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The organic-rich shales in the northern Dongpu Depression were deposited in

deep and semi-deep lakes based upon evidence from the geochemical

characteristic and rock mineral of the Es3 member. The results show that

these rocks gradually decrease in abundance and deterioration of organic

matter types from the center of the salt lake towards the edges. The

development of high-quality shales in Es3 member is due to stratified

sedimentation of a deep water, narrow basin water body. The saline lake

region has a high TOC content, primarily type I derived from low-grade

aquatic organisms. The minerals consist of a variety of mainly clay minerals

(31–71%), quartz (11.2–57.9%), plagioclase (3.3–22.1%), dolomite (1.8–19.9%),

and pyrite (1–4.1%). The water body was mainly brackish to super-brackish,

which has solid limitations and severe salinity stratification, resulting in stable

anoxic conditions of the bottom water and conducive to preserving organic

matter. The shales were divided into massive silty shale facies, laminated paste

shale facies, and laminated gray shale facies according to the mineral

composition and microstructure. Comparing the geochemical

characteristics, the laminated calcareous shale lithofacies of the deep to

semi-deep lacustrine environments favor shale oil and gas occurrence.

Pores consist of inorganic pores (intergranular mineral pores, dissolution

pores, clay mineral interlayer cracks, mineral intergranular pores micropores,

dissolution pores, clay mineral layer cracks, and cracks) with relatively few

organic pores. There are many types of natural gas in the study area. The oil-

type gas came from the lacustrine shale rock in Es3 member of Shahejie

Formation, the coal-derived gas came from the high mature coal-based gas

in the deep Carboniferous-Permian system, and the mixed gas was the mixed

source of the above two source rocks. Multiple sets of overlying halite provided

adequate seals within the depression and were conducive to the accumulation

and preservation of hydrocarbons throughout the basin.
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1 Introduction

Shale gas mainly occurs in the matrix’s micropores,

microfractures, and other lithological interbeds and structural

fractures by dissociation and absorption. The result is that gas

generated by organic-rich shale cannot be completely discharged

and retained or only migrate after a very short distance within the

shale and accumulate on the spot. Shale gas are a type of

hydrocarbon that is self-generated and self-stored (Schmoker,

2002; Zou et al., 2011; Guo and Zhang, 2014; Tang et al., 2016;

Zhou, 2022). Chinese sedimentary basins are characterized by

multi-cycle tectonic evolution and develop the three types of

organic-rich shales: marine, continental, and marine-continent

transitional facies (Guo, 2016; He et al., 2016; Zhang et al., 2016;

Zhang et al., 2020; Li et al., 2022). Breakthroughs have been made

in shale gas exploration and developing both marine and marine-

continent transitional facies. The continental organic-rich shales

mainly formed in the water intake system tracts of the lacustrine

sedimentary environment. Although the plane distribution is

limited to the strongly separated continental environment,

organic matter maturity varies significantly due to the large

cumulative shale thickness and high organic carbon content

(Tian et al., 2017; Zhang et al., 2021). The Dongpu

Depression is a saline lake hydrocarbon basin controlled by

the water salinity and sedimentary facies belts. Significant

differences exist in the development degree of the shale in

different regions and periods, and the differences control gas

distribution. In the basins where gases coexist with salt, 46% of

the oil and gas layers occur below the salt strata; 41% of the

basin’s oil and gas layers occur above the salt strata; 13% of the

basin’s oil and gas layers occur between the salt strata, indicating

the salt influence the reservoirs (Sarg, 2001; Chen et al., 2014).

