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Abstract
This study researches an important genetic type of Paleogene sublacustrine fan deposits in widely developed glutenite bodies 
in the northern Chezhen Sag. The Paleogene sublacustrine fans in the Bohai Bay Basin are primarily distributed in  Es3 (The 
third member of Paleogene Shahejie Formation). There are many sedimentary types in Chezhen depression, but understand-
ing of the reservoir is too limited to support a development strategy. Therefore, a detailed study on the core characteristics, 
sedimentary structure, sedimentary microfacies and reservoir properties has been completed in order to reduce uncertainty. 
It is confirmed that the sublacustrine fan deposits are mostly characterized by a positive cycle of upward thinning, and the 
base is composed of conglomerate supporting conglomerate and massive gravel sandstone, which reflect the sedimentary 
characteristics of traction and gravity currents. Finally, the influence of sedimentary process on properties was assessed by 
establishing the correlation between microfacies and reservoir physical parameters, such as porosity, permeability, detrital 
particle. It is revealed that the sublacustrine fan glutenite body formed in the deep depression period is interspersed with 
deep- to semi-deep lake source rocks. The superior source–reservoir–caprock combination is one of the most important 
exploration targets in the northern zone.

Keywords Chezhen Sag · Sedimentary facies · Paleogene · Sublacustrine fan

Introduction

The fan-shaped clastic rock mass caused by deep water grav-
ity flow in the lake basin is defined as a sublacustrine fan 
(Liu and zhao 1984). Researchers usually refer to turbidite 
fans in deep water lake environments as sub-lake fans. Geo-
graphically, sub-lake fans can be located on steep banks, 
gentle banks, or deep horizontal plains and can be formed 
by the gravity of floods, which directly inject a current into 

the deep water area. The fan can also be formed by the rapid 
accumulation of sediments in the fan delta or at the front 
edge of underwater alluvial fans. The granularity of the for-
mer fans is finer, whereas the granularity of the latter is often 
coarser (Fan 2007). Evidence indicates that the Paleogene 
sublacustrine fans in the northern zone of the Chezhen Sag 
can be divided into two or three types. Liu et al. (2003) 
divided sublacustrine fans into channel-type and lenticular 
fans according to the formation mechanism of the lacustrine 
turbidity currents. Turbidite reservoirs are believed to be 
among the most oil-bearing reservoirs, and their internal 
changes are controlled by many factors, such as the tectonic 
background, the sedimentary environment, and diagenesis 
(Liu et al. 2003). Generally speaking, sedimentary facies 
types can be divided into different types according to their 
genetic mechanism, seismic characteristics, sedimentary 
characteristics and differences in core sedimentary units 
(Shehata et al. 2021). They have not only broad common-
alities, but also their own particularities (Haghjoue et al. 
2021). Sublacustrine fans were usually classified into slump 
and channel types based on the sedimentary structure, or 
they can be divided into sublacustrine fans into non-hydro 
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channelized sandy detrital flow lake fans, non-hydro chan-
nelized turbidity current lake fans, and channelized lake 
bottom fans according to the development degree of the fan 
channel (Nguidi et al. 2021; Cumberpatch et al. 2021).

Researchers have recently studied the glutenite fan in the 
northern zone of the Chezhen Depression. The Paleogene 
 Es3–Es1 in the Chezhen Sag is divided into four three-level 
sequences. The study area is believed to primarily contain 
fan delta and nearshore subaqueous fan sedimentary facies. 
The Paleogene  Es3

1–Es2
3 of the Chezhen Sag was further 

divided into the lowstand, lacustrine transgressive, and 
highstand system tracts. The developed sedimentary facies 
in each system tract have been studied (Wang et al. 2005). 
Peng et al. (2007) studied the sedimentary facies developed 
in  Es3

3 of Block C66 and believed that slump turbidite fan 
and sublacustrine fan deposits developed in the area (Peng 
et al. 2007). Xian et al. (2006) studied the sedimentary facies 
of Paleogene  Es4–Es2

