complex lithology and storage space
of the Dengying Formation reservoir (coexistence of multiple
types of storage space), and strong heterogeneity both on a
single-well and regional basis, promising and nonpromising
wellbore sections are separated for reservoir stimulation in
accordance with the segmentation principle based on reservoir
properties, in order to improve the applicability and effective-
ness of reservoir reconstruction. Accordingly, the layer-
specific stage-specific reconstruction practice for themain body
of the gas reservoir has been developed, in which practices and
fluid and operation parameters specific to the task target are
adopted. As the gas reservoir development gradually migrates
toward the inside of the platform, technical breakthroughs on
stimulation practices for reservoirs with low permeability,
multiple layers, low thickness, and high siliceous contents are
of extreme urgency.

6. Inspirations for the Development of Sinian
Gas Reservoir in Anyue Gas Field

The Jingbian Lower Paleozoic gas reservoir is the first large-
scale carbonate rock gas reservoir that is discovered and put
into successful development in China. Its development history
and development experience have great guiding significance
for the development evaluation, large-scale production build-
ing, and determination of development countermeasures as
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well as improving the efficiency of gas reservoir development
and improve the gas reservoir management level.

6.1. Laying Solid Foundation for Efficient Sinian Gas
Reservoir Development by Refining Research on Sedimentary
Characteristics. Although the Jingbian Lower Paleozoic gas
reservoir and the Gaomo Sinian gas reservoir are both karst
weathering-crust carbonate rock gas reservoirs, and the
control factors of effective reservoirs are not the same. In
terms of the Jingbian Lower Paleozoic gas reservoir, effective
reservoirs are mainly controlled by karst paleogeography,
while the effective Sinian gas reservoirs are not only con-
trolled by karst paleogeography, but also subjected to major
influences of sedimentary facies on the effective reservoir
development dimension, scale, and physical properties. The
study of the sedimentary facies of the Sinian gas reservoir
in the Anyue gas field should focus on the following three
aspects: (1) First, fine description of the distribution and
characteristics of the margins of the platform. Because the
sedimentary environment of the Dengying Formation in
the Gaomo area is of a local platform facies, the characteris-
tics of the platform edge and distribution range play impor-
tant roles in the development of the mound-beach facies.
(2) Second, one must understand the distribution character-
istics and distribution patterns of the mound-beach body.
Under the control of microbial development, the develop-
ment characteristics of the mound-beach bodies are different
from those of the reef-beach bodies. The main controlling
factors of development, the scale and morphology, vertical
evolution, planar distribution characteristics, and distribu-
tion patterns of the mound-beach bodies are the basis for
the study of the development characteristics of karst reser-
voirs, which to some extent decide the dimension and scale
of the karst body. (3) Third, the fine characterization of the
interior of the mound-beach body is conducive to the study
on control factors of high production of wells. Whether the
internal structure of the microbial mound is similar to that
of reefs and the relationship between favorable facies types
and microfacies in the mound-beach body, these problems
have always been fundamental problems that restrict the
study of ancient carbonate rock sedimentary facies.

6.2. Studies on the Distribution Pattern and Characteristics of
Paleogeography is the Key to the Rapid Establishment of the
Sinian Gas Reservoir. Paleogeography is undoubtedly the
controlling factor for the development of effective reservoirs
in karst weathering-crust carbonate rocks, and still there are
differences in reference to dominance and degrees of effects.
For karst weathering-crust carbonate rock gas reservoirs, the
restoration and fine characterization of karst paleogeography
can accelerate gas exploration and production progresses.
Taking the Jingbian gas field as an example, the gas field has
experienced four large-scale industrial mappings to improve
the understanding of karst paleogeography: (1) On the basis
of analyses of sedimentary backgrounds and paleostructural
features, the concept of “paleoburied platform” was proposed,
and the developed karst paleogeography map did not only
open the width of thinking of gas exploration in the stable
platform area, but also resulted in successful discoveries of

