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Abstract

The Jurassic Badaowan Formation on the southern slope of the Mahu Sag has
a shallow burial depth and abundant oil and gas resources. On the basis of clar-
ifying the basic characteristics of the reservoir, an in-depth analysis is con-
ducted on the control of sedimentation and diagenesis on the reservoir genesis.
The reservoir is mainly composed of lithic sandstone and feldspathic lithic
sandstone; the types of reservoir space are mainly intergranular pores and in-
tragranular pores, belonging to a low-porosity and ultra-low-permeability res-
ervoir. The sedimentary environment is the underwater distributary channel
of the delta front subfacies, and the distribution of sedimentary facies deter-
mines the distribution of sand bodies. Compaction is the main factor destroy-
ing primary pores. The changes in reservoir physical properties are mainly con-
trolled by sedimentation and diagenesis. Sedimentation lays the material foun-
dation for reservoir formation, while diagenesis plays a role in later transfor-
mation of the reservoir. The research results can provide ideas and directions
for the next exploration and development of the Mahu Sag.
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1. Introduction

The Mahu Sag is one of the core target areas in the oil and gas exploration field of
the Junggar Basin (Wu et al., 2022; Wang et al., 2023; Chen et al., 2018; Hou et al.,
2017). Current research results are all based on the analysis and research related
to the sedimentary and reservoir-forming characteristics of the Badaowan For-

mation. The research on the genetic mechanism of the Badaowan Formation res-
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ervoir is not yet systematic. The study of the reservoir genetic mechanism can
accurately predict the distribution of favorable reservoirs for exploration, improve
the exploration success rate and save costs. At the development level, it can clarify
the reservoir heterogeneity and then optimize the development plan. For the late-
stage development, it can help tap the potential of remaining oil, extend the de-
velopment life of the reservoir, and improve the development efficiency of oil and
gas fields (Song, 2020; Ma et al., 2018) Therefore, analyzing many geological pro-
cesses such as the type of cement, pore structure and basic characteristics, particle
sorting, and diagenesis of the reservoir, and finally clarifying the controlling fac-
tors of reservoir formation can provide theoretical reference and practical experi-

ence for the next-step oil and gas exploration work.

2. Study Area Overview

The western side of the Mahu Sag is bounded by the Kebai Fault Zone, the north-
ern side is adjacent to the Wuxia Fault Zone, and the southern side forms a basin
margin contact zone with the Zhongguai Uplift. On the eastern side, the Dabason
Uplift, Xiayan Uplift, Yingxi Sag, and Shiyingtan Uplift are successively distrib-
uted from south to north, forming an intra-basin secondary tectonic framework
with alternating uplifts and sags (Qin et al., 2023; Qian et al., 2025). Since the Per-
mian, the tectonic evolution of the Mahu Sag and its periphery in the Junggar
Basin can be divided into four stages. Each stage has distinct stratigraphic charac-
teristics. The foreland fault-depression period (Lower Permian P,j - P:f) is char-
acterized by thick strata near the footwall of the thrust nappe and thin strata near
the lake basin area; the fault-depression to depression transition period (Middle
Permian P,x - P,w) shows the trend of thinning strata near the fault zone and
gradually thickening strata near the lake basin area; the early depression filling
period (Upper Permian P;w - Lower Triassic T b) is manifested by thick strata
near the lake basin area and thin strata near the provenance area; the depression
period (Middle Triassic Tk - Jurassic J-Cretaceous K) with approximately equal
stratum thickness within the sag range(Meng et al., 2024).

The study area is located on the southern slope of the Mahu Sag. The Badaowan
Formation was formed in the early Mesozoic Jurassic. Its stratum thickness ranges
from 70 to 700 meters. The overlying stratum is the Sangonghe Formation, and
the underlying stratum is the Baijiantan Formation. The lower part of this for-
mation consists of gravel-bearing non-equal-grained sandstone, thin and thick in-
terbeds of fine sandstone and glutenite; the middle part is argillaceous siltstone;
the upper part is mainly gray medium-fine sandstone, intercalated with thin and
thick interbeds of gray mudstone and shale, and a small amount of coal seams
locally appear. J;b is a braided river delta front deposit, which is subdivided into
the first member (],b;), the second member (J;b,), and the third member (J;b;) of
the Badaowan Formation, mainly developing sedimentary microfacies such as
inter-distributary channels, underwater distributary channels, and interfluve bays
(Figure 1).
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Figure 1. Location map of the study area and comprehensive stratigraphic columnar section (modified according to reference (He

et al., 2018)).