3 and believed that  Es4
3,  Es4

1,  Es3
3, 

and  Es3
2 developed alluvial fan deposits, fan deltas and a 

few turbidite fans, extensive nearshore underwater fans and 
sublacustrine fan deposits, and nearshore submarine fans and 
small-scale sublacustrine fan deposits, respectively; from 
 Es3

1to  Es2
3, the sedimentary facies developed nearshore 

submarine fans, fan deltas, and small-scale sublacustrine fan 
deposits (Xian 2005). Wang et al. (2006), Xian et al. (2007), 
and Lu et al. (2008) conducted a detailed study on the fault 
structure in the northern zone of the Chezhen Depression 
and categorized four types of fault structures: slab, shovel, 
stepped, and sloped. The type of fault structure is believed 
to significantly affect the development of sedimentary res-
ervoirs, which in turn affect the formation of hydrocarbon 
accumulations (Wang and Xian 2006; Xian et al. 2007; Lu 
2008).

Previously, seismic description technology was used to 
predict the distribution of glutenite effective reservoirs in the 
study area (Wang et al. 2008) using seismic high-frequency 
energy attenuation detection technology to predict the physi-
cal properties of the reservoir (Liu et al. 2009). Dividing 
glutenite reservoirs into fine stages (Wang et al. 2020) and 
determining a reasonable vertical development unit and 
effectively thin sand body and water injection (WAG)] type 
can effectively reduce the impact of vertical heterogeneity 
and significantly increase oil recovery (Wang et al. 2016). Li 
et al. (2008) studied the reservoir characteristics and influ-
encing factors of the Paleogene glutenite body in the north-
ern Chezhen zone and found low compositional and struc-
tural maturities. Intergranular and intragranular dissolved 
pores are the primary types of storage space. In addition, 
microfractures also have a storage capacity. The physical 
properties of the reservoir deteriorate as the burial depth 
increases; deep-seated pores become more developed; and 
accumulation, diagenesis, and abnormal pressure affect the 
three primary factors of the reservoir physical properties, 

among which the sedimentary facies zone is fundamental 
(Li et al. 2008). Lu et al. (2008) analyzed the Paleogene 
structural style in the Chezhen Sag and concluded that the 
structural style affected the quality of the reservoir by affect-
ing the vertical stacking mode, scale, deposition type, and 
sand body structure of the glutenite body (Lu 2008). The 
above-mentioned literature review reveals that the fault step 
and slope-type structural style areas are rich in sedimen-
tary types and are the most developed areas of favorable 
reservoirs; sublacustrine fans develop in the shovel-style 
structural area; and a single, thin layers of glutenite are a 
secondary favorable area. However, glutenite in plate-style 
structured areas has a narrow distribution and large single 
layer thickness with the worst reservoir quality. Based on 
the summary and analysis of previous studies, the deposi-
tion and reservoir research of the northern glutenite body 
in the Chezhen Sag has the following problems: first, the 
understanding of the sedimentary facies of the Paleogene 
sublacustrine fan in the study area is unclear, and accurately 
analyzing the distribution law of glutenite fans in various 
periods is difficult; second, the effectiveness of the reservoir 
in the study area is not sufficiently studied, and the lower 
limit of the effective reservoir physical properties and con-
trolling factors of glutenite bodies remain unclear. These 
problems have severely restricted further oil and gas explo-
ration of the glutenite body in the study area. This research 
systematically solves these problems, establishes an accurate 
deposition model and the distribution characteristics of the 
deposition system, and discusses the influencing factors of 
the sandstone physical properties, which played a prominent 
role in reservoir development.

Overview of the study area

The Bohai Bay Basin is located in the central area of the 
southeastern Eurasian Plate near the intersection of three 
major structural domains: the Pacific Ocean, the Tethys 
Ocean, and the Paleo-Asian Ocean. The superimposed 
composite basin within the North China Plate dates to the 
Mesozoic and Cenozoic (Fig. 1a). The Chezhen Sag is one 
of the four major subsags of the Jiyang Sag in the Bohai 
Bay Basin and is located in the northern part of the Jiyang 
Sag (Liu et al. 2013). The Chezhen Sag is composed of the 
Chexi, Dawangbei, and Guojuzi sub-sags. The study area 
is located in the central western Chezhen Sag, bounded by 
the Chengzikou Uplift to the north, the Yihezhuang Uplift 
to the south, and the Dawangbei and Chexi Sags to the east 
and west, respectively (Fig. 1b).
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Materials and methods

