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ABSTRACT 

The research on the correlation between hydrocarbon accumulations and 

magmatic activities has always attracted aroused much wide attention. Existing 

research has primarily the hydrocarbon generations capability of source rocks and the 

quality of reservoirs by diabase intrusions. whereas, rare systematic research has been 

conducted on the oiliness and enrichment mechanism. To be specific, the diabase 

intrusive zone, the contact metamorphic zone and the normal shale zone of the Funing 

Formation in the Gaoyou Sag, Subei Basin were taken as the object of this study. 

Moreover, in this study, the hydrocarbon generation quality, reservoir quality, and oil-

bearing quality of diabase-metamorphic zone-normal shale were evaluated using X-ray 

diffractions, argon ion polishing-field emission scanning electron microscope, energy 

spectrum, rock slice/light-sheet microscopic observations, organic geochemical tests, 

N2 gas adsorption and 2-D NMR tests .The results indicated that the intrusive zone, the 

metamorphic zone, and the normal zone were formed in order by the degree of effect 

of diabase intrusions. Secondly, the oil content of different parts exhibited significant 

heterogeneity due to the baking effect of diabase, and the metamorphic zone had the 

significantly better oil-bearing nature than the intrusive zone. Lastly, a distribution 

model was proposed for the diabase intrusive zone-metamorphic zone-normal 

surrounding rock zone. 

Keywords： Shale reservoirs, Diabase intrusion, Oiliness, Funing Formation 

1 Introduction 

Since volcanic oil and gas reservoirs in the San Joaquin Basin in California were 

initially discovered at the end of the 19th century, oil and gas reservoirs displays 

associated with magmatic activities have been discovered in over 300 sedimentary 

basins of more than 100 regions (Thomaz Filho et al., 2008; Rodriguez Monreal et al., 

2009; Spacapan et al., 2018), and breakthroughs have been achieved in volcanic oil and 

gas exploration in Songliao, Bohai Bay, Junggar, and Santanghu basins in China (Zou 
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et al., 2008). The research on the correlation between magmatic activity and 

hydrocarbon accumulations has always aroused wide attention, whereas the existing 

exploration and research results have been largely concentrated in volcanic reservoirs, 

with relatively few intrusive rocks. The correlation between intrusive reservoirs and 

intrusive rocks, as well as the transformation of conventional oil and gas reservoirs. 

However, the mechanism of the shale oil source storage system (Xu et al., 2015; Yu et 

al., 2016; Ye et al., 2022;) and shale oil enrichments has been rarely investigated. 

Diabase intrusions affects the hydrocarbon generation of organic matter, while 

changing the geochemical characteristics of hydrocarbon products. The degree and 

mechanism of the effect of diabase intrusion on the on lacustrine shale oil should be 

investigated. The effect of diabase intrusion on the hydrocarbon generations of organic 

matter has been studied for a long period. Extensive studies have suggested that vitrinite 

reflectance (Ro) of the shale affected by diabase intrusions is significantly higher than 

that of the shale far away from diabase. Diabase intrusions takes on a positive 

significance to in the thermal evolution of organic matter. With the distance from the 

source rocks to the diabase intrusions, the total organic carbon content (TOC), 

chloroform pitch "A", S1, S2 and other parameters have changed regularly, except for 

the sudden increase of the Ro, thus suggesting the intensity of organic matter 

hydrocarbon generation is significantly affected by diabase intrusions (de Souza et al., 

2019; Li et al., 2020b; Martins et al., 2020; Teixeira et al., 2020). The influence and 

modification of magma intrusion on hydrocarbon generation process and hydrocarbon 

products of organic shale will inevitably have an important impact on the occurrence 

and flow of shale oil, and the hydrothermal fluid carried by magma carries physical and 

chemical modifications to the surrounding shale reservoir, but the degree and 

mechanism of transformation need to be studied urgently (Wu et al., 2011; Koltzer et 

al., 2017; MA et al., 2019; Chen et al., 2021; LIU et al., 2021; Shu et al., 2021). 

Diabase intrusion is very common in lacustrine shale, and shale oil is active in 

diabase distribution areas. The Subei Basin, the Bohai Bay Basin, the Songliao Basin, 

the Santanghu Basin and other continental strata have developed diabase intrusions, and 

oil and gas reservoirs have been discovered in diabase and its surrounding rocks (Liu 
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et al., 2016; Du et al., 2019; Liu et al., 2019; Rong et al., 2021). With the Subei Basin 

as an example, diabase intrusions in the Paleogene are have been extensively distributed, 

taking up a distribution area of over 1000 km2, with the major distribution in Gaoyou, 

