Hindawi

Geofluids

Volume 2023, Article ID 6415397, 15 pages
https://doi.org/10.1155/2023/6415397

WILEY | Q@) Hindawi

Research Article

Comprehensive Evaluation of the Hydrocarbon Preservation
Conditions in the Complex Tectonic Area of the Southwestern
Sichuan Basin, China

Cunhui Fan®,' Huwei Cao ), Jing Li,2 Maolong Xia,> Jing Liu,’ Jing Liang,3
Lifeng Meng,"* and Haihua Zhu'

ISchool of Geoscience and Technology, Southwest Petroleum University, Chengdu, China

2BGP Inc., China National Petroleum Corporation, Zhuozhou, China

Exploration and Development Research Institute, PetroChina Southwest Oil and Gas Field Company, Chengdu, China
*College of Chemical Engineering, Zhejiang University of Technology, Hangzhou, China

Correspondence should be addressed to Cunhui Fan; fanchswpi@163.com and Huwei Cao; 972028850@qq.com
Received 23 October 2022; Revised 28 November 2022; Accepted 31 March 2023; Published 18 April 2023
Academic Editor: Rui Yang

Copyright © 2023 Cunhui Fan et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

There are various styles of faults, folds, and unconformity structures in the southwestern Sichuan Basin, which have an important
impact on hydrocarbon preservation. Based on the data of regional geological, seismic, formation water characteristics, caprock
characteristics, and production, the hydrocarbon preservation conditions of the key horizons (Cambrian, Upper Permian, and
Triassic) were analyzed. Southwestern Sichuan Basin margin structure has two obvious tectonic layers (the upper and lower).
The upper tectonic layer is dominated by Middle Triassic detachment faults and derived thrust faults, while the lower tectonic
layer has concealed structures composed of basement detachment faults and derived thrust faults. There are mainly NE, near-
SN, NW, and near-EW faults. The outcrops are in the Middle-Cenozoic strata, changing from old to new from outside the
Basin to inside the Basin. There are three main sets of high-quality caprocks, i.e., the mudstone of the bottom of the Xujiahe
Formation, the gypsum-salt rocks of the Middle-Lower Triassic, and the Lower Cambrian mudstone. Based on the faults,
outcrops, formation water type, mineralization, and caprock characteristics, the hydrocarbon preservation evaluation system
was established, which divides into the areas of Class I, II, and III. The distribution range of the favorable areas of different
horizons has good inheritance, and the hydrocarbon preservation conditions gradually improve from outside the basin to
inside the basin. Class I favorable areas are the most widely distributed and are mainly located within the basin, with the
characteristics of a low degree of fault development, relatively new outcropping strata, CaCl, formation water type, and large
caprock thickness.

1. Introduction

The Sichuan Basin is a typical superimposed basin, which
has the characteristics of an extremely stable basement, the
development of multiple sets of reservoir layers, source
rocks, and good sealing conditions with multilevel caprocks.
It is rich in hydrocarbon resources, has great exploration
potential, and is an important natural gas production
[1-7]. However, there are great differences in hydrocarbon
enrichment and accumulation of the different strata in the
Basin, and the hydrocarbon preservation is important for