3. Reservoir Characteristics

3.1. Petrological Characteristics

In the south slope of Mahu Sag, the quartz and feldspar grain contents in the Ba-
daowan Formation reservoir are relatively low, and the lithology is mainly lithic
sandstone and feldspathic lithic sandstone. In the rock mineral composition, the
average contents of quartz, feldspar, and lithic fragments are 25.56%, 11.65%, and
62.79% respectively (Figure 2). The detrital components are relatively abundant,
mainly including granite, andesite, phyllite, tuff, mica, etc. (Table 1). The matrix
is mainly kaolinite, followed by micrite siderite; the cements are mainly ferrocal-
cite, siderite, etc. In terms of rock texture, the particle shape is mainly sub-
rounded, and the sorting degree is between moderate and good; in terms of ce-
mentation type, the pressure-embedded type is dominant, followed by the pres-

sure-embedded-pore type.

3.2. Physical Properties and Characteristics of Reservoir Spaces

The physical properties of the reservoir are the key factors determining its reser-
voir performance, and the magnitudes of porosity and permeability are the intui-
tive manifestations of the physical properties. Core samples were measured three
times in duplicate using a Micromeritics AutoPore V instrument for mercury in-
trusion capillary pressure (MICP) measurements (pore range: 0.1 - 300 um). The
measurement process followed the ASTM D4404-10 standard. A total of 28 core
samples and 25 mercury intrusion analysis samples were collected from 8 wells in
the study.
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Figure 2. Sandstone classification triangular diagram of the badaowan formation on the
southern slope of the mahu sag.

Table 1. Statistics table of lithological and mineralogical compositions of the badaowan
formation on the south slope of the mahu sag.

Stratum Badaowan Formation
Quartz/% 25.56
Feldspar/% 11.65
Granite 6.20
Igneous rock Andesite 2.08
Felsite 6.74
Siliceous rock 1.64
Phyllite 2.17
Metamorphic rock  Mica quartz schist 1
Rock debris/% Quartzite 1.83
Rhyolite 5.71
. Carbonate clastics 2
Sedimentary rock
Yuff 31.86
Siderite pellets 1.13
Mica 0.16
Other 0.27
Sample/block 35

The measured permeability of the reservoir is mainly distributed between 0.1
and 10 mD, with an average of 1.88 mD. It can be seen that the Badaowan For-
mation reservoir belongs to a low-porosity and ultra-low-permeability reservoir
(Figure 3(a)). The measured porosity of the core of the Badaowan Formation res-
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ervoir is mainly distributed between 6.0% and 14.0%, with an average of 11.2%
(Figures 3(b)). The types of reservoir space in this reservoir are mainly intergran-
ular pores and intragranular pores, followed by structural fractures. Among them,
intragranular pores are mostly developed in rock fragments and are formed by
dissolution (Figure 4).
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Figure 3. Histogram of physical property frequency distribution in the bayidaowan formation (a. Permeability frequency distribution
histogram; b. Histogram of porosity frequency distribution)

Figure 4. Histogram of permeability frequency distribution in Bayidaowan Formation(a. MH Well 12, 2799.00 m, Jib:, X50; b. MH
Well 13, 3015.63 m, Jibi, x100)

This study is limited by the small sample size (28 cores and 25 mercury intru-
sion samples), which may affect regional extrapolation. The data mainly reflect
the local differences within the study area; more extensive applications need to be
verified with additional samples to explain the corresponding variations. Future
research should incorporate a larger number of samples and sample types to ex-

pand the spatial coverage.

3.3. Pore Structure

The microscopic pore structure of the reservoir directly affects the seepage capac-

ity of the reservoir. The parameters obtained from the mercury injection experi-
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ment are used to quantitatively describe the pore structure of the reservoir, and
the impacts of the pore-throat size, sorting, and connectivity of the reservoir on
the reservoir physical properties are analyzed. The correlation relationships be-
tween the four parameters characterizing the pore-throat size, namely the dis-
placement pressure, median pressure, median radius, and mean coefficient of the
reservoir, and the permeability are clarified. It is found that the displacement pres-
sure and median pressure are negatively correlated with the permeability, while
the median radius and mean coefficient are positively correlated with the perme-
ability. That is, the above laws indicate that the larger the pore-throat (corre-
sponding to the decrease in displacement pressure and median pressure, and the
increase in median radius and mean coefficient), the greater the permeability of

the reservoir (Figure 5).
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Figure 5. Relationship diagram between pore-throat size characterization parameters and permeability of the Badaowan Formation.