Jinhu, Qintong, Haian sag, as well as Baiju sag. The focus of this study was placed on 

the petrological, geochemical, and oil-bearing characteristics of the intrusive diabase 

and metamorphic shale reservoirs in the study area. Subsequently, the distribution 

characteristics of the shale oiliness in different zones affected by diabase intrusions 

were analyzed. Lastly, an evolution model was proposed for the diabase-metamorphic 

reservoir complex. In this study, a useful analogy was presented to explore intrusive 

metamorphic reservoirs, which also provides an important reference for other regions 

with similar geological backgrounds in the world. Shale oil strata (continental and 

marine) in many basins in the world have developed different types of magmatic 

intrusive rocks, such as Gunnedah Basin, Australia (Othman et al., 2001) and Sverdrup 

Basin, Arctic Canada (Goodarzi et al., 2019), among which diabase intrusion is very 

common. China is located on the Eurasian plate, adjacent to the Pacific plate to the east, 

the influence of deep magmatic activity in the formation of continental fault basins is 

particularly prominent. This study focuses on the influence of deep magmatic intrusion 

activity on shallow sedimentary strata, especially shale oil strata, which brings both 

energy and material effects to shale strata, so this study is of great significance for 

revealing the organic and inorganic interaction between magmatic activity and shale oil 

strata, and expands the research field of shale oil formation enrichment theory. 

2 Geological settings 

The area of the Subei Basin is nearly 3.6×104 km2, which is the largest 

Mesozoic-Cenozoic basin in southeastern China. This area extends eastward to the 

Yellow Sea (Fig. 1a) (Liu et al., 2021), and the structural units of the Subei basin 

comprises three structures (Fig. 1b) (Cheng et al., 2019). The Gaoyou Sag is located in 

the center of the Dongtai Depression, and it is a skip-shaped rift formed by the different 

fault blocks under Yizheng movement and the Wubao movement. The sag is cut into 
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sub-level structural units, i.e., it is split into the southern fault step belt, the central deep 

depression belt , as well as the northern slope belt (Fig. 1) (Liu et al., 2019).  

Four formations have been developed in the Gaoyou Sag (including the Taizhou 

formation, the Funing formation, the Dainan formation and the Sanduo formation). A 

total of 11 third-order sequences have been developed in the first-order sequence 

framework. To be specific the second and fourth members of Funing formation are deep 

lakes, and the lithology is largely dark shale. The structural activities are frequent in the 

Gaoyou Sag, thus resulting in the development of diabase intrusions. The occurrences 

of diabase are mostly dyking and bedrocks. The thickness of a single layer ranges from 

a few meters to over 200 meters. The intrusive horizon is dominated by the Funing 

Formation that originates from multiple tectonic movements (Gao et al., 2018). The 

north slope of the Gaoyou Sag takes up an area of nearly 1.3×104 km2, and it is the main 

site of diabase intrusions (Fig. 1). 

 

Fig. 1. Location and tectonic units of the study area in Subei Basin (a), Location of 

Subei Basin Division of Basic Structural Units of Subei Basin (b), Areal map showing 

the substructural units and diabase distribution in the Gaoyou sag (c).
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Fig. 2. Stratigraphic characteristics, sequence stratigraphic framework and sample location of well Z1 in the Gaoyou Sag 
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3 Samples and experiments 

3.1 Samples 

In this study, 11 core samples were collected from the well Z1 in the Gaoyou 

Sag, Subei Basin (Table 1). The Funing formation refers to a set of organic-rich 

lacustrine shale formations. The location of the well Z1 is illustrated in Fig. 1c. The 

samples from the well Z1 were taken at the depths from 1568.47 m to 1790.18 m (Fig. 

2). A series of tests were performed out on the above samples (e.g., thin sections 

observations, FIB-SEM, X-ray, TOC, N2 gas adsorption analyses and 2-D NMR 

analysis). 

The NMR experiments were all performed by the Accumulation and 

Development of Continental Oil and Gas Key laboratory of Education Ministry, 

Northeast Petroleum University.  

Table 1 Samples information, Funing Formation, Subei Basin 

 

Sample Depth/m Member Style Lithology 

1 1568.47 Paleogene Core hornfels 

2 1571.87 Paleogene Core hornfels 

3 1580.78 Paleogene Core hornfels 

4 1602.68 Paleogene Core diabase 

5 1603.64 Paleogene Core diabase 

6 1607.37 Paleogene Core diabase 

7 1608.87 Paleogene Core diabase 

8 1657.65 Paleogene Core slate 

9 1664.82 Paleogene Core slate 

10 1778.73 Paleogene Core shale 

11 1790.18 Paleogene Core shale 

3.2 Experiments 

3.2.1 Thin sections and SEM observation 

Ilion 697 was adopted to polish the shale samples with argon ion for preparing 

the shale samples. The polishing time was nearly 2 h. The polished surface of the 
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samples was sprayed with a thin layer of carbon to enhance the conductivity of the shale 

surface. The pore characteristics of the processed shale samples were identified under 

the ZEISS Crossbeam 540 (Carl Zeiss Industrial Metrology) field emission scanning 

electron microscope. The minimum observable aperture was 2 nm. The probe combined 

a secondary electron probe and a backscattered electron probe. The secondary electron 

probe was primarily adopted to characterize the morphology of minerals, while the 

backscattered electron probe was employed to observe the pores. 