the oil and gas exploration [8, 9]. Previously, extensive stud-
ies have been conducted on hydrocarbon preservation
conditions, and evaluation systems for hydrocarbon preser-
vation conditions in different regions and under different
tectonic conditions have been established. By analyzing the
relationship between the sealing time and performance and
of caprocks and faults, He et al. [10] clarified the concept
and type of hydrocarbon preservation unit and evaluated
the effects of fault characteristics, magmatic activity, and
hydrogeological conditions on preservation conditions. Ma
et al. [11] established evaluation indicators based on the
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caprocks and their sealing performance, fault sealing proper-
ties, late tectonic strength, hydrogeological conditions, and
the chemistry-kinetics of the underground fluid and devel-
oped an evaluation system in southern China. Based on
the fluid history of hydrocarbon-bearing sedimentary basins,
Lou et al. [12] analyzed the response characteristics of the
chemical-kinetics behavior of the underground fluids during
the evolution of the basin and summarized the failure of the
preservation conditions in southern China. Liang et al. [13]
comprehensively evaluated hydrocarbon preservation units
based on factors such as tectonic movement, accumulation
time, regional caprock conditions, hydrogeological condi-
tions, and reservoir organic fluids. Xiao [14] conducted a
comprehensive analysis of geological parameters, such as
the caprock, fluid chemistry-kinetics, fault development his-
tory and sealing properties, cap-source formed trap, and res-
ervoir characteristics, and established an evaluation index
system for hydrocarbon preservation in the multicycle
superimposed region with syntectonic sedimentation. Wang
et al. [15] mainly analyzed the dynamic transformation rela-
tionship between the destruction and construction of tec-
tonic effects on hydrocarbon preservation. Li et al. [16]
focused on the impact of hydrogeological and geochemical
characteristics on hydrocarbon preservation conditions and
comprehensively evaluated the hydrocarbon preservation
conditions in complex tectonic areas at the basin margin
using parameters such as outcrops, caprock sealing proper-
ties, formation fluid pressure, tectonic uplift and denuda-
tion, and fault distribution characteristics. Zhang et al. [17]
analyzed multistage hydrocarbon accumulation under mul-
tistage tectonic movement and later transformation and
destruction at different levels. In general, the hydrocarbon
preservation conditions are affected by the characteristics
and assemblages of the source, reservoir rock and caprock,
the time of accumulation, tectonic movements and tectonic
characteristics, and hydrogeological conditions [18, 19].
The southwestern Sichuan Basin is a typical complex
tectonic zone influenced by the Longmen Mountain Thrust
Belt in the west, the Daliang Mountain Tectonic Belt in the
south, and the Longquan Mountain Tectonic Belt in the
east [20-23]. It has experienced the Indosinian-Yanshan-
Himalayan tectonic movements, with strong tectonic
deformations and multistage transformations, resulting in
obvious differences in the hydrocarbon preservation condi-
tions and enrichment levels of the different strata [24-26].
However, research on the tectonic characteristics and
hydrocarbon preservation conditions is relatively limited,
which is not conducive to hydrocarbon exploration in this
area. In this study, according to data of the logging, forma-
tion water, and tectonic characteristics of this area, the cri-
teria for the preservation condition evaluation were
established, which provides good support for the selection of
favorable targets for hydrocarbon exploration in this area.

2. Geological Setting

The study area is located at the southwest margin of the
Sichuan Basin and mainly includes the Longmen Mountain
piedmont tectonic system, the Daxingchang tectonic system,
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and the Emei-Wawu Mountain tectonic system. Its north-
western margin is the southern Longmen Mountain Thrust
Belt, its southwestern margin is the Kang-Dian uplift zone,
and its east side is the Chuanzhong Uplift, with the Jurassic
strata being the main outcrops (Figure 1(a)). It has mainly
experienced the multistage tectonic movements of the
Indosinian-Yanshan-Himalayan period, which can be
divided into the four evolutionary stages of the pre-
Indosinian Basin uplift, the Indosinian inherited uplift, the
Yanshanian multiple episodic uplift, and the Himalayan
intense fold uplift. Therefore, the tectonic deformations are
extremely complex, forming complex fold and fault struc-
tures [27-31]. The surface of the study area consists mainly
of some forward or reverse thrust faults that strike almost
parallel to the strike of the peripheral orogenic belt and the
fold structures associated with the thrust faults. The tectonic
axis and faults of the Longmen Mountain piedmont tectonic
system are distributed along the northeast-southwest direc-
tion, and the trap is characterized by fault-related folded
structures controlled by reverse faults. The Daxingchang tec-
tonic system is a fault-controlled block type with Middle Tri-
assic shallow detachment faults. The tectonic axis and faults
of the Emei-Wawu Mountain tectonic system are the north-
south direction, and the Tongtian faults are relatively well
developed. The strata are relatively well developed, the
Sinian-Quaternary sedimentary strata are developed above
the pre-Sinian crystalline basement, and the Silurian-
Devonian strata are absent inside the Basin (Figure 1(b)).

3. Materials and Methods

3.1. Materials. The comprehensive evaluation of hydrocar-
bon preservation conditions mainly used fault development
data, production data, formation water type, and minerali-
zation data of the key horizons. The three-dimensional
(3D) contiguous data from southwestern Sichuan were col-
lected to establish three typical structural section types to
explain structural systems and faults. More than 30 forma-
tion water samples from more than 20 wells (such as
Woshen 1, Zhougong 1, Hanshen 1, Gong 2, Gongshen 1,
and Ma 1) and the production data of each well were col-
lected, and tests for formation water type and mineralization
were performed.

3.2. Methods

3.2.1. Geophysical Interpretation. The seismic data are proc-
essed and interpreted by the LANDMAK 2003.12.13 inter-
pretation system using the 10x 10 grid density control.
The fault characteristics of the key horizons in southwestern
Sichuan Basin were described, and the basic characteristic
parameters and development characteristics of the faults
were obtained [32-36]. Three typical seismic profiles of the
margin were established to clarify the tectonic characteristics
of different strata in the study area.