Parameters characterizing the pore-throat sorting characteristics mainly in-
clude the pore-throat sorting coefficient and the coefficient of variation. Gener-
ally, the lower the pore-throat sorting coefficient, the better the pore-throat sort-
ing and the more uniform the distribution. The coefficient of variation also fol-

lows this rule, and theoretically, both are negatively correlated with reservoir per-
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meability.

However, an abnormal phenomenon occurs in the target layer section of the
study area: both the pore-throat sorting coefficient and the coefficient of variation
are positively correlated with permeability (Figure 6). This particularity is closely
related to the inherent properties of the Badaowan Formation reservoir. Since this
reservoir is of the low-porosity and low-permeability type, with complex pore
types, and a large number of small throats are developed, occupying the vast ma-
jority of the throat space, which greatly limits the conventional performance of
the sorting coefficient and the coefficient of variation.

The situation where the rock permeability increases with the increase of the
sorting coefficient (o) needs to be comprehensively judged in combination with
the characteristics of the pore-throat system and geological action conditions.
There are mainly two cases: First, when there is partial dissolution of framework
particles in the rock (such as the dissolution of feldspar and carbonate cements),
the increase in the sorting coefficient (6 = 1.2 - 1.8) is accompanied by fine-
grained materials that could potentially block the pore throats. However, the for-
mation of secondary large pores will offset this negative effect and form supple-
mentary channels for fluid flow, thus increasing the permeability with the increase
of the sorting coefficient. Second, in rocks dominated by primary pores and with-
out secondary pores, when the sorting coefficient increases from the medium sort-
ing stage (0 = 1.2 - 1.8), the particles are loosely stacked due to the moderate dif-
ference in particle size, forming a pore network with better connectivity and mod-
erate throat width. Compared with rocks with good sorting (where particles are
closely packed and throats are narrow) or extremely poor sorting (where the pro-
portion of fine grains is too high and throats are blocked), the permeability is
higher. However, this rule requires the preconditions of no strong cementation,
pores not filled with cement, and the sorting coefficient only “moderately increas-

ing” (not reaching the extremely poor level). Essentially, it is the coupling effect
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Figure 6. Relationship diagram between pore-throat sorting characterization parameters and permeability of the Badawan

Formation.
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of the influence of the sorting coefficient on the pore-throat connectivity and the
development of secondary pores or the particle packing structure. The core is to
ensure that the fluid flow channels (throats) are not blocked and have good con-
nectivity (Lei et al.,2022).

Specifically, when the pore-throat sorting coefficient of the reservoir is high, it
actually reflects a deterioration in pore-throat sorting, but at this time, the fre-
quency of large throats will increase accordingly; and the increase in large throats
can effectively improve the reservoir permeability, ultimately resulting in this
curve relationship that does not conform to the typical law.

Generally speaking, the larger the maximum pore-throat radius and the higher
the mercury withdrawal efficiency, the better the connectivity of the pore-throat,
and the higher the permeability of the sandstone. The maximum pore-throat ra-
dius of the Badaowan Formation is positively correlated with the permeability,
while the mercury withdrawal efficiency is negatively correlated. The reason for
the decrease in mercury withdrawal efficiency is the strong microscopic heteroge-
neity of the reservoir and the uneven distribution of pore sizes. When the sorting
coefficient is large, the permeability is only a representation of the large porosity,
and the pore-throat connectivity is poor. As a result, a large amount of mercury
remains in the small pores after mercury withdrawal, thus reducing the mercury

withdrawal efficiency (Figure 7).
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Figure 7. Relationship diagram between pore-throat connectivity characterization parameters and permeability in the Badaowan

Formation.