Materials

Through thin section observation and analysis of 76 
samples from 32 core Wells in The third member of 
Shahejie Formation in Chezhen sag, the detrital particle 

composition of each sub-member of the target formation 
in Chezhen sag was statistically analyzed (Table 1). On the 
whole, the contents of mica and chert in all subsections 
are very low. Due to provenance and sedimentation, there 
are some differences in the composition of clastic grains 
in each sub-member.

Due to the differences in the distance and hydrodynamic 
conditions between different sub-structural zones (steep 
slope zone, depression zone, gentle slope zone) and prov-
enance, the detrital particle composition of the faulted basin 
is also affected. Therefore, the detrital particle compositions 
of different secondary structural belts of the third member 
of Shahejie formation in Chezhen Sag were analyzed in 
this paper (Table 2). From the steep slope to the depres-
sion zone and then to the gentle slope zone, the content of 
clastic quartz increases gradually, the content of feldspar 
increases slightly but does not change much, the content of 
debris decreases obviously, and the hybrid base and cement 
also decreases. The above characteristics indicate that along 
the provenance direction, the compositional maturity of 
parent rock also increases with the increasing distance of 
transportation.

To further analyze the physical property distribution 
characteristics of different secondary structural zones in 

Fig. 1  Map of the study area a Location of the Bohaiwan Basin, bLocations of structures in the study area

Table 1  Statistical table of detrital particle composition of each sub-
member of the third member of Shahejie Formation in Chezhen Sag

Horizon Es3
3 Es3

2 Es3
1

Statistical well number 5 5 8
Sample number 23 23 30
Quartz 36.29 31.27 44.97
Potassium feldspar 4.9 13.57 14.48
Plagioclase 4.08 9.23 15.12
Magmatic debris 2.99 6.7 4.11
Metamorphic rock debris 25.61 16.3 16.68
Sedimentary rock debris 24.46 20.64 3.66
Mica 0.19 1.63 0.98
Flint 1.48 0.66 0

Table 2  Statistical table of detrital particles composition in each secondary tectonic zone of the third member of Shahejie Formation in Chezhen 
Depression

Secondary structure Horizon Quartz Feldspar Potassium 
feldspar

Plagioclase Rock debris Mica Matrix Cement

Steep slope zone Es3 25.3 22.8 12.1 10.7 51.8 0.1 11.7 11.6
Sag zone Es3 35.1 29.6 16.1 13.5 35.1 0.2 8.9 9.3
Gentle slope zone Es3 45.1 28.1 12.8 15.3 26.4 0.4 6.7 9.5
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the Chezhen Sag, we conducted a statistical analysis of the 
different levels of porosity and permeability of the reser-
voirs in each secondary structural zone (Table 3).

Methods

Sedimentary facies identification is mainly based on vari-
ous facies markers which are obtained and determined 
from geology and logging. Geological methods determine 
rock types and analyze their origin by studying the lithol-
ogy, structure and structure of sedimentary rocks and sedi-
ments (Abudeif et al. 2016). Through regional comparison 
and comprehensive application of color, lithology, struc-
ture and structure characteristics of sedimentary rocks and 
sediments, sedimentary facies are analyzed, palaeogeogra-
phy and palaeoenvironment are restored, and facies models 
are established (Radwan et al. 2021a, b, c). Logging facies 
method is to extract the change characteristics of logging 
curve (including amplitude and form, etc.) from a group 
of logging responses that can reflect formation characteris-
tics to describe the formation and use various pattern rec-
ognition methods to study the lithology and sedimentary 
environment of the formation (Radwan et al. 2021a, b, c).