The salt rock development affects the hydrocarbon

accumulation of mud shales in many aspects, including the

salt rock origin, the influence on the shale thermal evolution,

the influence on reservoir development, and the influence on the

migration and accumulation of oils and gases (Volozh et al.,

2003; Manzi et al., 2005; Feng et al., 2014; Li et al., 2014; Gao et al.,

2015; Wu et al., 2016). In the early stage of the salt rock

formation, the bottom water body was stagnant due to the

increased water salinity or the water bodies mixed with

different salinity, causing extensive anoxia throughout the

area. It was beneficial to the preservation of organic matter in

a weak oxidizing-reducing environment (Murray, 1991). The

original productivity in these types of environments can exceed

the high value of a typical marine environment. Furthermore, the

salt rock preserves abnormally high pressure under the salt and

acts as a good caprock. When the salt structure is active,

overpressure is released, creating an extensive oil-gas driving

force (Harry and Carney, 1997; Leng et al., 2006; Zhang et al.,

2018). The continental shale gas in the northern Dongpu

Depression has geological peculiarities in its occurrence state,

enrichment strata, reservoir characteristics, accumulation

mechanism, recoverable conditions, and development

technology. The characteristics and models of the shale gas

reservoir conditions of Es3 in the northern Dongpu

Depression will be studied, and the reservoir mechanism of

continental shale gas should be explored. The results lay an

essential foundation for developing new replacement fields of oil

and gas in the Dongpu Depression and forming the

unconventional exploration theories and hydrocarbon

technology in this region.

2 Geological background

The Dongpu Depression is a Mesozoic-Cenozoic

continental faulted basin in eastern China, located at the

southwest end of the Bohai Bay Basin. It is about 140 km

long, 62 km wide to the south, and 14–18 km wide in the

north, covering an area of 5,300 km2 (Figure 1). Nearly 90% of

the proven hydrocarbon reserves are distributed in the

northern salt-bearing area, and the southern salt-free area

is poor in resources, where the proven reserves’ abundance per

square kilometer is only 1/20 of the northern salt-bearing area.

There is a strong relationship between the saline lake

environment and the accumulation of oils and gases (Tan

et al., 2011; Lu et al., 2012; Tang et al., 2017). The Paleogene’s

tectonic evolution history can be divided into four stages:

initial rifting stage (sedimentary period of Es4), main rifting

stage (sedimentary period of Es3), fault-depression, and

atrophy period (sedimentary period of Es2 to Es1), and

fault-depression and decline period (sedimentary period of

Ed). The Cenozoic Depression is composed of the Paleogene

Shahejie Formation (Es), Dongying Formation (Ed), Neogene

Guantao Formation (Ng), Minghuazhen Formation (Nm),

and Quaternary Plain Formation (Qp).

Shahejie Formation is the leading shale development and

oil and gas exploration target in the depression. Es is divided

into Es4, Es3, Es2, and Es1 in ascending order, with a thickness

ranging between 2,000 and 5,000 m Es3 is the most widely

distributed and thickest, which is often further subdivided

into Es3U, Es3M, and Es3L. It was deposited in semi-deep and

deep lake depositional settings. The sedimentary period of

Es3 in the northern Dongpu Depression can be divided into a

saline water area, half-salt water area, and light saltwater area.

The upper sub-member of Es3 in the saline water area is

mainly interbedded with mudstone and sand mudstone, with
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a thick sandstone layer, limestone, and dolomite at the

bottom. The middle sub-member of Es3 is mainly

interbedded with mudstone and sand mudstone, with many

developed salt beds throughout. The lower sub-member of

Es3 is primarily interbedded with mudstone and sand

mudstone. The upper sub-member of Es3 in the half-salt

water area and the light saltwater area is mostly sand

mudstone. The middle sub-member of Es3 is interbedded

with siltstone and mudstone. The lower sub-member of

Es3 consists of siltstone and mudstone.

3 Materials and methods

Seven exploration wells in the northern part of the

Dongpu depression were selected, and samples were taken

for different lithofacies shale in the third member of the

Shahejie formation. A total of 32 cores were obtained

consisting of black, brownish-gray, and gray shale and dark

gray and brown salt shale. Geochemistry, scanning electron

microscopy (SEM), X-ray diffraction, trace element, and

inorganic carbon isotope analysis was performed on the

core samples.

3.1 Rock-eval and TOC analysis

The soluble organic matter of a rock sample powder was

extracted with the mixed solvent of chloroform and ethanol

with a volume ratio of 98:2 (extracted continuously by the

Soxhlet extractor for 72 h). After the asphaltene was

precipitated by chloroform asphalt “A,” the extract was

FIGURE 1
Geological characteristics of shale development in the Northern Dongpu Depression.
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continuously eluted with n-hexane, toluene, and chloroform

on a neutral alumina chromatographic column to separate

saturated hydrocarbon, aromatic hydrocarbon, and non-

hydrocarbon components, respectively.