3.2.2 N2 gas adsorption analyses 

N2 gas adsorption and desorption examinations were performed using a 

Micromeritics ASAP 2460 surface area and pore volume analyzer. A total of 11 

specimens were screened to gain the grain measures of 40–60 mesh before drying in a 

vacuum oven at 150 ℃ for 8 h (Guan et al., 2020). The mesopores (2–50 nm) and 

several macropores (＞50 nm) were defined using the N2 gas adsorption evaluation, 

and the measurements were performed at 25 ℃ (based on standard SY/T 6154–1995, 

China Petroleum Industry Standards) with a relative pressure (p/p0) range of 0.01–0.995. 

In accordance with the test, the surface area and total pore volume were expressed using 

a combination of nonlocal-density functional theory (NLDFT) and density functional 

theory (DFT) models (Aljamaan et al., 2017; Annuar et al., 2021). 

3.2.3 NMR experiments 

The samples with a mass of nearly 30 g were taken, and two-dimensional (2D) 

nuclear magnetic resonance experiments were performed at 20 ℃. The NMR test 

parameters were: echo time (TE), 0.07 ms; waiting time (TW),1000 ms; number of 

echos (NECH), 6000; number of scans (NS), 32. After the instrument was calibrated to 

detect 1H-containing compounds, the first step is to perform T2 detection to obtain the 

total amount of 1H-containing compounds in the shale sample. Subsequently, T1-T2 2D 

nuclear magnetic detection was performed to obtain a 2D spectrum. The of the content 
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of different compounds was quantitatively divided. 

4 Results 

4.1 Mineralogy and organic geochemistry 

The high-grade metamorphic rocks of the Funing Formation in the study area 

were hornfels, which primarily comprise clay (7.4–26.8%), quartz (0.6–17.5%), 

feldspar (0.0–16.4%), as well as carbonate (10.3–41.9%) (Table 2). The hornfels 

exhibit a typical blastic texture (Fig. 3a), and some hornfels was chlorinated (Fig. 3b) 

in the study area. The hornfels comprised metamorphic minerals, especially augite. 

The low-grade metamorphic rocks were primarily low metamorphic slate. The 

slate comprised clay (16.4–25.7%), quartz (0.6–2.4%), feldspar (3.8–24.5%) and 

carbonate (11.3–36.6%) (Table 2). The slate usually far away from the intrusive diabase 

was characterized by the fissure structure and horizontal micro-layers, and a wide 

variety of slabs were developed (Fig. 3c). Moreover, directional microstructures were 

generated when part of the force was applied. In addition, microcracks (Fig. 3d), 

sericitization and cliticization occurred. Some minerals indicated the degree of 

metamorphisms (e.g., chlorites) The slate was 7–8%, the surface of the slate was 

completely chlorinated (Fig. 3e), and the chlorites grew in the clay minerals (Fig. 3f). 

In general, the none metamorphic rocks were shale. The shale comprised clay 

(30.9–37.6%), quartz (0.8–4.1%), feldspar (17.2–33.2%) and carbonate (25.5–32.9%) 

(Table 2). The normal zone usually far away from the intrusive diabase is characterized 

by pelitic texture (Fig. 3g); it contained a considerable number of calcites (Fig. 3h); it 

was relatively dense (Fig. 3i). 

The results show that the vertical distribution characteristics of TOC and Ro have 

obvious heterogeneity (Table 3). The TOC of the samples ranging from 0.04% to 2.04% 

with an average of 0.80% The Ro vary from 0.52% to 2.20%, indicating that the sample 

has low-maturity- high-maturity characteristics. 
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Fig. 3. Cores, SEM images, and photomicrographs showing lithology and porosities 
of the diabase and contact shale. 