In this study, 76 rock samples were collected from 32 
cores at different depths, such as C66, C660 and CG25. 
Using these rock samples, a large number of micro char-
acterization experiments have been carried out by means 
of optical or electronic microscope (Kassem et al. 2021), 
such as thin section analysis, scanning electron micro-
scope, X-ray diffraction analysis experiment, etc. On this 
basis, the characteristics of core, sedimentary structure, 
sedimentary facies and microfacies, and distribution of 
sedimentary system of paleogene sublustrine fan in the 
north belt of Chezhen Depression are systematically stud-
ied. For porosity in this study, Adobe Photoshop CS6 and 
Magic Wand Tool were used to select the ratio of pixels 
of pores in the cast slice in the dial to calculate the ratio of 
pores, and three cast slice photographs were selected for 
each sample to calculate the average value.

Results

Core characteristics

In this study, sublacustrine fans are divided into landslide 
sublacquer and channel sublacquer fans. The two types 
of sublacustrine fans have different core characteris-
tics. The slumping sublacquer fan is formed by further 
slumping of the nearshore underwater fan. The transport 
distance is relatively short, and the sorting roundness is 
poor. The gravel is mostly angular and sub-angular with 
a thick-layered block structure; the mudstone interlayer is 
less developed, crumpled, and enveloping; mudstone tear-
ing and other deformation structures are more developed 
(Fig. 2a, b).

The channel-type lake fan has a long transport distance, 
poor sortability, and good roundness. The gravel is mostly 
sub-circular and elliptical, and the fan has a small single-
layer thickness. An overlying erosion structure is visible. 
The ‘ABABAB’ (Sedimentary structure of atypical turbid-
ite) structure reveals parallel bedding sandstones of vary-
ing thickness above each graded bedding. The underlying 
layer was partially deformed owing to differential compac-
tion (Fig. 2c–f).

Sedimentary structure

Core observations revealed that an incomplete Bauma 
sequence is a very common feature in the sublacustrine 
fan deposits in the study area (Cui and Yang. 2011) that 
is primarily manifested as grain size progressive bed-
ding (Fig.  3a) and superimposed erosion. Structures 
(Fig. 3b) include, block bedding (Fig. 3c), parallel bed-
ding (Fig. 3d), warp bedding (Fig. 3e), horizontal bed-
ding (Fig. 3f), and lenticular bedding (Figure 3g). The 
deformed structures in the sublacustrine fan sediments in 
the study area include heavy-loaded structures (Fig. 3h), 
flame-like structures (Fig. 3i), ball pillow structures, land-
slide deformation structures, mudstone tearing debris, 
standing gravels, and boulders.

Single‑well facies analysis

The sedimentary facies map of the Chezhen Sag (espe-
cially the single-well facies analysis) uses the follow-
ing scale symbols: M-mud, diameter < 0.01 mm; Si-silt 
sand, diameter 0.01–0.1  mm; Sf-fine sand, diameter 
0.1–0.25 mm; Sm-medium sand, diameter 0.25–0.5 mm; 
Sc-coarse sand, diameter 0.5–1 mm; Gf-fine gravel, diam-
eter 1–10 mm; Gm-medium gravel, diameter 10–100 mm; 

Table 3  Statistical table of average reservoir physical properties of 
 ES3 sub-structural zones in Chezhen Sag

Horizon Secondary structure Average 
porosity (%)

Average 
permeability 
(×  10−3um2)

ES3 Steep slope zone 2.97 2.78
Sag zone 10.99 10.65
Gentle slope zone 12.12 11.46
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Gc-coarse gravel, diameter is 100–1000 mm; coarse gravel 
is defined as the outer boundary and is limited to the core 
diameter; the grain size cannot exceed that of the coarse 
gravel (Fig. 4).

ES3 is the core section of Well C660. The lithology of 
the well section from 4138.4–4146.2 m includes gray con-
glomerate, dark gray mudstone, and interbedded sandstone; 
the mudstone contains oil spots at 4.6 m. The gravel in the 
conglomerate is mostly carbonated, with better rounding, 
poor sorting, and overall coarser grain size. Mudstone is 
dark gray and mostly interbedded with sand and mudstone. 
The sedimentary environment is deep water.