According to the mercury injection data analysis, the pore structure charac-
teristic types of the Badaowan Formation can be divided into three categories:
L, II, and III, representing good reservoirs, poor reservoirs, and very poor res-
ervoirs respectively. Among them, the pore-throat combination of type I res-
ervoirs is mainly medium pores and medium throats, with medium porosity
and medium permeability, well-developed pores, and the typical capillary pres-
sure curve shape is fine skewness. The pore-throat combination of type II res-

ervoirs is mainly relatively fine pores and relatively fine throats, with low po-
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rosity and low permeability, poor physical properties, and poorly developed
pores, and the typical capillary pressure curve shape is extremely fine skewness.
The pore-throat combination of type III reservoirs is mainly fine pores and fine
throats, with low porosity and low permeability, poor physical properties, and
poorly developed pores, and the typical capillary pressure curve shape is ex-

tremely fine skewness (Table 2).

Table 2. Pore characteristics table of the badaowan formation on the south slope of the mahu sag.

Category Pore Characteristics Throat Characteristics Physical Property Performance Curve Morphology
Typel Medium Medium Relatively Good Slightly Fine
Type II Relatively Fine Relatively Fine Poor Moderately Fine
Type III Fine Fine Poor Fine

The pore structure samples of the Badaowan Formation on the southern slope
of the Mahu Sag are classified into types I, II, and III. Among them, type I has an
average permeability of 172.0 x 10 um?, an average displacement pressure of 0.23
MPa, an average median pressure of 3.64 MPa, an average median radius of 1.11
um, and an average capillary radius of 3.57 um. Type II has an average permeabil-
ity of 1.28 x 107 um?, an average displacement pressure of 0.54 MPa, an average
median pressure of 9.35 MPa, an average median radius of 0.09 pm, and an aver-
age capillary radius of 0.54 um. Type III has an average permeability of 0.568 x
107 um?, an average displacement pressure of 1.86 MPa, an average median pres-
sure of 5.70 MPa, an average median radius of 0.01 um, and an average capillary
radius of 0.16 um (Table 3).

Table 3. Comprehensive classification table of pore structures in the badaowan formation on the south slope of the mahu sag.

Stratigraphic Horizon Badaowan Formation
Category Type I Type II Type II1
Statistical Range Max Min Avg Max Min Avg Max Min Avg
Porosity (%) 20.3 11.2 13.84 10.7 9 9.66 7.8 7.3 7.5
Permeability (107 pm?) 4010.0 71.6 172.0 3.23 0.067 1.28 1.66 0.01 0.568
Median Saturation Pressure (MPa) 8.08 0.08 3.64 17.8 4.69 9.35 17.11 0.00 5.70
Median Saturation Radius (pm) 9.57 0.09 1.11 0.16 0.04 0.09 0.04 0.00 0.01
Displacement Pressure (MPa) 0.61 0.01 0.23 1.37 0.11 0.54 291 0.57 1.86
Maximum Pore Radius (pm) 65.58 1.21 12.66 6.8 0.54 2.51 1.30 0.25 0.63
Average Capillary Radius (pm) 18.11 0.3 3.57 1.22 0.14 0.54 0.31 0.06 0.16
Pore-Throat Volume Ratio (%) 3.25 1.12 1.81 1.95 1.24 1.63 2.80 1.46 2.20
Unsaturated Pore Volume Percentage (%) 32.87 5.05 21.61 46.52 23.76 32.30 62.41 44.88 53.35
Mercury Withdrawal Efficiency (%) 47.11 23.54 36.80 44.64 33.87 38.45 40.71 26.30 32.35
Number of Samples 20 7 3
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4. Analysis of the Genetic Mechanism of the Reservoir
4.1. Authors and Affiliations

The sedimentary environment of the Bachu Formation reservoir in the study area is
mainly the delta front sub-facies, and the main reservoir is the underwater distribu-
tary channel micro-facies. From the relationship between sedimentary facies charac-
teristics and sand-body distribution, the underwater distributary channels are dis-
tributed in a continuous sheet, and the distribution of sand-bodies is controlled by
the distribution of sedimentary facies. Specifically, the sand-bodies in the distributary
channel area have a large thickness and good physical properties. When extending
to both sides of the channel, the sand-bodies gradually thin. The position of the inter-
distributary bay is unstable, and its sediments are mainly mudstone, silty mudstone,
dense fine-grained sandstone interbedded with mudstone, etc. Compared with the
sand-bodies in the distributary channel area, the physical properties are significantly
worse. However, this dense layer in the inter-distributary bay can form a good barrier