3.2 X-ray diffraction

XRD was conducted with a D8 ADVANCE X-ray

diffractometer (Bruker, Germany) under the conditions of a

Cu-Kα radiation X-ray tube at a voltage of 40 kV and an

electric current of 30 mA. A comparative analysis was carried

out based on the standard powder diffraction data provided by

the International Centre for Diffraction Data (ICDD) and

according to its standard analysis methods and diffraction

criteria (consistent interplanar spacing and diffraction

intensity). About 50–100 g of samples were taken at each

sampling site and were crushed and divided into samples of

about 5 g each. The collected samples were ground in a

grinding bowl to a particle size of 48p.m.

3.3 SEM

The sample surface was scanned using a Fei quanta 200f field

emission scanning electron microscope. The working voltage was

10–15 kV at a working distance of 8–10 mm. The energy

spectrometer consisted of EDAX ternary integrated system to

enlarge and image the sample surface.

3.4 Trace element analysis

Dry and clean samples (<200 mesh) were used for trace

element determination. First, the dried samples were placed

into a 700°C high-temperature furnace for 3 h to remove all

organic matter. Approximately 45 mg of a sample was placed

into a dry and Teflon bottle, and a mixed solution of HNO3,

HF and HClO4 was added to dissolve the sample. The

dissolved and diluted samples were measured by PE Elan

6,000 inductively coupled plasma mass spectrometer (ICP-

MS) for trace elements.

3.5 Inorganic carbon isotope analysis

The determination of carbon and oxygen isotopic

composition was completed on a MAT-252 stable isotope

mass spectrometer from the Finnigan Mat Company. The

standard was carbon dioxide (PDB) made from American

Archery carbonate fossils from the Cretaceous Pidi

Formation, South Carolina, with allowable errors of less

than ±0.5% respectively 2‰ and ±0.5% 3‰.

4 Development characteristics of
mud shales

4.1 Distribution characteristics of mud
shales

In the northern Dongpu Depression, the thickness of the

Es3 middle sub-member shales is the greatest, with a maximum

thickness of about 800 m. The shales are mainly distributed in the

Liutun, Haitongji, and Qianliyuan Depressions. The thickness of

the Es3 lower sub-member has a maximum thickness of about

700 m, mainly distributed in the northern Haitongji and

Qianliyuan Depression. The thickest dark mudstone of the

Es3 upper sub-member is about 500 m, of which Haitongji

and Liutun Depression are the thickest, and the thickness of

Qianliyuan Depression is only 300 m. There are five primary sets

of gypsum salt beds developed in the northern Dongpu

Depression, including saltⅠof Es1, salt Ⅰ of the upper sub-

member of Es3, salt Ⅱ, and Ⅲ of the middle sub-member of

Es3, and salt Ⅳ of the lower sub-member of Es3. In addition to

the limited distribution of saltⅠof Es3, the other four sets of

gypsum-salt layers are widely distributed. Wenliu and Weicheng

are the thickness centers, and the accumulated thickness of the

gypsum-salt layers can reach 950 m.

The lithology of salt rock and mud shale assemblage of the

Es3 in the northern Dongpu Depression primarily consists of in

ascending order sand mudstone, gypsum mudstone, gypsum salt

rock, salt rock, gypsum salt rock, gypsum mudstone, and sand

mud. They are mainly distributed in the lower sub-member and

the middle sub-member of Es3, and the upper sub-member of

Es3 is limited (Figure 2). The lithological changes can be divided

into the gypsum salt rock, transition zone of gypsum salt rock

and sand mud shale (Liu et al., 2014), and sand mudstone,

reflecting the cyclical change of ancient water salinity from

freshwater to light saltwater, saltwater, light saltwater, and

finally back to freshwater. The depositional lake basin has

always been a balanced system of freshwater injection and

evaporation. When evaporation exceeded the freshwater

injection, the water body was concentrated and salinized.