Well, Z1, 1571.87 m, hornfels, filled with chlorite (a), Well, Z1, 1571.87 m, chlorite 

and augite (b), Well, Z1, 1580.78 m, hornfels, organic matter and augite (c), Well, Z1, 

1657.65 m, gray-black layered slate with high angle cracks filled with calcite (d), 

Well, Z1, 1657.65 m, chlorinated slate (e), Well, Z1, 1657.65 m, chlorite in slate (f), 

Well, Z1, 1778.93 m, shale with pelitic texture (g), Well, Z1, 1778.93 m, shale 

containing a lot of calcites (h), Well, Z1, 1778.93 m, shale is relatively dense (i).
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Table 2 Mineral composition of samples, Funing Formation, Subei Basin 

 

Sample 

Mineral compositions/% Clay minerals/% 

Clay Quartz Feldspar Calcite Dolomite Siderite Ankerite Augite I/S I K C 

1  7.4  17.5  0.0  34.6  0.0  12.1  11.7  0.0  66.0  19.0  7.0  8.0  

2  18.8  1.3  9.2  3.5  38.4  9.3  12.5  0.0  62.0  27.0  4.0  7.0  

3  26.8  0.6  16.4  10.3  0.0  1.1  6.2  0.0  / / / / 

4  38.9  0.9  16.9  8.0  6.7  0.0  0.0  17.8  / / / / 

5  38.1  2.6  43.6  0.0  0.0  0.0  0.0  16.2  65.0  13.0  6.0  16.0  

6  / / / / / / / / / / / / 

7  40.1  1.0  19.1  8.0  3.3  2.2  1.9  24.4  61.0  18.0  10.0  11.0  

8  25.7  0.6  3.8  0.0  14.7  1.5  10.1  0.0  65.0  24.0  8.0  3.0  

9  16.4  2.4  24.5  3.4  33.2  0.0  6.0  0.0  66.0  30.0  2.0  2.0  

10  30.9  0.8  33.2  15.4  17.5  1.5  0.0  0.0  15.0  41.0  43.0  1.0  

11  37.6  4.1  17.2  11.4  14.1  1.7  0.0  0.0  20.0  44.0  35.0  1.0  
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4.2 Pore structure characteristics 

A wide variety types of storage spaces were developed on the diabase, (e.g., 

primary storage spaces and secondary storage spaces). 

The primary reservoir space covered a variety of pores and fractures formed 

during the magma cooling and diagenesis process, mainly processes (e.g., condensation 

shrinkage fractures (Fig. 4a) and intercrystal shrinkage microfractures (Fig. 4b). In 

general, the intercrystalline fractures developed in the hornfels were usually directional, 

straight, and discontinuous (Fig. 4c). Tectonic fractures developed in groups and were 

well filled with organic matter (Fig. 4c). The secondary storage space was primarily the 

storage space formed by external forces (e.g., tectonic action, hydrothermal alteration, 

weathering and leaching after the cooling of magma, which comprised various 

dissolution pores and fractures, structural cracks and so forth. 

The minerals (e.g., feldspar) were altered and dissolved in the presence of 

hydrothermal fluids, thus leading to the formation of dissolution pores (Fig. 4d). 

Organic matter receives hydrothermal action to considerable a large number of organic 

matter pores (Fig. 4e). Minerals in slate form interlayer fractures (Fig. 4f). The pores 

in lacustrine shale are mainly inorganic mineral pores dominated by clay mineral pores. 

Clay mineral pores range from nanometer to micron with good connectivity, which 

provide space for the storage and flow of the shale oil (Fig. 4g, h, i). The none 

metamorphic shale also develops inorganic pores (e.g., intercrystal pores and chip hole). 
 

Fig. 4. Pore types of the diabase and influenced shale from Cores, thin sections and 
FE-SEM images 

Well, Z1, 1571.87 m, hornfuls, primary pore and condensation fractures (a), Well, Z1, 

1580.78 m, shrinkage crack (b), Well, Z1, 1580.78 m, hornfuls, fractures filled with 

organic matter (c), Well, Z1 , 1657.65 m, gray-black layered slate, dissolved pores 

(d), Well, Z1, 1657.65 m, OM and organic pores (e), Well, Z1, 1664.82 m, chlorite in 

interlayer (f), Well, Z1, 1778.73 m, shale, structural fractures filled with calcite (g), 

Well, Z1, 1790.18 m, shale, chip hole filled with mica (h), Well, Z1, 1790.18 m, 
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shale, intercrystal pore (i).
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According to the nitrogen adsorption and desorption curve types, the pore 

morphology characteristics can be inferred, and the different adsorption-desorption 

shape types reflect certain pore structure characteristics and types. 

Fig. 5 presents the N2 adsorption and desorption isotherms of the shale samples 

from the diabase metamorphic zone. The amount of N2 adsorbed gradually increases 

with the increase of pressure until the relative pressure is close to 1, the saturated 

adsorption phenomenon will not appear, which indicates that there are large pores in 

the two groups of the shale. By analyzing the corresponding correlation between the 

shape of the adsorption ring and the shape of the pore, it is found that the pore structure 

of the zones affected by the diabase to different degrees has significant differences. 