industrial streams from the first placed three exploratory wells
penetrating into the weathering-crust dissolution caverns. (2)
In accordance with the understanding of “beaches inside the
platform and troughs outside the platform,” the major NS-
trending trough has been identified in the front of the Jingbian
karst terrane, which plays an active role in the exploration of
natural gas in the 260 km long (north-south) and 40km wide
(west-east) range and the rapid confirmation of the large-scale
gas field. (3) As the exploration continues, with supplement of
drilling data and improvement of the seismic prediction data,
the NS-spreading of the major trough has been changed and
the overall trend from west to east has been predicted, which
thus provides a geological basis for the continuous eastward
expansion of the gas-bearing layer. (4) The morphology of
karst paleogeography and the development characteristics of
the paleotrough network are further refined to provide a basis
for broadening the prediction for new targets in the explora-
tion field, and also guidance for production stabilization based
on infilling wells. It can be seen that the study of the distribu-
tion characteristics and patterns of karst paleogeography is
vital for the exploration breakthrough, exploration, expansion,
rapid production capacity building, and long-term stable
production of the Jingbian karst weathering-crust carbonate
rock gas reservoirs. Therefore, for the Gaomo Sinian karst
weathering-crust carbonate rock gas reservoir, the paleogeo-
graphic distribution model should be used to identify the
favorable area for development, while the paleogeographic
distribution characteristics and the microgeography are finely
depicted for well location placement. The current research
shows that the paleogeographic distribution characteristics of
the Gaomo Sinian gas reservoir is highly complicated, and
the differences of the Gaoshiti and Moxi paleogeography
distribution are clear. Meanwhile, the microgeography inside
the different blocks, especially theMoxi block, is highly varied.
Therefore, in a subsequent study, one should continuously
refine the understanding of the distribution features of micro-
geography, and compare and analyze the differences of micro-
geography distribution characteristics in different lithologies,
different blocks (Gaoshiti andMoxi), and sedimentary environ-
ments (platformmargin and platform interior), to demonstrate
the role of faults in controlling the distribution characteristics of
paleogeography, and to analyze the correlation between
fracture development and microgeography units, ultimately so
as to guide the development well location placement.

6.3. Finely Characterizing the Distribution Characteristics of
Fault Systems is the Core of Efficient Development of the
Sinian Gas Reservoir. Fault systems, especially fractures, are
of great significance for efficient development of oil and gas
reservoirs. For carbonate rock gas reservoirs, the development
scale and degree are undoubtedly two important factors for
high gas production. Taking the Jingbian Lower Paleozoic
gas reservoir as an example, theMa-51+2 reservoir is developed
with structural and weathering ruptures. In the high-quality
reservoir, the dissolved pores with stratified distribution often
serve as the main storage space, and the network fractures are
seepage channels, which greatly improve the reservoir conduc-
tivity (as shown in Table 2) and help improve gas well produc-
tivity. Because of the strong correlation between development
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of faults and fractures, it is of important guidance to study the
distribution characteristics of faults and evaluate their stages
and levels. Since the Sinian system is an ancient carbonate
rock reservoir, and the Sichuan Basin has experienced
multicycle and multistage tectonic movements, leading to a
multistage fault system in the Sinian Dengying Formation,
how to identify and characterize fault systems of different
stages and periods is critical to the division of the Gaomo area,
zone-specific evaluation, validation of correlation of fracture
development and faults of different stages and periods on the
basis of lithologic and imaging logging data, analyses on the
favorable microcrack development zone, and placement of
high-production wells in the marginal area, and scaled-up
recovery of reserves stored in the low-permeability area inside
the platform.

6.4. Enhancing Dynamic Surveillance and Improving the Level
of Refined Management Ensure the Stable and Efficient
Development of the Sinian Gas Reservoir. The development
dynamics surveillance and analysis of gas reservoirs is the
core of gas field development management, and should be
implemented from the start to the end of the gas field
development. Through the implementation of a series of
the dynamics surveillance technologies, a large amount of
detailed data can be obtained, in terms of flow pressures,
static pressures, gas quality, and water quality. The dynamic
reservoir can be confirmed by gas reservoir pressure regime
division based on the fluid distribution regularity, reservoir
evaluation, and pressure field analysis. Using verification of
dynamic reserves combined with the gas field production
dynamics, well testing software and numerical simulation
methods can be adopted to analyze the stable production
capacity of gas fields. By scaling up the analysis from the
stable production capacity of a single well to that of a block,
the development indicators of each stage of the gas field are
predicted, which provides a basis for the development of
gas field production stabilization strategies. From the devel-
opment history of the Jingbian gas field, it can be seen that
the dynamics surveillance technology runs through the life-
cycle of the gas field development, and four major technical
series, namely, the pressure monitoring, gas well testing, fluid
monitoring, and production monitoring, have been formed:
(1) Pressure monitoring: a large number of high-frequency,
full-coverage pressure monitoring data provide an important
basis for determination of gas reservoir formation pressure
distribution and variation, understanding gas well production
drawdown pressure, verifying dynamic geological reserves on
a single-well or block basis, and identifying wellbore fluid
building-up. (2) Interference well testing: in 1993 and 1996,

in order to understand the connectivity of the reservoir from
a dynamic perspective, the interwell interference testing was
carried out in the Lin-5 well group and the Shan-17 well
group. The interference well testing was successful, and the
results showed that the reservoirs in the area were intercon-
nected laterally. (3) Fluid monitoring. (4) Zonal production
monitoring: the statistical results of the gas production historic
data over the years indicate that the main payzone of the Jing-
bian gas field is the Ma-51

3 layer. Based on the dynamic mon-
itoring, the development unit classification system standard
was established, 36 development units of three categories were
divided, and the technical countermeasures for stable produc-
tion and potential tapping of different development units were
proposed. The large-scale dynamic monitoring of the Jingbian
gas field has improved the level of refined gas reservoir
management and improved the efficiency of gas reservoir
development. For the more complex Gaomo Sinian Dengying
Formation gas reservoir, with respect to the gas reservoir
characteristics, key development challenges, development
stage, and dynamics surveillance technologies should be imple-
mented selectively in a timely fashion so as to understand
specific core issues during gas reservoir development, and seize
each opportunity to execute corresponding measures, which is
able to improve the fine management level of the Sinian gas
reservoir in the Anyue gas field, and achieve smooth, stable,
and efficient development of gas reservoirs.