layer, which can effectively prevent the lateral migration of oil and gas, and is very
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Figure 8. Division of single well sedimentary cycle and sedimentary facies of MH Well 12.
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beneficial to the enrichment and accumulation of oil and gas (Figure 8).
Subaqueous distributary channels are the main places for sand body accumula-
tion. The areas with large sand body thickness correspond to the development po-
sitions of subaqueous distributary channels (Figure 9). The transportation and dep-
osition of water flow thicken the sand bodies. In Figure 10, the areas with better
porosity mostly overlap with the areas with large sand body thickness in Figure 9.
Because the sand bodies deposited in subaqueous distributary channels have mod-
erate grain size, good sorting and rounding, which are conducive to the formation
of reservoirs with good connectivity and well-developed pores. That is, the develop-
ment areas of subaqueous distributary channels (thick sand body areas) are often
the areas with better porosity. The spatial distributions of the two are related, re-

flecting the controlling effect of sedimentary facies on reservoir physical properties.

4.2. The Transformation of Reservoirs by Diagenesis

Before the sediment is transformed into sedimentary rock after deposition until
the occurrence of metamorphism, or before it is uplifted to the surface by tectonic
movement and undergoes weathering, the influence of physical, chemical, biolog-

ical and other factors it experiences is collectively referred to as diagenesis. This
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Figure 9. Isoline map of Jib: sand body thickness.
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Figure 10. Contour map of porosity in Jib: reservoir.

process can change the composition, structure and texture of the rock, thus leading
to changes in the number, type, structure and permeability of reservoir pores. For
the reservoir of the Badaowan Formation, the diagenesis that occurs mainly includes
compaction, pressure solution, cementation, dissolution and metasomatism.

Compaction and pressure solution are remarkable in the strata of the Badaowan
Formation. Affected by overlying gravity, hydrostatic pressure and tectonic defor-
mation stress, the particles in this stratum are arranged closely and directionally,
causing the pore fluid to be expelled and resulting in poor physical properties.
Plastic particles such as phyllite debris and mica are bent and deformed. At the
same time, intense mechanical compaction also causes the fracture of rigid parti-
cles such as quartz, feldspar and volcanic debris. The detrital particles are mainly
in linear contact, and some show sutured contact, indicating the existence of pres-
sure solution (Figure 11).

Since the porosity loss caused by mechanical compaction is irreversible, it is a
destructive diagenesis. Its macroscopic effect is that with the increase of burial
depth, the physical properties of sandstone deteriorate, which is the main factor
for the decline of reservoir physical properties in the study area.

Cementation is also one of the important reasons for reducing the porosity and
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Figure 11. Observation of cast thin sections of the badowan formation reservoir (Compaction) (a. MH Well 201, 2429.5 m, Jiby,
x50, mica deformation; b. MH Well 12, 2806.36 m, Jibi, x50, The clastics are directionally distributed;c. MH Well 13, 3013.06 m,
Jibi, x50, particle breakage; d. MH Well 13, 3050.67 m, J1b1, x50, linear contact between particles).

permeability of the reservoir and damaging the reservoir. According to the differ-
ent cements, cementation can be subdivided into calcite cementation, clay mineral
cementation, illite cementation, illite-smectite mixed-layer cementation, etc. The
cementation of the Bachuwan Formation reservoir is generally relatively devel-
oped, and the main cementation types include ferrocalcite cementation, siliceous
cementation (quartz overgrowth), and clay mineral cementation.

The cementation of carbonates has a certain destructive effect on the reservoir.
Although some calcite dissolution pores may appear, the improvement effect of
these dissolution pores on the physical properties of the reservoir is not obvious.
The carbonate mineral cementation in the Bachuwan Formation is relatively
weak, mainly ferrocalcite cementation is observed. Calcite is distributed in a star-
like shape, and dolomite cement is sporadically developed locally (Figure 12).

The formation of quartz secondary enlargement rims is formed by the growth
and connection of silica dissolved in formation water with the surface of clastic
particles as a common substrate. In the Badaowan Formation, quartz secondary
enlargement generally grows towards the pores, filling the pores, thereby blocking
the throats and reducing the physical properties of the reservoir. Siliceous cemen-
tation is relatively common in the clastic rocks within this formation. Quartz

grains mostly show irregular narrow-rimmed secondary enlargement, playing a
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role in cementing clastic particles (Figure 13).