According to the IUPAC, the pores of adsorption hysteresis is divided into 

cylinder pores(H1), spherical pores(H2), lamellar, slit-wedge, shape pores(H3) narrow 

slit-like pores(H4) (Guan et al., 2020), the samples of low-grade metamorphic zone 

exhibited H3 hysteresis characteristics, while the samples of none metamorphic zone, 

high-grade metamorphic zone and intrusive zone exhibited H4 hysteresis loop 

characteristics, thus suggesting the pores in this area are mainly nanopores with a 

certain degree of irregularity. The rock was dominated by slab pores, while the intrusive 

zone and metamorphic zone were dominated by slit pores. Table 3 lists the pore 

structure parameters calculated by N2 adsorption. The specific surface area of the 

sample ranged from 2.958–16.400 m2/g, with an average value of 7.45 m2/g; the pore 

volume was 0.008–0.03 mL·g-1, with an average value of 0.017 mL·g-1, and the average 

pore size range was 2.897–4.152 nm. The average value was 3.42 nm; the specific 

surface area from the samples of high-grade metamorphic, low-grade metamorphic and 

none metamorphic zone shows tended to first increase, then decrease and then 

subsequently increase. 
 

 

 

Fig. 5. N2 adsorption isotherms curves of samples, Funing Formation, Subei Basin
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Table.3. Organic geochemical parameters and pore parameters of samples, Funing Formation, Subei Basin 

Sample 
TOC         

/% 

S1                          

/(mg·g-1) 

S2                    

/(mg·g-1) 

Tmax          

/℃ 

Ro            

/% 

Surface area         

/（m²·g-1） 

Pore volume    

/（mL·g-1） 

Oil contents                                                

/(μL·g-1) 

1 0.98 0.11 0.17 402 2.20 5.08 0.014 0.050 

2 1.30 0.28 0.27 409 2.17 5.11 0.013 0.032 

3 0.06 0.01 0.01 414 / / / / 

4 0.05 0.01 0.01 440 / / /  

5 0.07 0.01 0.01 435 / 2.96 0.008 0.018 

6 0.05 0.01 0.01 438 / / /  

7 0.04 0.01 0.01 423 / / / 0.021 

8 2.04 0.61 0.23 408 1.35    

9 1.79 0.52 1.96 408 1.27 16.40 0.030 0.102 

10 1.33 0.29 0.96 378 0.52 14.95 0.023 0.091 

11 1.10 0.44 0.62 356 0.53 7.69 0.020 / 
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4.3 Oiliness distribution characteristics  

The 2-D nuclear magnetic resonance analysis test is as shown in the figure below, 

where the horizontal and vertical coordinates are the T1 and T2 signal response sizes, 

respectively (Javed et al., 2019; Li et al., 2020a). Combining with the division of 

substances represented by different signal regions, Fig. 6 illustrates the division of 

signal regions of different hydrogen-containing compound regions in the 2-D spectrum 

of the shale samples. The oil content applied in this study was mainly the sum of free 

oil and adsorbed oil, to obtain the relative oil content. 
 

Fig. 6. Locations of each hydrogen-bearing components of shale on T1-T2 map of 
NMR tests. 

The results of the 2D NMR experiment are presented in Table 4 and Fig. 7, thus 

suggesting the oil content of this sample ranged from 0.08 to 1.39 μL·g-1, and the 

average content was 0.49 μL·g-1. As depicted in the table of classification results of 

various hydrides, the hydrides were mainly water, followed by hydrocarbons. The oil 

content distribution suggested that samples 1 and 3 of high-grade metamorphic zone 

achieved an average oil content of 0.0410 μL·g-1, samples 5 and 7 were diabase with 

an average oil content of 0.0195 μL·g-1, sample 9 of low-grade metamorphic zone oil 

content was 0.102 μL·g-1, sample 10 of none metamorphic zone achieved the shale oil 

content of 0.0910 μL·g-1; Moreover, the oil content increased and then decreased with 

the increase of the influence degree of diabase. 

Table 4. Results of oiliness detected by high frequency 2D NMR map of samples, 

Funing Formation, Subei Basin 

Sample 
Quality 

/g 

Total 

hydrocarbon 

content 

/μL 

Structural 

water 

/μL·g-1 

Free 

water 

/μL·g-1 

Oil 

contents 

/μL·g-1 

Free  

oil 

/μL·g-1 

Adsorbed 

oil 

/μL·g-1 

1  34.5  1492.5  2.000  41.200  0.050  0.012  0.038  

2  35.8  1379.2  0.300  38.100  0.032  0.025  0.007  
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5  37.2  356.7  0.100  9.500  0.018  0.010  0.008  

7  29.5  185.3  0.000  6.200  0.021  0.013  0.008  

9  34.2  3004.9  0.000  87.700  0.102  0.020  0.082  

10  20.9  2922.8  18.800  120.300  0.091  0.008  0.083  
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Fig. 7. 2D map from NMR tests of each phase of shale sample from Funing Formation, Subei basin 
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5 Discussion 

5.1 The division zone of the intrusive-metamorphic reservoir 

Since the lacustrine shale are affected by diabase to varying degrees, the degree of 

effect of diabase intrusion is divided into three zones (including the high-grade 

metamorphic zone, the low-grade metamorphic zone and the none metamorphic zone) 

in accordance with the electrical properties, lithology, hydrocarbon generation quality, 

and reservoir quality characteristics. 