The lithology of the well section from 4187 to 4204 m 
includes mudstone, sandstone, and conglomerate. The oil 
spot level in the sandstone is 3 m, and the fluorescence level 
in the conglomerate is 5 m (two layers). The top of the cor-
ing is dominated by dark gray mudstone, and the bottom 
is conglomerate. The gravel in the conglomerate is mostly 
well-rounded and poorly sorted carbonate. The middle 
lithology includes medium sandstone and coarse sandstone; 
the lower lithology includes interbedded sand and mudstone 
then increasing mudstone with lenticular, horizontal bed-
ding, and deformed structures.

The lithology of the well section from 4238.5 to 4244.7 m 
primarily includes conglomerate and sandstone; the con-
glomerate shows 6.8 m of oil spots. The gravel in the con-
glomerate is mostly well-rounded and poorly sorted carbon-
ate; the sandstone changes downward from fine to medium, 
and the grain size becomes coarser.

The lithology of the well section from 4299.5 to 4305.5 m 
is primarily conglomerate, sandstone, and mudstone, with-
out oil and gas. The gravel in the conglomerate is mostly 
well-rounded and poorly sorted carbonate, and the sandstone 
is coarse. The mudstone is dark gray with intercalated sand-
stone and a deformed structure.

Sedimentary facies and microfacies characteristics

The submarine fan can be divided into the inner fan 
(upper fan and fan root), middle fan, and outer fan (outer 
fan and fan edge) (Zhao and Liu. 1984). The two types of 
sublacustrine fans studied in this paper (slump or chan-
nel sublacquer fans) can be divided into three subfacies: 
inner, middle, and outer fans. The middle fan is the most 
developed, followed by the outer fan, and the inner fan. 
The main channel microfacies developed in the inner fan 

Fig. 2  Core characteristics
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and feature coarse lithology dominated by conglomer-
ate and supported by a heterogeneous base with a mostly 
thick-layered block structure with few mudstone interlay-
ers. Braided channel microfacies developed in the mid-
dle fan, and gravel-bearing and conglomerate medium-
coarse sandstones are dominant. The mudstone interlayers 
increased significantly, and the outer fan developed 
peripheral microfacies dominated by mudstone interca-
lated with thin-bedded sandstone and siltstone.

Main channel microphase

The microfacies of the main channel show multiple super-
posed positive granular sequences produced by the sedi-
mentation of terrigenous detrital material on the northern 
steeply sloped zone during the lowstand zone period of a 
sequence transported by floods to the semi-deep lake area. 
The braided channel and turbidite leaf body developed at 
the front end remain the core sedimentary units; however, 

Fig. 3  Sedimentary structure
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Fig. 4  ES3 single-well facies of the Shahejie Formation (Well C660)
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the single-stage glutenite bodies are thin, underwater gravity 
flow is frequently diverted, and multi-stage sublacustrine 
fan deposits are superimposed. The lithology is primarily 
sub-angular-sub-circular, poorly sorted medium gray-black 
conglomerate and gravel-bearing sandstone with a high con-
tent of miscellaneous bases. Sedimentary structures include 
positive-grained progressive bedding, deformed structures, 
and erosion surfaces. The natural potential is a superposition 
of the box, funnel, and bell shapes (Fig. 5).

Braided channel microfacies

Braided channel microfacies primarily developed in the mid-
dle fan subfacies in the study area. The lithology is primarily 
gray conglomerate sandstone and conglomerate. The gravel 
is well-rounded with poor sortability. Deposition struc-
tures include parallel bedding and scouring surfaces. The 

medium-and high-amplitude toothed spontaneous potential 
curve is box-shaped, bell-shaped, and finger-shaped (Fig. 6).

Peripheral microfacies

The lithology of the outer fan primarily consists of thin 
interbedded dark gray sand and mudstone with parallel bed-
ding and deformed structures. The natural potential curve 
becomes a low-amplitude tooth shape (Fig. 7).

Discussions

Sedimentary system distribution characteristics

Statistics reveal that the sublacustrine fans developed at the 
largest scale in the early depositional stage of  ES3

3 (Zhou 

Fig. 5  Microfacies characteristics of the main channel (Well C660)

Fig. 6  Microfacies characteristics of the braided channels (Well C660)
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et al. 2007). C66, C660, and CG25 developed to varying 
degrees on the same plane;  ES3

2 and  ES3
1 developed in 

the deep depression in the early depositional stage through 
small-scale sublacustrine fan deposition (Fig. 8).