Furthermore, carbonate-sulfate-chlorate and other evaporites

were deposited with increased salinity. Carbonate-sulfate-

evaporite assemblages are mainly distributed in Es2 and Es1,

while Es3 does not contain evaporites.

4.2 Geochemical characteristics

4.2.1 Organic matter abundance
The organic matter abundance of the mud shales in the

northern Dongpu Depression is greater than that in the southern

salt-free area. The TOC content of more than 20% of samples is

greater than 1.0%, and 6.6% of the samples are greater than 2.0%

in the northern depression. Nearly 70% of samples have a TOC
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content of less than 0.4%, and only 10% of the samples are greater

than 1.0% in the southern salt-free area. In the lower and middle

sub-member of Es3, the organic matter abundance of the source

rocks is high and is classified as “good” source rocks (Liu et al.,

2020). However, the organic matter abundance of the shale in the

undeveloped area of the Es3 upper sub-member is relatively low,

which is classified as a “poor” source rock (Table 1).

The TOC content of the shales in the saline area of the

northern depression is closely related to the gypsum salt rock

layer. The organic matter abundance of the gypsum mudstone

and saline mudstone in the transition zone of the gypsum

mudstone-sand mudstone is the greatest, followed by inter-

salt mudstone, supra-salt, or sub-salt mudstone in the

transition zone of gypsum mudstone-sand mudstone, or the

gypsum salt developed zone. The organic matter abundance of

the mudstone or silty shale in the sand mudstone developed zone

is lower. The distance between the mud shales and the gypsum

salt rocks has an apparent negative correlation with the shales’

organic matter abundance. The closer the mud shale is to the

gypsum salt rock, the higher the organic matter abundance of

mud shale.

The organic carbon content also increases in the areas with

the high chloride content, namely the area with the high

paleosalinity. Ancient salinity controls the abundance of

organic matter, with increased salinity corresponding to

increase organic matter abundance. The distance between

shale and gypsum salt rock has an obvious negative

correlation with shale organic matter abundance; that is,

the closer the shale is to gypsum salt rock, the higher the

shale organic matter abundance. When the distance between

shale and gypsum salt rock exceeds 40 m, the influence of

gypsum salt rock on shale organic matter abundance is

significantly weakened. Three TOC-rich intervals are well

developed (Lu et al., 2021), and the most important TOC-

rich strata are located in the middle sub-member of Es3, below

the Wen nine Salt and above the Wen 23 Salt. The maximum

TOC content can reach 8% (Figure 3).

Shale samples from different environments were selected

for analysis finding the higher TOC content of the shale

samples in saline lake facies (Wei 79–13) and transition

facies (Well Pu 6–33). The TOC contents of the deep lake

muds (Pu 148) and silty mud shales (Well Wei 79) were lower.

The TOC contents of the mud shale samples from Well Wei

79–13 were 0.12–3.14%, with an average of 1.06%. Well Pu

6–33 had TOC contents ranging from 0.2 to 2.72%, with an

average of 0.92%. Well Pu 148 ranged from 0.15 to 0.87%, with

an average of 0.46. Well Wei 79 ranged from 0.17 to 0.54%,

with an average of 0.29% (Figure 4).

FIGURE 2
Vertical compositions of the gypsum-salt sediment group in Dongpu Depression.
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4.2.2 Organic matter types
The sources of organic matter in shales from different zones

of the Dongpu Depression varied widely due to different

depositional environments. Cyanobacteria, coccolithophores,

and dinoflagellates lived in the saltwater environment, while

dinoflagellates were the most abundant in the half saltwater

environment. The systems had abundant organic matter,

providing adequate potential for hydrocarbon generation. The

freshwater environment was dominated by higher plant inputs,

mainly green algae. The shales in the northern Dongpu

Depression were mainly formed in the saltwater and half

saltwater environment, and the kerogen types are generally

preferred. TypesⅠand type Ⅱ1 are dominant, accounting for

about 40–80% of the total shale samples. TypeⅡ2 is second,

accounting for about 10–35% of the total shales. Type Ⅲ is

the least, generally less than 20% (Table 2).