However, it should be noted that although this work has
conducted comprehensive analysis on gas reservoir charac-
teristics and development strategies and technologies for
carbonate gas reservoirs, the relevant results and recognitions
are only applicable for Karst weathering-crust carbonate gas
reservoirs. If the reservoir type is different from the men-
tioned reservoir, the development strategies and technologies
that should be taken may be also varied. In addition, limited
by the length of article, the prominent reservoir characteris-
tics are compared and studied, but there are lots of formation
features that should be analyzed indeed. Nevertheless, in
general, when the reservoir type is similar to the reservoir
type in this paper, then the studies for reservoir characteris-
tics and development technologies can provide some guid-
ance for operators to some extent.

7. Summary and Conclusions

The Sinian gas reservoir in the Anyue gas field and the Lower
Paleozoic gas reservoir in the Jingbian gas field are both karst
weathering-crust carbonate rock gas reservoirs. Through
comparative analysis, the following conclusions and under-
standings are obtained:

Table 2: Porosity and permeability of fractures and pores in the Ma-51+2 reservoir.

Item Wireline logging Core sample fracture Well testing interpretation Comprehensive evaluation

Φf (%)
0.002–0.048

Average: 0.0132
0.0124–0.387

Average: 0.1631
0.0008~0.1078
Average: 0.0411

0.034

kf (10
-3 μm2)

0.0062–2997.0
Average: 4.815

9.01–11797.37
Average: 2816.44

0.0363~29.953
Average: 4.074

1~ 30
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(1) Significant differences exist in gas reservoir characteris-
tics between the Sinian gas reservoir in the Anyue gas
field and the Lower Paleozoic gas reservoirs in the Jing-
bian gas field. (1) Gas reservoir types: the Sinian gas
reservoir in the Anyue gas field represents a
lithologic-structural trap with multiple structural high
points and multiple fracture systems, which is different
from the lithologic-stratigraphic trap associated with
the Jingbian Lower Paleozoic gas reservoir featuring a
west-trending monocline and multirowed nose-fold
structures. (2) Sedimentary environment: the Sinian
gas reservoir in the Anyue gas field is of a platform
sedimentary facies under the tensile setting, while the
Jingbian gas field is derived from the tidal flat facies
in a stable craton. (3) Karst paleogeography: generally
speaking, the top paleokarst of the Sichuan Basin is
characterized by “three upheavals and two sags,” and
yet the Ordos Basin is seen with a relatively simple
paleokarst environment displaying “high in central
while low in west and east, and steep in west and placid
in east.” For the Gaomo area, the paleogeographic
features of the Gaoshiti and Moxi blocks are consider-
ably varied, which is distinct from the relatively simple
distribution characteristics of the paleogeography in
the main area of Jingbian. (4) Reservoir development
characteristics: it was found that the Sinian gas reser-
voir in the Anyue gas field has limited connectivity
and continuity. On the contrary, the Jingbian gas field
presents relatively stable continuity and connectivity.
(5) Fluid distribution characteristics: the structural
edge water is developed in some local areas of the
Sinian gas reservoir in the Anyue gas field, which is
different from the highly complex gas-water distribu-
tion in the Jingbian gas field

(2) Differences in gas reservoir characteristics result in
similarities and differences in development strategies
and technologies. (1) Both gas reservoirs need to
identify the gas enrichment area, yet with varied con-
siderations. (2) Irregular well patterns are used in
both cases, still with different development well pat-
terns. (3) The gas-well-controlled reserves and pro-
duction capacity present large differences between
two reservoirs, and the gas reservoir production sta-
bilization methods are also different. (4) Both the
two reservoirs need to be reconstructed in order to
achieve economic benefits, but the technical means
of reservoir reconstruction varies

(3) The successful development of the Lower Paleozoic
gas reservoir in Jingbian gas field provides good refer-
ence for production capacity building, long-term sta-
ble production, and scientific management of the
Sinian gas reservoir in the Anyue gas field. For the
Sinian gas reservoir, (1) the study of the fine sedimen-
tary characteristics is the basis for the effective devel-
opment of the gas reservoir; (2) the study of the
distribution patterns and characteristics of the paleo-

geography is the key to the rapid production building
of the Sinian gas reservoir; (3) elaborate depiction of
the fault system and the fracture distribution is the
core of the efficient development of the Sinian gas
reservoir; and (4) dynamics surveillance should be
enhanced and the level of refined management
should be improved so as to ensure the stable and
efficient development of the Sinian gas reservoir
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