3.2.2. Chemical Characteristics of the Formation Water. For-
mation water ion types and different concentrations of anions
and cations were measured using a CIC-D280 ion chromato-
graph produced by Qingdao Shenghan Chromatography
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FIGURE 1: Geological overview of the study area. (a) Tectonic location. (b) Stratigraphic lithology.

Technology Co., Ltd. The chemical composition of forma-
tion water was analyzed according to the industry standard
(SY/T5523-2016). The geochemical analyses were per-
formed at the State Key Laboratory of Oil and Gas Reservoir
Geology and Exploitation (part were from the PetroChina
Southwest Oil & Gasfield), and the tests included pH, cation
concentration, anion concentration, and total mineraliza-
tion of formation water mainly used to analyze the type
and mineralization of formation water [37].

3.2.3. Comprehensive Evaluation of the Preservation
Conditions. Based on the longitudinal structural differences
of the different strata in the southwestern Sichuan Basin,
there are three key vertical horizons of deep (bottom of
Cambrian), middle (bottom of Upper Permian), and shallow
(bottom of Triassic). We fully investigated the evaluation
systems related to hydrocarbon preservation conditions in
China and elsewhere. Based on the current situation and

the evaluation parameters (fault development, well-logging
data, formation water type, and mineralization), an evalua-
tion system that was adapted to the complex tectonic region
in southwestern Sichuan Basin was established [38-40].

4. Results

4.1. Structural Characteristics. The structural development of
in southwestern Sichuan Basin margin has two obvious tec-
tonic layers (the upper and lower layers) (Figure 2). The
Middle Triassic detachment faults dominate the upper tec-
tonic layer and the derived thrust faults, the lower tectonic
layer has concealed structures composed of basement
detachment faults and the derived thrust faults, and the
preservation conditions of the lower tectonic layer are better
than those of the upper layer [32, 33, 41, 42]. In particular,
the Longmen Mountain piedmont tectonic system mainly
has fault-bend folds and imbricated structures. Due to the
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FIGURE 3: Seismic profile of the Daxingchang tectonic system in southwestern Sichuan Basin.

simultaneous action of the basement detachment surface and
the Lower Triassic Jialingjiang-Middle Triassic Leikoupo
Formation gypsum-salt detachment surface, two sets of
structure systems formed. Multiple thrust faults in the
Longmen Mountain piedmont extend to the central Sichuan
region, resulting in multiple local fold-thrust deformations
with small uplifts and short extensions up to the surface. In
addition, multiple basement normal faults were identified
on the seismic profile. These normal faults dislocated the
Lower Triassic strata. With the compression and deforma-
tion of the Longmen Mountain orogenic belt in the later
period, some faults were inverted, such as the two thrust
faults of the Hanwangchang anticline and the Sansuchang
anticline. The Zhougong 1 and Hanshun 1 wells are both
located in the high tectonic part of the southwestern Sichuan
paleo-uplift. Still, due to the strong superimposed thrust-fold
deformation that occurs nearby, the Zhougong Mountain
and the southern area are strongly tectonically deformed,
and the Tongtian faults were formed at the top of the struc-
ture, resulting in poor hydrocarbon preservation conditions.
The Weiyuan paleo-uplift influences the area of the Weiyuan
gas field. The Aurora-Cambrian strata are all uplifted in high
tectonic areas, with no deep faults, and only some small hid-
den faults have developed, which is conducive to the hydro-
carbon accumulation.

The Zhougong Mountain-Hanwangchang area in the
southwestern Sichuan Basin mainly manifests as a unified
deformation and a steeply standing fault-fold structure in

the north-south direction. Most of the faults are Tongtian
faults, and preservation conditions are poor. Two sets of tec-
tonic systems developed in the Daxingchang area in the
Basin. The shallow layer has the Tongtian faults, with poor
preservation conditions; the deep layer is a structured layer
with carbonate rocks, few faults, and good preservation con-
ditions (Figure 3).

The tectonic style of the Tiangongtang system is a
basement-entangled fault-propagating fold with a large tec-
tonic uplift. The dominating fault on the northern margin
outcrops up to the surface, and the overall preservation con-
ditions are moderate. The Datachang tectonic system has a
basement detachment fold, and only small concealed faults
developed in the fold wing, with good preservation condi-
tions (Figure 4).