According to the Pr/nC17-Ph/nC18 relationship diagram

(Figure 5), the sedimentary environment in the northern

Dongpu Depression is classified as a reducing environment

consisting primarily of type I kerogen. High-quality source

rocks in saltwater and half saltwater environments are more

conducive to generating liquid hydrocarbons in the mature stage.

Furthermore, the Paleogene source rocks in the Dongpu

Depression are mainly mature-highly mature, and the most

high-quality source rocks are found throughout the northern

Dongpu Depression. These factors allow for more abundant oil

and gas resources in the northern Dongpu Depression (Liu et al.,

2020; Lu et al., 2021).

4.2.3 Biomarker compounds
The regular sterane mass spectrum among the mud shale

steranes in the northern salt-bearing area usually presents as

an “L" or asymmetric “V" shape, with the characteristics of

C27 > C29. The 4-Methyl sterane’s mass fraction is relatively

high, with 4-Methyl sterane/C29 greater than 0.4, indicating

the lower aquatic algae biogenesis’s higher contribution under

high salinity and strong reduction environment (Figures

6A,B). The mass fraction of γ-cerane and 4-methyl sterane

is relatively high, indicating half salt water-light saltwater

shales, with γ-cerane/C 30>0.5 and 4-methyl sterane/C

29>0.4. The dominance of C27 in regular steranes is

weakened and presents a “V" shaped distribution,

indicating the mixed sources are dominated by low-grade

aquatic organisms and supplemented by high-grade

terrestrial plants in a reducing environment with medium

salinity (Figures 6C,D).

4.3 Organic matter maturity

Geothermal temperature is the most effective and lasting

factor in thermal evolution. Gypsum salt rocks have highT
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thermal conductivity. If there are gypsum salt rocks in the

formation, deep subsurface temperatures under the salt layer

are easily transferred to the formation above the salt layer, as

the salt layer can quickly transfer the heat. As a result, the

formation temperature adjacent to the upper salt layer is

higher than the salt-free layer at the same depth. The

abnormally high temperature above the salt promotes

source rock thermal evolution, while the abnormally low

temperature under the salt hinders source rock thermal

evolution and delays organic matter maturation (Chen

et al., 2018). Overall, salt bodies significantly increase the

range of hydrocarbon generation windows across a region.

Therefore, the hydrocarbon generation peak in salt-bearing

regions and over-maturity threshold depth is deeper than that

of an underdeveloped gypsum-salt rock area (Figure 7).

4.4 Carbon isotope characteristics

The carbon isotope characteristics of natural gas can

effectively reflect the characteristics of natural gas genesis,

source, and maturity. It is an effective gas source correlation

method and identifies the genesis. Natural gas in the study

areaδ13C1 values range between −41.9 and −29.0‰,δ13C2

values range between-29.4~−23.1‰, δ13C3 values range

between −28.3 and −21.3‰ (Table 3).

According to the identification chart of hydrocarbon

isotope origin of natural gas, the natural gas of the

Es3 member in the northern Dongpu Depression is

classified as coal-derived gas and mixed gas. Natural gas is

mainly sourced from coals formed by humic organic matter.

However, some of the natural gas in this area has mixed

FIGURE 3
TOC content comparison of mud shales in Dongpu Depression of Es.

Frontiers in Earth Science frontiersin.org07

Zhang et al. 10.3389/feart.2022.977194

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.977194


sources. The carbon isotope composition has a positive sequence

distribution, indicating typical organic genetic characteristics.

Overall, the local carbon isotope inversion of natural gas may

be caused by non-homologous or mixed sources from different

periods of homology (Figure 8). From the source of parent

material, the organic matter type of the Carboniferous Permian

coal seam and carbonaceous mudstone is type III kerogen. The

carbon isotope value of ethane from the region is −26~−24‰, and

it is generally difficult to reach values greater than -20‰. Only

based on the reaction, the ethane is “heavy”, as indicated by the

carbon isotopes. The early reservoir forming natural gas in the

northern Dongpu depression comes from the hydrocarbon

generation of Carboniferous Permian coal measure source rocks

in the over mature stage. It is a highly mature region, with the

natural gas more enriched in heavy carbon isotopes.