The activity and occurrence of the boundary faults in the 
rifted lake basin and their combined relationship with sec-
ondary faults determine the geomorphic pattern and char-
acteristics of the steeply sloped and depression zones. The 
research results of the fracture structure of the steeply sloped 
zone in the Chezhen Sag reveal that the boundary fracture 
structure of the steeply sloped zone is divided into shovel-
down concave (A), fault step (B), slope (C), and shovel-up 
convex (D) types. The sublacustrine fan deposits developed 
in the shovel-under concave (A) and fault step (B) fault 
structures (Fig. 9).

Fault structures have different section morphologies, 
occurrences, fault activity intensities, and development area 

characteristics; the types of sedimentary facies in different 
fault structures also differ. Sublacustrine fan deposits are 
underdeveloped in the shovel-up convex (D) fault structure 
and are difficult to develop in the slope type (C) fault struc-
ture (Fig. 10).

Sedimentary model

We established a sublacustrine fan deposition model of the 
study area based on the structural evolution characteristics 
and sedimentary facies research results of the Bohai Bay 
Basin (Fig. 11). The sedimentary model describes the rela-
tionship among the sedimentary environment, sedimenta-
tion, and the sedimentary facies and provides a theoretical 
summary of the cause of the sedimentary facies. The sedi-
mentary model reflects the most typical characteristics of 
sedimentary facies, the formation mechanism and process 

Fig. 7  Peripheral microfacies characteristics (Well C660)

Fig. 8  Sedimentary facies of  Es3
3 in the Chezhen north zone
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of sedimentary facies, and the basic relationship between 
sedimentary facies and the environment. The development 
of sublacustrine fans primarily occurs in low-stand regions 
and in the lower part of lacustrine transgressive regions 
during the base-level ascending period. The fans are pri-
marily distributed from the center of the depression to the 
gentle slope, and the facies zones are widely spread across 
5–10 km. The sublacustrine fan has a long transport distance 
and a wide spread of facies zones and is a fan formed by 
mountain floods that directly enter the lake basin. The source 
of the fan are the turbidity deposits in the Chengzikou bulge. 
The parent rock composition is primarily Lower Paleozoic 
aphanitic limestones. The deposition center of the lake basin 
is south of the onset of the  Es3

3 deposition, and a set of fans 
was deposited in low-lying areas. Later, the activity of the 
Chengnan Fault and the expansion of the lake basin moved 
the deposition center northward and created a new deposi-
tion center and fan body. Thus, tectonic movement gradually 
formed numerous fans with degraded characteristics.

The formation and evolution of the sublacustrine fan 
could be caused by further slumping of the nearshore under-
water fan across a relatively short transportation distance 

or by gravity flow from floods directly entering the deep 
water area of the lake across a relatively long transportation 
distance.

Analysis of the influence degree of sedimentation 
on reservoir properties

(1) The analysis of rock test data revealed that the glutenite 
body deposited by the sublacustrine fan often has a large 
burial depth (greater than 3500 or 40,000 m), coarse grain 
size (primarily medium and fine conglomerate), and poor 
separation (supported by miscellaneous foundations). Con-
sequently, the reservoirs have low porosity, low permeabil-
ity, ultra-low porosity, and ultra-low permeability. The sub-
lacustrine fan glutenite body formed in the deep depression 
period is interspersed with semi-deep lake source rock, and 
the source–reservoir–caprock combination is superior.