Overall, faults in different directions and scales devel-
oped in the study area due to the influence of multistage tec-
tonic movement and marginal tectonic units. The overall
deformation of the Kangdian uplift zone and the Dalou
Mountain has the typical flower-like structural characteris-
tics, the piedmont zone has imbricated thrust deformation,
and the tectonic deformation was differentially transmitted
to the Basin. The wide and gentle folds mainly developed
in the transitional area to the Dalou Mountains; the fold
morphology is primarily controlled by the forward thrust
fault extending into the Basin. The low-steep fault fold zone
in the northwestern part belongs to the Longmen Mountain
piedmont tectonic system, and its tectonic axis and faults are
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FIGURE 5: Planar distribution of faults in the key horizons in southwestern Sichuan Basin. (a) Cambrian bottom. (b) Upper Permian bottom.

(c) Triassic bottom.

distributed along the northeast-southwest direction, and the
development of hydrocarbon traps is closely related to fold-
ing. The Emei-Liang Mountain fault-block belt in the
central-western region belongs to the Emei-Wawu Moun-
tain tectonic system, which mainly includes the Zhougong
Mountain and Hanwangchang structures, and the tectonic
axis and faults are the north-south direction. Specifically,
the main Cambrian bottom faults include NE-trending,
near-SN-trending, NW-trending, and near-EW-trending
faults in the southern and northwestern of the area
(Figure 5(a)). The dominating fault has an extension length
greater than 12km and a fault distance greater than 600 m.
The strikes of the upper Permian bottom faults are in the
NE, near-SN, NW and near-EW, and the NE, and near-SN
oriented faults are dominant and mainly developed in the
southeastern and northwestern of the area (Figure 5(b)).
The dominating fault has an extension length greater than
15km and a fault distance greater than 400 m. The strikes
of the Triassic bottom faults still have a good inheritance,

and these faults mainly developed in the southeastern and
northwestern of the area (Figure 5(c)). The dominating fault
has an extension length greater than 20km and a fault dis-
tance greater than 350 m.

4.2. Outcrop Characteristics. The outcrops are important for
the preservation conditions. If the Middle Triassic and above
strata outcrop on the surface, the preservation of the Upper
Paleozoic strata and the strata below are good; if the
Silurian-Ordovician strata outcrop, severe denudation is
present [12]. If the Lower Triassic Jialingjiang Formation
outcrops, the sealing capacity of the gypsum-salt strata
may be destroyed. Therefore, the preservation of the Car-
boniferous and above strata are significantly worsened, and
the target strata may be mainly the lower Paleozoic and
lower part of the upper Paleozoic. If the Permian-
Devonian strata outcrop, the main target strata should be
the lower Paleozoic, followed by the lower part of the Upper
Paleozoic. If the Silurian-Ordovician strata outcrop on the
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FIGURE 6: Outcrops in the southwestern Sichuan Basin.

surface, the preservation conditions may have been severely
disrupted, and under certain special conditions, the
Cambrian-Sinian hydrocarbon reservoirs may remain
locally. Large-scale basement and Sinian, Paleozoic, and Tri-
assic strata outcrop in the orogenic belt at the outer edge of
the thrust belt and the deformations of the thrust folds are
severe. Inside the Basin, the Mesozoic-Cenozoic strata are
mainly outcrop; the strata at the edges are old, and those
inside are new, and Cambrian-Carboniferous strata are gen-
erally absent (Figure 6). For example, the Hanshen 1 well
encountered 70-meter-thick Lower Cambrian strata below
the Permian and extended into the Sinian Dengying Forma-
tion for more than 200m. The drilling confirmed the
absence of Paleozoic and the relatively intact development
of Permian-Mesozoic strata; Silurian, Cambrian, and
Ordovician strata dominate the outcropping strata in the
Zhougong Mountain and southern area.

Moreover, this area is located on the margin of the
Sichuan Basin, with frequent tectonic activity, developed
faults, and relatively poor preservation conditions. Of the
outcropping strata in the Emei-Wawu Mountain tectonic
region, most are Cambrian and Ordovician, and a small por-
tion is the Sinian basement type, indicating that the caprock
suffered severe denudation, tectonic nappe, tectonic com-
pression, and uplift and that the hydrocarbon preservation
conditions are poor. Cenozoic and Mesozoic strata dominate
the interior of the Basin. For example, in the case of the
strata above the Jurassic strata outcrop on the surface in
the Daxingchang tectonic area, the interior of the Basin is

less exposed to stratigraphic denudation and tectonic action,
and the outcrops are new and better preserved than those on
the outer edge of the Basin [43]. Overall, the outcrops in
southwestern Sichuan Basin changed from old to new from
the edge of the Basin to the inside of the Basin, and the
Jurassic, Cretaceous, and Paleogene successively occurred,
reflecting the strength of the differential tectonic uplifts
and deformations of the orogenic front towards to the Basin.
Among them, the Jurassic and Cretaceous are both distrib-
uted, constituting the basement background of the Cenozoic
tectonic and sedimentary activity. Their preservation condi-
tions are also successively improved.