Near the depth of 3,500 m, the Ro of Es3 shale is 1%–1.3%.

The oil-type in the northern Dongpu depression comes from

FIGURE 4
Geochemical characteristics of shales with different sedimentary environments in the northern Dongpu Depression.

TABLE 2 Shale kerogen type distribution frequency of Es3 in the Dongpu Depression.

Formation Depositional environment Kerogen type distribution frequency

Ⅰ Ⅱ1 Ⅱ2 Ⅲ

Es3U Salt-free area 3.6 45.5 27.3 23.6

Saline area 35.3 52.9 11.8 0

Es3M Salt-free area 13.7 24.4 28.2 33.6

Saline area 5.4 35.1 35.1 24.3

Es3L Salt-free area 16.9 46.5 26.8 9.9

Saline area 20 60 20 0

FIGURE 5
Relation of Pr/nC17 -Ph/nC18 for source rocks in the Dongpu
Depression.
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lacustrine shale. Mixed natural gas: firstly, lacustrine

mudstone and shale are common in Es3 as high-quality

source rocks; secondly, regional salt beds were developed in

ES2, which effectively prevents a large amount of vertical

migration of hydrocarbons and ensures that Es3 can store gas

generated by source rocks in this layer; at the same time,

highly mature coal-based gas from Carboniferous Permian

system in the lower part migrates upward along the fault and

forms a reservoir mixed with oil-based gas in this layer. The

mixed gas reservoirs are widely distributed in the study area.

5 Lithofacies characteristics

5.1 Mineral composition

The Es3 shale is mainly comprised of clay minerals,

quartz, plagioclase, dolomite, and pyrite. The content of

clay minerals ranges from 31 to 71%, quartz 11.2–57.9%,

plagioclase 3.3–22.1%, dolomite 1.8–19.9%, and pyrite

1–4.1%. Clay minerals include illite, illite/smectite mixed

layer, kaolinite, and chlorite. The content of the illite/

smectite mixed layer is greater, and the clay mineral

percentage and types vary with diagenesis. Illite increases

from the upper sub-member to the lower sub-member of

Es3, while illite/smectite mixed-layer decreases.

5.2 Lithofacies

The shale layers can be divided into three typical facies:

laminated limestone shale facies, massive silty shale facies, and

laminated gypsum mudstone facies. Laminated limestone

shale-facies rocks are mainly composed of argillaceous,

limestone, and clastic particles. Microscopic stratification is

developed in the rocks, and argillaceous and limestone are

interbedded. Light green fluorescence occurs in bedding

cracks, and yellow-green fluorescence occurs in fractures

(Figures 9A,D). The massive silty shale facies are mainly

composed of argillaceous and clastic particles with a massive

structure and medium luminous intensity (Figures 9B,E).

Laminated gypsum mudstone facies are located in the salt-

bearing environment, mainly composed of gypsum, and grey

micrite. Micro-laminated and micro-cracks are developed

throughout the samples, and the fractures are mostly filled

by gypsum. The rock does not fluoresce as a whole, but parts do

fluoresce yellow-green, with extremely dark luminous intensity

(Figures 9C,F). The laminated limestone shale facies appear to

have a better oil content, followed by the silty shale facies and

the laminated gypsum mudstone facies.

By analyzing the hydrocarbon generation potential of three

typical lithofacies, the limestone shales have higher TOC content

(0.15–5.72%, with an average of 1.512%), greater oil production

potential (0.05–16.67 mg/g, with an average of 3.978 mg), and

FIGURE 6
Typical biomarker combinations of source rocks in different zones of the Dongpu Depression.
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higher core measured oil content (0.007–1.667%, with an average

of 0.398%) than the silty mudstone. The limestone shales are the

dominant lithofacies of the developed shale oils and gases

(Table 4).

5.3 Formation mode

The lithofacies types and characteristics are directly

related to the sedimentary environment, and its formation

is related to the bottom water oxygen content, organic matter

supply, and the chemical properties of the lake, changing with

environmental temperatures. The climate of Es3 in the

northern Dongpu Depression was dry, with high salinity

and halocline (Ma et al., 2019). Under sunlight catalysis,

the autotrophic organisms in the eutrophic surface water

develop a large amount of organic matter. The organic

matter can be used as food for aquatic animals to provide

specific nutrients for algae growth to promote breeding.