5.1.1 High-grade metamorphic zone 

The study area mainly developed high-grade metamorphic belts and low-grade 

metamorphic zone. To be specific, the intermediate metamorphic zone is mainly horn 

rock, which is generally less than 12 m and has a horn rock structure. The main minerals 

are andalusite, cordierite, garnet, diopside, hematite, magnetite, etc. 

The high-grade metamorphic zone mainly develops hornfels, which is mainly 

composed of clay (7.4–26.8%), quartz (0.6–17.5%), feldspar (0.0–16.4%) and 

carbonate (10.3–41.9%), with a typical blastic texture and chloritization occurred. 

High-grade metamorphic zone in this area has obvious logging response characteristics 

(Fig. 8). It has two low value and two high value, that is, low natural gamma, low sonic 

jet lag, high spontaneous potential and high resistivity. 

The quality of hydrocarbon generation in the high-grade metamorphic zone is 

generally poor. The average values of TOC, S1 and Ro are 0.78%, 0.13 mg·g-1 and 

2.19%, respectively (Fig. 9). The degree of thermal evolution is high, but the abundance 

of organic matter is low, thus suggesting that the intrusion is intrusive. The area has 

low hydrocarbon generation potential. 

The physical properties of the high-grade metamorphic zone are low-porosity-

low-permeability and ultra-low permeability reservoirs. The marginal zone is 
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dominated by condensation shrinkage fractures and structural fractures, resulting in 

relatively poor physical properties in the high-grade metamorphic zone. 

The pore structure parameters of the high-grade metamorphic zone are shown in 

Table 3. The average pore specific surface area, total pore volume and pore radius of 

the diabase samples are 5.10 m²·g-1, 0.0135 mL·g-1 and 3.033 nm, respectively. The 

pore structure of the sample is H4 type, thus suggesting that the pore morphology is slit 

pores, which is relatively poor. 

 

 

Fig. 8. Characteristics of logging curves for lithology of diabase intrusion in Gaoyou 

sag, Subei Basin 

5.1.2 Low-grade metamorphic zone 

The low-metamorphic zone is located between the low-grade metamorphic zone. 

Moreover, the none metamorphic zone, and its logging response is characterized by 

transitional characteristics. 

On conventional logging data, it shows the characteristics of five middle 

chrematistics: middle resistivity, middle sonic jet lag, middle spontaneous potential and 

neutron porosity and natural gamma (Fig. 8). 

Slate largely develops in the low-metamorphic zone, which is relatively far away 

from the intrusive diabase. It is the least affected by the intrusion exhibits low 

metamorphism, and basically retains the original rock characteristics (e.g., the original 

mineral composition, argillaceous structure, and residual bedding). Slate lithology is 

dense, gray-black, with micro-fractures, which can be filled with calcite, mainly 

composed of clay (16.4–25.7%), quartz (0.6–2.4%), feldspar (3.8–24.5%) and 

carbonate (11.3–36.6%), identified under a microscope, the slate in the low-level 

metamorphic zone generally has a variable argillaceous structure or a variable silt 

argillaceous structure. 

In general, the quality of hydrocarbon generation in the low-grade metamorphic 

zone is good. The average values of TOC, S1 and Ro are 1.92%, 0.57 mg·g-1 and 1.31%, 
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respectively. The area exhibits good hydrocarbon generation potential (Fig. 9). 

The physical properties of the metamorphic zone are low-porosity-low-

permeability and ultra-low permeability reservoirs. The metamorphic zone is 

dominated by dissolved fractures, organic pore and interlayer fractures, thus causing 

relatively worse physical properties in the metamorphic zone. 

Table 3 lists the pore structure parameters of the diabase intrusion area. The 

average pore specific surface area, total pore volume and pore radius of the diabase 

samples are 15.68 m²·g-1, 0.025 mL·g-1 and 3.969 nm, respectively. The pore structure 

of the sample is H3 type, thus suggesting that the pore morphology is slit pores, which 

is relatively good. 

5.1.3 None metamorphic zone 

The normal rock belt is mainly composed of lacustrine sedimentary gray-black 

mud shale, which has a wide variety of mineral components and strong vertical 

heterogeneity. 

Its mineral composition mainly includes clay (30.9–37.6%), quartz (0.8–4.1%), 

feldspar (17.2–33.2%) and carbonate (25.5–32.9%), accompanied by a small amount 

of gypsum salt and pyrite, etc. The clay minerals are mainly composed of the illite-

smectite layer and illite. 