4.3. Chemical Characteristics of the Formation Water. The
metamorphic degree of formation water increases with the
depth of the stratum longitudinally, and the salinity gradu-
ally increases. The water type changes from NaHCO, type
in an open environment to CaCl, type in a closed environ-
ment [37]. The high mineralization and CaCl, water type
indicate that the formation has a strong sealing capacity
and good hydrocarbon preservation conditions; the low
mineralization and NaHCO; or Na,SO, water types indicate
that hydrocarbon dissipation channels have been created,
the formation water is in contact with the surface water,
and hydrocarbon preservation conditions are poor. The dif-
ferences in the formation water type and mineralization led
to large differences in the hydrocarbon preservation condi-
tions (Table 1). For the Gongshen 1 well, the formation
water mineralization in the Cambrian is 74.10 g/L, the water
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TaBLE 1: Chemical characteristics of shallow and deep formation water in key wells in southwest Sichuan and its relationship with main

control faults.

Distance to

. S Extension Fault . Mineralization
Well Stratigraphic unit Fault oth (km) displacement (m) mleéitc(okr;trf)d (g/L) Water type
Woshen 1 Wo 2 13.65 1000 0.4 0.84 NaHCO,
Zhougong 1 Zhou 2 37.75 1820 0.65 3.58 NaHCO,
Hanshen 1 Cambrian bottom 24 25.97 600 1.2 2.35 Na,SO,
Gong 2 Gong 1 36.21 2000 2.4 15.3 NaHCO;
Gongshen 1 Gong 1 36.21 2000 3.1 74.1 CaCl,
Zhougong 1 A 20.94 700 0.9 0.84 NaHCO,
Mal B 24.22 500 1.4 3.58 Na,SO,
Han 1 C 23.33 450 L5 0.878 NaHCO,
Ta 6 E 17.79 100 22 35.76 CaCl,
Zi7 Bottom of Upper Permian F 38.9 200 3.1 37.43 CaCl,
Gong 2 G 15.71 1000 3.4 6.08 NaHCO,
Laolong 1 H 13.3 200 3.65 21.6 CaCl,
Zi2 F 389 200 4.7 73.44 CaCl,
Zi9 F 38.9 200 49 51.13 CaCl,
Han 2 Han 20 5.83 100 0.6 0.72 NaHCO,
Ma 4 Ma 5 9.30 400 3.85 41.43 CaCl,
Han 5 11 7.97 300 0.83 0.81 Na,SO,
Gaoxun 1 . 2 7.05 100 1.1 6.65 Na,SO,
Triassic bottom

Han 3 Han 12 20.67 600 1.6 8.82 CaCl,
Zhougong 2 Zhou 2 48.29 900 1.62 16.66 Na,SO,
Wo 1 26 7.7 100 2.1 19.75 Na,SO,
Ma 12 Ma 3 7.31 100 4.1 46.68 CaCl,

type is CaCl,, and they are relatively good; for the Zhougong
1 and Hanshen 1 wells, the water types are NaHCO; and
Na,SO,, respectively, and they are poor. For the Ta 6 and
Zi 7 wells, the formation water mineralization values in the
upper Permian are 35.76g/L and 37.43g/L, respectively,
the water type is CaCl,, and they are relatively good. The
formation water mineralization for the Ma 1 well is 3.58 g/
L, the water type is Na,SO,, and the relatively poor hydro-
carbon preservation conditions. For the Ma 4 and Ma 12
wells, the formation water mineralization values in the Tri-
assic are 41.43 g/L and 46.68 g/L, respectively, the water type
is CaCl,, and they are relatively good.