However, excessive organic matter can easily

develop. When granular and dissolved organic matters

exist, it can severely affect solar radiation and weaken

photosynthesis. After the death of numerous organisms, the

degradation process consumed a large amount of oxygen in

the water. If the dissolved oxygen in the water is insufficient, it

causes an aerobic environment, which reduces poison

FIGURE 7
Thermal evolution characteristics for source rocks in different positions.

TABLE 3 Carbon isotope composition of natural gas in Dongpu Depression.

Formatiom Well Depth/m δ13C1 δ13C2 δ13C3 Hydrocarbon gas composition

C1 C2 C3 C4

Es3 Bu1-7 3,224–3,293.5 −29.4 −26.3 −28.2 — — — —

Wei79-9 3,059.4–3,070.9 −33.9 −25.9 −26.7 75.36 8.93 6.86 4.46

Wei351-2 — −29.0 −26.4 −27.8 92.86 2.33 1.12 0.61

Wei 112 2,741–2,807.0 −34.7 −25.8 −24.4 — — — —

Wei11-4 — −33.5 −24.9 −25.5 91.2 5 1.83 0.92

Wei35 3,314.2–3,382.4 −41.9 -29.3 −27.8 82.59 9.29 3.03 1.05

Puqi10 3,519–3,624 −32.7 −23.1 −21.3 90.89 5.15 1.64 0.77

FIGURE 8
The δ13C1 -δ13C2 -δ13C3/‰ cross plot of natural gas found in
the Dongpu Depression.
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accumulation and produces CO, H2S, NH3, and other harmful

substances. The water quality deteriorates, affecting the

organic growth and even causing extensive mortality.

Organic-rich laminae are deposited, resulting in the

sedimentary hiatus of organic matter and clay mineral or

carbonate deposition. The growth environment of algal

blooms forms again with improved oxygen conditions.

Over and over, organic-rich laminated shales were formed,

interbedded with organic-poor shales, siltstones and

carbonates [Figure 10].

6 Pore characteristics

The micro-reservoir space of Es3 in the Dongpu Depression is

composed of inorganic pores, organic pores, and micro-cracks.

Overall, the pore space can be divided into organic and inorganic

pores. The porosity of the Es3 shale in the northern Dongpu

Depression ranges from 1.1 to 9.3%, with an average of 6.6%.

The permeability is mostly 0.0078×10−3~0.159×10−3 μm2, with an

average of 0.827×10−3 μm2. The average pore diameter is

3.404–8.40 nm, with an average of 11.29 nm, and is generally

FIGURE 9
Microscopic characteristics of different shale facies of Shahejie Formation in the northern Dongpu Depression.

TABLE 4 Comprehensive evaluation of hydrocarbon generation potential of different lithofacies types.

Lithofacies TOC(%) Hydrocarbon
generation potential
S1+S2 (mg/g)

Oil content (%) Comprehensive
evaluation

Average Number Average Number Average Number

Min-
max

Min-
max

Min-
max

Silty mudstone 0.918 8 1.129 8 0.113 8 General

0.15–3.52 0.03–6.38 0.003–0.638

Gypsum mudstone 0.580 3 0.630 3 0.063 3 Poor

0.4–0.68 0.08–1.53 0.008–0.153

Calcareous
mudstone

1.512 12 3.978 12 0.398 12 Superiority

0.15–5.72 0.05–16.67 0.007–1.667
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dominated bymesopores. Inorganic pores are the primary pore type,

which can be divided into mineral intergranular micropores

(Figure 11A), dissolution pores (Figure 11B), and clay mineral

interlayer cracks (Figure 11C). Organic pores are generally not

developed throughout the shale (Figure 11D). Pores and cracks

are generally unfilled (Figure 11E) or partially filled (Figure 11F),

consisting of calcite and pyrite. Organic matter mainly covers the

clay minerals surface in free and absorbed states or is coated and

adhered with carbonate and pyrite in the form of lumpy organic

matter.