In conventional logging data, there are one high and two lows: high natural gamma, 

low sonic jet lag and low resistivity (Fig. 8). The quality of hydrocarbon generation in 

the metamorphic zone is generally poor. The average values of TOC, S1 and Ro are 

1.21%, 0.37 mg·g-1 and 0.53%, respectively (Fig. 9). The area exhibits better 

hydrocarbon generation potential than high-grade metamorphic zone. The physical 

properties of the none-metamorphic zone are low-porosity-low-permeability and ultra-

low permeability reservoirs. The metamorphic zone is dominated by structural fractures, 

chip hole and intercrystal pores, such that relatively good physical properties are 

acheived in the normal zone. The pore structure parameters of the normal area are 

shown in Table 3. The average pore specific surface area, total pore volume and pore 
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radius of the diabase samples are 7.69 m²·g-1, 0.023 mL·g-1 and 2.99 nm, respectively. 

The pore structure of the sample is H3 type, thus suggesting the pore morphology is slit 

pores, which is relatively better than high-grade metamorphic zone (Fig. 9). 
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Fig. 9. Characteristics of diabase, metamorphic reservoir and normal zone in Gaoyou Sag
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5.2 The distribution characteristics of oiliness 

The lacustrine shale of the Funing Formation is an organic-rich shale, affected by 

diabase to different degrees; it exhibits significant oil-bearing heterogeneity. The 

predecessors have commonly employed free hydrocarbon S1 and oil content to 

characterize the oil content. 

The samples of diabase, with an average of S1 achieved the oil content of 0.01 

mg·g-1 and 0.020 μL·g-1. The sample of high-grade metamorphic zone with an average 

of S1, oil contents are 0.20 mg·g-1 and 0.041 μL·g-1. The sample of low-grade 

metamorphic zone with an average of achieved the oil content of 0.57 mg·g-1 and 0.102 

μL·g-1. The sample of none metamorphic zone with an average of S1, oil contents are 

0.37 mg·g-1 and 0.091 μL·g-1(Fig. 10). 

 

 

Fig. 10. Distribution of S1 (a) and oil contents (b) in diabase, metamorphic and 

normal zone in Gaoyou Sag 

According to the results of oil content in different zones, the oil content is the 

highest in low-grade metamorphic zone, and the none metamorphic zone gets worse 

but the high-grade metamorphic zone achieves the least oil content. The oil content of 

lacustrine organic-rich shale tends to decrease. 

The microscopic oiliness of continental shale is affected by the reservoir space 

system and mineral wettability. The degree of effect of diabase is different, and its 

storage space system and mineral type are quite different, and its oiliness is also affected. 

It can be seen that the shale affected by the diabase in the second member of the Funing 

formation contains oil as a whole, but the oil enrichment space and mineral type are 

quite different. The edges of mineral particles (e.g., pyroxene and feldspar) in the high-

grade metamorphic zone emit scattered dark blue or bright blue fluorescence (Fig. 11), 

and the fluorescence display is poor. It is because the diabase has no hydrocarbon-

generated ability, and the oil mainly comes from migration, such that the overall oil-
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bearing property is extremely poor. Minerals and organic matter in the low 

metamorphic zone exhibit scattered blue fluorescence features (Fig. 11), and dark 

fluorescence features in microfractures are significant. Organic pores are generated 

under the effect of diabase intrusion heat, thus laying a spatial basis for oil reservoirs. 

In general, even the smallest organic pores in shale oil reservoirs are oil-bearing for 

their lipophilicity, consistent with the 2D NMR characterization. Relatively good 

results for oiliness are corresponding (Fig. 11). The edges of mineral particles in none 

metamorphic zone (e.g., feldspar and dolomite), are scattered with bright green 

fluorescence, and the intragranular pores formed by the dissolution of feldspar and 

lipophilic dolomite particles are characterized using scattered bright green fluorescence 

(Fig. 11), thus suggesting that inorganic pores (e.g., intergranular pores and dissolution 

pores) in unaffected shale are the main storage spaces for oil and gas. 
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Fig. 11. Fluorescence thin sections under plane polarized light, fluorescence light and 2D map of NMR to show oiliness distribution 

characteristics in different zones of Funing Formation in Subei Basin. 
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5.3 Distribution modes of oiliness affected by diabase 

Diabase intrusion and normal surrounding rock contact resulted in the intrusion-

metamorphic-normal surrounding rock complex area. The oil-bearing property varied 

significantly with the different degrees of diabase intrusion, and the differences were 

largely indicated as follows (Fig. 12). 

High-grade metamorphic zone: hornfels refers to a high-grade metamorphic rock. 