In addition, the quantitative relationship between the
formation water mineralization of a single well and the dis-
tance between the well location and the dominating fault
was studied to analyze the influence of the dominating fault
on the measured production of the well, thereby analyzing
the effect of the fault on the hydrocarbon preservation con-
ditions. The statistical results show that in the Cambrian
strata, within 1.5 km from the dominating fault, the mineral-
ization values are less than 15.00g/L, the water type is
NaHCO;, and the preservation conditions are poor; in the
range of 1.5-3.0km from the dominating fault, mineraliza-
tion gradually increases, and they are moderate, which is
the transitional zone for preservation conditions; for the

wells with a distance greater than 3.0 km, from the dominat-
ing fault the mineralization values are greater than 40.00 g/L,
the water type is CaCl,, and they are good, the preservation
conditions are good, and the correlation coefficient R? of the
distance between the salinity and the main fracture is 0.5569
(Figure 7(a)). In the upper Permian strata, within 2 km from
the dominating fault, the mineralization values are less than
10.00 g/L, the water type is NaHCO,, and the preservation
conditions are poor; in the range of 2.0 to 4.0 km from the
dominating fault, the mineralization gradually increases,
the water type is Na,SO,, and they are moderate; for the
wells with a distance greater than 4.0 km from the dominat-
ing fault, the mineralization values are greater than 50.00 g/
L, the water type is CaCl,, and they are good, the preserva-
tion conditions are good, and the correlation coefficient R*
of the distance between the salinity and the main fracture
is 0.5706 (Figure 7(b)). In the Triassic strata, within 2km
from the dominating fault, the mineralization values are less
than 20.00 g/L, the main water type is NaHCO,, with the
Na,SO, type being occasionally observed, and the preserva-
tion conditions are poor; in the range of 2.0 to 5.0 km from
the dominating fault, the mineralization values are 20.00-
40.00 g/L, the water type is the Na,SO,, with the CaCl, type
occasionally being observed, the preservation conditions are
moderate, which is the transitional zone for preservation
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conditions; for the wells with a distance greater than 5.0 km
from the dominating fault, the mineralization values are
greater than 40.00 g/L, the water type is CaCl,, and the cor-
relation coefficient R* of the distance between the salinity
and the main fracture is 0.8675 (Figure 7(c)).

4.4. Caprock Characteristics. The sealing performance of the
caprock for the underlying reservoirs is an important hydro-
carbon preservation condition. Gypsum-salt rock and shale
are the two main types of the caprock. A good regional cap-
rock determines hydrocarbon preservation; that is, the
greater the thickness of the caprock, the better the hydrocar-
bon preservation. The main effective regional caprock are
mudstones at the bottom of the Xujiahe Formation,
Middle-Lower Triassic gypsum-salt rocks, and Lower Cam-
brian mudstones, and these three types of caprocks are
widely distributed with a large thickness value and good
sealing performance [44-46]. The thickness of the mudstone
at the bottom of the Xujiahe Formation is in the range of 5-
90 m, the thickness is generally less than 10 m, and the pres-

ervation of the caprock are moderate. The thickness of the
Middle Lower Triassic mudstone ranges from 50-600m
and is mainly concentrated in <100 m and 200-300 m, with
good sealing performance (Figure 8(a)). The thickness of
the Lower Cambrian mudstone is 30-190m, the thickness
is relatively large, generally >50 m, the maximum thickness
is >180m, and they are good (Figure 8(b)). Overall, the
regional caprocks inside the southwestern Sichuan Basin
are relatively intact, with large thickness values, good sealing
properties, and relatively good conditions. For example, the
Daxingchang tectonic zone in the Basin is less affected by
tectonic activity, and the regional caprock is well preserved.
However, the outer edge of the Basin is affected by strong
tectonic activity, caprock denudation is serious, and the
thickness values of the regional caprock are small. In the
Emei-Wawu Mountain structure, a large amount of pre-
Sinian basement strata outcrop onto the surface, indicating
that the regional caprock is totally damaged, forming a
denudation skylight, and most of the hydrocarbons have
been lost. In other words, the conditions of the caprock in
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TaBLE 2: The comprehensive evaluation system of the hydrocarbon preservation conditions of Cambrian formations.

Evaluati t
valuation parame ers Class I

Evaluation results

Class II Class III

>3.0

Less distributed, small fault
distance, and few cut-
through horizons

Distance to dominating fault/km

Fault development

Outcrops Jurassic-Triassic

Mineralization (g LY >40

Water type CaCl,

Caprock Large th1ckne?ss and good
sealing

<1.5

Widely distributed, large fault
distance, multiple cut-through layers,
and deep cut layers

1.5-3.0

Widely distributed, medium
fault distance, and more cut-
through horizons.