The porosity of the lower reservoir in the gypsum-salt

layer is 2–10% greater than that of the normal compacted layer

in the gypsum-salt rock underdeveloped area. The greater

porosity of the lower reservoir is influenced by three

characteristics. 1) The gypsum-salt layer is relatively dense,

and there is obvious under-compaction in the lower strata, so

the lower strata maintain a higher porosity. 2) The gypsum-

salt rock’s high thermal conductivity causes the lower strata’s

heat to be quickly released, and the diagenetic evolution is

inhibited, so the porosity of the gypsum-salt layer’s lower

reservoir can be preserved. 3) The abnormally high pressure

under the gypsum-salt layer partly exceeds the rocks’ fracture

pressure, which is prone to cracks and increases the total

porosity (Figure 12).

FIGURE 10
Sedimentary environment and redox model of salt-bearing of Es3 of Shahejie Formation of Paleogene in the northern Dongpu Depression.

FIGURE 11
Pore SEM photography of Es3 of Shahejie Formation of Paleogene in the northern Dongpu Depression.
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Diagenesis also enhances porosity due to dissolution. The

comparison of vitrinite reflectance between the salt-bearing and

salt-free areas of the diagenetic stage in the study area shows that

the primary and secondary dissolution zones mainly range from

2,500 to 2,600 m to 3,200–4,000 m, and the abnormal pore zone

and calcite content correlate. The result indicates that the

dissolution materials are mostly calcite, and both primary and

secondary dissolutions positively affect porosity and

permeability.

7 Conclusion

1) Es3 was a period of rapid subsidence, with “large basin and

deep water.” The upper sub-member of Es3 was mainly

composed of clastic rocks and evaporite rocks, and the

lithology from bottom to top was mainly characterized by

sand mudstone, gypsum mudstone, gypsum salt rock, salt

rock, gypsum salt rock, gypsum mudstone, and sand

mudstone, reflecting the cyclical change of ancient water

salinity between freshwater, light saltwater, saltwater, light

saltwater, and back to freshwater. The mudstone facies in

the saline lake consist of laminated gray shale facies,

laminated shale facies, and laminated paste shale facies.

The mudstone’s microscopic structure is mostly lamellar

or laminated.

2) Gypsum-salt obviously influences hydrocarbon generation

and evolution of the source rock. It was found that the oil

generation window would be expanded if the thickness of

gypsum salt was over 50 m. The mud shales in the saline lake

area of northern Dongpu Depression have high TOC

content sourced from lower aquatic organisms in a

strongly reducing environment. Organic matters are

classified as typeⅠandⅡ kerogen. The salt rock has good

thermal conductivity, and the hydrocarbon generation

peak of the mud shales in the salt-bearing area and over-

maturity threshold depth is deeper than that of the

underdeveloped gypsum salt rock area. The mud shales’

micro-reservoir space is mainly inorganic pores, organic

pores, and micro-fracture, and the pores are divided into

organic pores and inorganic pores. Inorganic pores are the

primary type of pores, divided into mineral intergranular

micropores, dissolution pores, and clay-mineral interlayer

cracks. The pores are mostly unfilled or semi-filled, and

organic pores are generally not developed throughout the

shale reservoir. The abnormal pore zone and the calcite

content are highly correlated, indicating that the calcite was

the main dissolution material, and both primary and

secondary dissolution positively affected porosity and

permeability.

3) The origin of natural gas in the northern Dongpu depression

is complex. There are not only typical coal-derived gas but

also oil-type gas and mixed gas in the formation of

Es3 member; The gas source comparison shows that the

shale of Es3 and the coal of Carboniferous Permian are

jointly supplied, and the oil-type gas comes from Es3 of

lacustrine sedimentary shale; The mixed gas is jointly

supplied by the shale of Es3 and the coal of Carboniferous

Permian; The coal of the Carboniferous Permian strata in the

study area migrated upward along the faults developed in the

FIGURE 12
Porosity vs. depth diagram for reservoirs in different environments of Dongpu Depression.
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area to Es3 of Shahejie formation, and formed a coal-derived

gas under the cover of the overlying salt rock.
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