The overall physical properties of the  ES3 reservoir in the 
steeply sloped zone of the Chezhen Sag are poor, with an 
average porosity of less than 3%. The physical properties of 
the reservoirs in the sag zone and the gently sloped zone of 
the Chezhen Sag are not significantly different. The reservoir 

Fig. 9  Boundary fault struc-
ture–sedimentary model: 
AShovel-down concave, BFault 
step type
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Fig. 10  Boundary fault 
structure–sedimentary model: 
CSlope type, DShovel-up 
convex

Fig. 11  Sedimentary model of 
the sublacustrine fan (Channel, 
Subaqueous fan or delta, Slump 
sublacustrine fan, Shoal patch, 
Channel sublacustrine, Lacus-
trine deposits)
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physical properties of the gently sloped zone are slightly 
higher than those of the sag zone and much higher than those 
of the steeply sloped zone. To further analyze the physical 
property distribution characteristics of different secondary 
structural zones in the Chezhen Sag (Radwan et al. 2021a, b, 
c), we conducted a statistical analysis of the different levels 
of porosity and permeability of the reservoirs in each sec-
ondary structural zone (Wang et al. 2014).

The similar physical properties of the depression zone 
and the gently sloped zone in the Chezhen Sag allowed a 
combined statistical analysis. The results show that 81% of 
 ES3 in the steeply sloped zone of the Chezhen Sag has a 
reservoir porosity of less than 5%; 70% of the reservoir has a 
permeability less than 1 ×  10−3um2 (Fig. 12a, b). The poros-
ity of 63% the  ES3 reservoirs in the gently sloped zone and 
the Chezhen Sag is distributed between 10 and 20%, and the 
percentage of permeability higher than 1 ×  10−3um2 reaches 
53% (Fig. 12c, d).

(2) The  ES3
3 sublacustrine fan glutenite reservoir in the 

Chezhen Sag primarily developed two storage spaces: sec-
ondary pores and fractures. According to the contact rela-
tionship between pores and grains and the distribution posi-
tion of pores in the rock, secondary pores can be divided into 

grains, interpores, and intragranular pores. Fractures include 
diagenetic fractures, glued-grain fractures, and microcracks. 
The sublacustrine fan reservoir is affected by compaction, 
and diagenetic fractures are widely developed (Fig. 13a) and 
largely formed by the compaction and fracture of rigid parti-
cles (quartz and feldspar) (Fig. 13b). The cracks developed 
between clastic particles (Fig. 13c) can be used as migration 
channels for reservoir fluids to improve reservoir perme-
ability. The development site of the microfractures contains 
the local dissolution zone (Fig. 13d). Microfractures acting 
as fluid migration channels improve the reservoir physical 
properties (Radwan et al. 2021a, b, c). Irregular micro-
cracks are visible under an electron microscope (Fig. 13e). 
The early formed microcracks can be filled with clay min-
erals (Fig. 13f), which affects the drainage performance of 
the cracks.

Conclusion

(1) Glutenite bodies are widely developed in the northern 
zone of the Chezhen Sag, and the sublacustrine fan is 
an important genetic type. The Paleogene sublacustrine 

Fig. 12  Statistical histogram of porosity and permeability
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fans in the Bohai Bay Basin are primarily distributed in 
 ES3.

(2) The transportation distance of the slump-type sublacus-
trine fan in the northern zone of the Chezhen Sag was 
relatively short, and the gravels are mostly angular and 
sub-angular, thick-layered, and massive; the mudstone 
interlayers are relatively undeveloped. The channel-
type sublacustrine fan sand-conglomerate body (one of 
the most important exploration targets of the northern 
zone) was transported over long distances; the gravel 
is mostly sub-circular or elliptical, with well-developed 

argillaceous interlayers, good physical properties, and 
a superior source–reservoir–caprock combination.

(3) The glutenite deposited in the sublacustrine fan is char-
acterized by large burial depth, coarse grain size, and 
poor sorting roundness, which lead to low porosity, 
low permeability, and ultra-low porosity and ultra-low 
permeability reservoirs. The glutenite is characterized 
by secondary pores and microfractures, which play an 
important role in improving the physical properties of 
the glutenite reservoir.

Fig. 13  Fracture development characteristics of  ES3 in the Chez-
hen Sag: aC406, 3035.10 m, well-developed diagenetic fractures, 
monopolarization; b CG20, 2551.20 m, fracture broken by compac-
tion of feldspar particles, orthogonal light; c D72, 3098.71 m, glu-

ing seam, monopolarization; d C272, 2603.10 m, microfractures; e 
C57, 4217.78 m, microfracture; f CG25, 5051.61 m, filamentous illite 
developed in the microfractures
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