Silurian-Sinian
<15
NaHCO,

Permian-Devonian
15-40
MgCl,, Na,SO,

Moderately sealed Small thickness and severe erosion

TaBLE 3: The comprehensive evaluation system for hydrocarbon preservation conditions of the Upper Permian formations.

Evaluation parameters
valuation p Class I

Evaluation results

Class II Class III

>4.0

Less distributed, small fault
distance, and few cut-
through horizons

Distance to dominating fault (km)

Fault development

Outcrops Jurassic-Triassic
Mineralization (g-L'l) >50
Ca(l, is the dominant type,
Water type followed by MgCl,
Caprock Large thlckne.ss and good
sealing

<2.0

Widely distributed, large fault
distance, multiple cut-through layers,
and deep cut layers

2.0-4.0

Widely distributed, medium
fault distance, and more cut-
through horizons.
Silurian-Sinian
<10

Permian-Devonian
10-50

MgCl,, Na,SO, NaHCO;, Na,SO,

Moderately sealed Small thickness and severe erosion

TaBLE 4: The comprehensive evaluation system of hydrocarbon preservation conditions of Triassic formations.

Evaluati t
valuation parame ers Class 1

Evaluation results

Class II Class III

>4.0

Less distributed, small fault
distance, and few cut-
through horizons

Distance to dominating fault/km

Fault development

Outcrops Jurassic-Triassic
Mineralization (g/L) >40
CaCl, is the dominant type,
Water type followed by MgCl,
Large thickness and good
Caprock ¢ sealin ’
g

<2.0

Widely distributed, large fault
distance, multiple cut-through layers,
and deep cut layers

2.0-4.0

Widely distributed, medium
fault distance, and more cut-
through horizons.
Silurian-Sinian
<20

Permian-Devonian
20-40

MgCl,, Na,SO,, NaHCO;, Na,SO,,

Moderately sealed Small thickness and severe erosion

the southwestern Sichuan Basin gradually improve from the
orogenic belt outside the basin to the tectonic stability zone
inside the basin.

5. Discussion

5.1. Comprehensive Evaluation System of Preservation
Conditions. As mentioned above, hydrocarbon preservation
conditions are closely related to tectonic characteristics, out-
crop characteristics, formation water characteristics, and

caprock characteristics [47-52]. Fold deformation, fault cut-
ting, stratum uplift, denudation, surface water seepage, and
destruction of the pressure system are the fundamental
causes of the destruction and dissipation of the reservoirs.
Formation water type and mineralization are important fac-
tors. High mineralization and CaCl, water type often indi-
cate good hydrocarbon preservation conditions. The
outcrops on the surface are also closely related to the hydro-
carbon preservation conditions. A good regional caprock
determines the hydrocarbon preservation, the greater the
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FIGURE 9: Planar distribution of the comprehensive evaluation of hydrocarbon preservation in the Cambrian strata in the southwestern

Sichuan Basin.

thickness of the caprock, the better the hydrocarbon preser-
vation conditions. Based on these factors, scholars have con-
ducted comprehensive studies on hydrocarbon preservation
conditions in many basins and regions in China and estab-
lished comprehensive evaluation criteria [53-55]. Based on
these studies, we established a comprehensive evaluation
system (Tables 2-4), which divides the study area into Clas-
ses I, II, and IIT according to the differences in preservation
conditions, with Class I being the area with the best preser-
vation conditions.

5.2. Distribution Characteristics of Areas Favorable for
Hydrocarbon Preservation. The preservation conditions of
the Cambrian strata are generally good, and the distribution
range of Class I areas is large, mainly inside the Basin to the
east of Meishan-Hongya-Danling-Emei-Leshan-Ganwei-
Pingshan. In the Class I areas, the faults are less developed,
the fault distances are small, the formation water mineraliza-
tion values of the key wells are high (>40 g/L), the water type
is CaCl,, and the distances from the dominating fault are
>3km, and the formation pressure coefficient is generally

high (>1.3). The Class II areas are distributed close to the
edges of Class I areas, with a small distribution range, and
they are generally located in the southeastern part of the
Emei-Wawu Mountain tectonic system, which is mostly at
the edges of the Basin. The main outcrops of Class II areas
are the Permian-Devonian strata, with moderate tectonic
deformations and some developed small-scale faults. In
addition, the formation water mineralization values are high,
the water types are MgCl, and Na,SO,, and the hydrocarbon
preservation conditions are moderate, with certain explora-
tion potential. The hydrocarbon preservation conditions in
the Class III areas are the most unfavorable; the Class III
areas are mostly located in the orogenic belt outside the
Basin (such as within the Zhougong Mountain and Han-
wangchang structures), and the main outcropping strata
are Silurian, Cambrian, and Ordovician, and tectonic activ-
ity is frequent. The faults are densely distributed and accom-
panied by the large Tongtian faults; the Zhougong 1 and
Hanshen 1 wells produce freshwater in the Sinian system,
and the hydrocarbon preservation conditions are poor. The
pressure coefficient in the Laolongba tectonic zone is low,
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with low local pressure, poor sealing performance [56], and
damaged hydrocarbon preservation conditions that are not
conducive to hydrocarbon exploration (Figure 9).