Figure 12. Carbonate cementation of the Badowan Formation reservoir (a. MH Well 12, 2801.5 m, Jib1, x100, Calcite is distributed
in star-shaped dots. b. MH Well 13, 2928.25 m, Jib1, x50, dolomite cement).

WD=15.9mm o nal A= sE2 ﬁ
EHT = 15.00 KV
Figure 13. Observation of cast thin sections of the badawan formation reservoir (siliceous cementation) (a. MH Well 13, 3013.06
m, Jib1, X100, quartz secondary; b. MH Well 13, 2929.52 m, Jibi, X100, quartz secondary enlargement rim).

The morphology and properties of authigenic clay minerals lead to a two-sided
impact on the physical properties of the reservoir. Authigenic clay minerals filling
between pores will directly occupy the pore space and reduce the porosity of the
reservoir, thus playing a destructive role in the reservoir physical properties at this
time. However, clay films with special properties and occurrences can protect the
remaining intergranular pores. Common authigenic clay mineral cements in the
sandstones of the Badaowan Formation include kaolinite, illite, chlorite, and il-
lite/smectite mixed-layer minerals (Figure 14). Among them, chlorite mainly ap-
pears in two ways: chlorite films and aggregates filling pores. While reducing the
porosity, it can also impede the further reaction between pore water and grains,
limit the development of quartz secondary enlargement, and is conducive to the
preservation of primary pores. In contrast, coarse-crystalline kaolinite, book-like

and filament-like illite filling pores will lead to a decrease in the reservoir porosity.
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Figure 14. Observation of thin sections of the Badawan Formation reservoir (clay mineral cementation) (a. MH Well 13, 3050.67
m, J1b1, x50, chlorite cementation; b. MH Well 13, 2929.52 m, J:b1, X100 illite cementation).

Dissolution is a common type of diagenesis in sandstones, which has a good
effect on improving reservoir physical properties. Dissolution widely exists in the
target layers of the study area. Dissolution phenomena commonly occur in vari-
ous soluble components in reservoir rocks, mainly soluble detrital grains, followed
by matrix and cements (Figure 15). This process provides a certain proportion of
secondary pores for the Badaowan Formation, improves the physical properties

of the reservoir, and belongs to constructive diagenesis.

Figure 15. Observation of cast thin sections of the badawan formation reservoir (Dissolution) (a. MH Well 12, 2799.00 mm, Jib1,
%100, Matrix dissolved pores; b. MH Well 13, 3013.06 m, Jib, X100, particle dissolution pores).

The metasomatic effect is the process of material composition injection and es-
cape, which is a replacement phenomenon that occurs after changes in tempera-
ture, pressure, and the chemical composition of the solution. The entire process
of metasomatism occurs in the solid state with the participation of a solution; the
decomposition of the original minerals and the formation of new minerals occur
simultaneously. The alteration of the chemical composition of the original rock
and the formation of various metasomatic textures in the newly formed rock are

two significant characteristics of metasomatism. In the Badaowan Formation, the
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detrital grains that are metasomatized are mainly quartz, feldspar, and rock frag-
ments, and the cement that is metasomatized is mainly the secondary enlargement

rims of quartz, biotite, etc.

5. Conclusion

The rocks of the target layer in the study area are mainly lithic sandstone and
feldspathic lithic sandstone. Among the cements, carbonate is dominant, followed
by kaolinite and argillaceous materials. The main cementation type is pressure-
embedded type, with pore-pressure-embedded type being the second. The reser-
voir is characterized by low porosity and extra-low permeability. Its reservoir
space is mainly composed of intergranular pores and intragranular pores, and the
proportion of structural fractures is relatively low.

The variation of reservoir physical properties is jointly controlled by sedimen-
tation and diagenesis. Sedimentation lays the material foundation for the for-
mation of the reservoir. The reservoir’s physical properties are positively corre-
lated with the sand content, and the distribution of sand bodies is determined by
the distribution of sedimentary facies. Diagenesis plays a role in the later modifi-
cation of the reservoir. Compaction is the main factor that destroys the primary
pores. The pressure solution effect is not significant. The cementation is generally

well-developed, and at the same time, metasomatism also occurs.
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