The volatile components in the magma tend to separate, accumulate, and expand from 

the magma with the invasion of magma and reduction of the pressure. Subsequently, 

the components are carried by the magma upward as liquid and gas and gathered in the 

fringe zone. In the process of magma cooling, condensation shrinks due to volume 

changes, forming considerable condensation shrinkage joints. It provides space for oil 

and gas reservoirs, but due to decarbonization, the ability to generate hydrocarbons is 

completely lost. The oil and gas are mainly derived from exogenous hydrocarbons and 

have the worst oil-bearing properties. 

Low-grade metamorphic zone: with the intrusion and condensation of magma, in 

addition to the high salinity fluid released by the magma itself, the surrounding rocks 

in the metamorphic zone undergo dehydration and decarbonization, and an average of 

2 mol fluids are released per kilogram of the shale (Liu et al., 2016). These are the 

instantaneous hydrothermal fluids. It is discharged to the surrounding rock to form a 

circulation or one-way flow to exchange heat and material with the outside world. 

During this process, considerable dissolution pores and cracks are produced, and the 

storage properties are better than low-grade metamorphic zone. It also increases the 

local formation temperature in the basin, thereby reducing the hydrocarbon generation 

threshold depth of lacustrine shale organic matter and accelerating the conversion of 

organic matter to oil and gas. Thus, the low-grade metamorphic zone achieves the most 

oil content. 

None metamorphic zone: it is normal mudstone not affected by diabase intrusion. 

At this stage, mudstone undergoes normal diagenesis. With the increase of the burial 
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depth, the degree of the thermal evolution of organic matter tends to increase to produce 

oil and gas, and a small number of matrix pores develop. It has not been affected by the 

intrusion of diabase, and it has just entered the oil generation threshold, with less oil 

generation. Accordingly, the oil content is more than that of high-grade metamorphic 

zone but less than that of the low-grade metamorphic zone. 

The oil enrichment mode of lacustrine shale by diabase intrusion was built in 

accordance with the comprehensive research of the petrology, hydrocarbon generation, 

reservoir characteristics and oiliness of contact metamorphic mudstone. After diabase 

intrudes into lacustrine shale, the shale can be divided into the normal shale belt, the 

low-level metamorphic zone and the advanced metamorphic zone with the increase of 

intrusion distance and metamorphism. First, with the increase of metamorphism, the 

degree of thermal evolution of organic matter increases. The major reason for this 

finding is that magma intrusion carries considerable heat to heat the formation water, 

due to the heat propagation caused by the local ground temperature of the basin to rise, 

thus reducing the throttle limit depth and facilitating the organic matter hydrocarbon 

generation. Second, the specific surface area and total pore volume of the shale in the 

low metamorphic zone are better than those of normal shale, whereas the pore structure 

parameters of the reservoir in the high metamorphic zone are worse. Lastly, the oil 

content of different metamorphic zones exhibits significant heterogeneity. The low 

metamorphic zone exhibits a higher oil content than the normal shale, whereas the high 

metamorphic zone achieves the least oil content. Accordingly, this model takes on a 

critical significance in expanding the field of oil and gas exploration for in-depth 

understanding and exploration of the effect of diabase intrusion on shale oil enrichment. 

 

 

Fig. 12. Distribution modes of oiliness influenced by diabase 
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6 Conclusions 

(1) The lacustrine shale in the Funing formation is metamorphosed due to diabase 

intrusion. The zone affected by diabase intrusion is divided into the none metamorphic 

zone, the low-grade metamorphic zone, the high-grade metamorphic zone and intrusive 

with the increase of the metamorphic degree. The shale is altered into slate and hornfels 

that are characterized by chloritization of clay matrices. The higher the degree of 

metamorphism, the more chlorite content will be. 

(2) The metamorphic rocks are altered as hydrocarbon reservoirs after diabase 

intrusion in the study area. Compared with the none metamorphic zone, the low-grade 

metamorphic zone shale exhibited more favorable reservoir properties, whereas the 

high-grade metamorphic zone exhibits worse reservoir properties in the metamorphic 

zone. 

(3) S1 and 2D NMR exhibited significant heterogeneity of oil content in different 

metamorphic zones. The oil content of low-grade metamorphic zone is higher than 

those of none metamorphic zone. However, the oil content of high-grade metamorphic 

zone is the least. S1 and oil content shows good correlations with chlorites content. After 

the diabase intrudes into the lacustrine shale, the oil content of the low metamorphic 

zone becomes better, whereas the high metamorphic zone becomes worse. 

(4) A distribution model of oiliness affected by diabase intrusion is established. 

Upper metamorphic zone is thicker than lower metamorphic zone due to diabase 

intrusion. Diabase intrusion has caused obvious heterogeneity of hydrocarbon 

generation quality and reservoir quality in different zones. 
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