The Class I areas of the upper Permian strata in the
study area are consistent with the Cambrian strata. These
areas are mostly located in the interior of the Basin, with
small degrees of fault development, small fault distances,
high formation water mineralization values in key wells,
and a CaCl, water type. In addition, the distances from the
dominating faults are generally greater than 4km, and the
mineralization values are greater than 50 g/L. The Class II
areas are mostly located at the edges of the Basin, the distri-
bution ranges are small, and the extension lengths of the
fault are generally greater than 12km. The distances from
the dominating faults Class II areas are generally in the
range of 2-4km, the water type is Na,SO,, with the CaCl,
type being occasionally observed, and the mineralization
values are between 10 and 50 g/L. The distribution range of
the Class III areas is significantly smaller than that of the

Cambrian strata, and the Class III areas, which have poor
hydrocarbon preservation conditions, are mostly located in
the orogenic belt outside the Basin, with extensive fault
development. The fault extension lengths are generally
greater than 15km (such as in the Zhougong Mountain
area). Wells within 2km of the faults with fault distances
greater than 400 m mainly produce freshwater, mostly the
NaHCO; type, and low mineralization values (Figure 10).
The comprehensive evaluation results of the Triassic
strata have the best agreement with those of the upper Perm-
ian strata. The Class I areas are mostly in the interior of the
Basin to the east of Tianquan-Mingshan-Hongya-Danling-
Jiajiang-Leshan-Qianwei-Yibin-Pingshan, with a small degree
of fault development, small fault distances, high mineraliza-
tion values of the formation water in key wells, a CaCl, water
type, distances from the dominating fault generally greater
than 4km, and mineralization values greater than 40g/L.
The Class II areas are less well distributed. They are mainly
located along the Danling-Jiejiang-Emei-Muchuan-Pingshan,
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with fault extension lengths greater than 20km. They are
within 2-4km of the faults with fault distances greater than
350 m, moderate fault developments, medium formation
water mineralization, and moderate hydrocarbon preservation
conditions. The Class III areas, which have the smallest distri-
bution range, are mainly in the northwestern part and are near
the Gong 2 and Gongshen 1 wells. Overall, the Class III areas
are within 2km of faults with fault extension lengths greater
than 20 km and fault distances greater than 350 m or is located
in a fault-intensive area. The key wells mainly produce the
NaHCO; and Na,SO, water types, with low mineralization
values. These areas have poor hydrocarbon preservation con-
ditions (Figure 11).

6. Conclusion
(1) The southwestern Sichuan Basin has two obvious

tectonic layers (the upper and lower). Middle Trias-
sic detachment and derived thrust faults dominate

the upper tectonic layer. In contrast, the lower tec-
tonic layer has concealed structures composed of
basal detachment faults and derived thrust faults.
The preservation conditions of the lower tectonic
layer are better than those of the upper tectonic
layer. The fault strikes of the major horizon forma-
tions (Cambrian, upper Permian, and Triassic) have
good inheritance

(2) The study area mainly consists of three sets of

high-quality caprocks, ie., Middle-Lower Triassic
gypsum-salt rocks, Lower Cambrian mudstones,
and mudstones at the bottom of the Xujiahe For-
mation, and the first two have a large thickness
and a high sealing capacity values. When the dis-
tances from the fault are large, the formation water
mineralization is high, and the water type is CaCl,,
the corresponding hydrocarbon preservation condi-
tions are good
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(3) The characteristics of the faults, formation water
type, outcrops, and caprocks were selected as the
most important parameters. Evaluation criteria for
the hydrocarbon preservation conditions in key
horizons were established, and the classification of
hydrocarbon preservation conditions (Class I, II,
and III) was completed. Class I areas are the most
favorable areas for hydrocarbon preservation. The
distribution ranges of the different strata are rela-
tively wide and similar and are mainly located within
the Basin. Hydrocarbon preservation conditions
progressively improve from outside to inside the
Basin
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