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Abstract 

Low-mature shale (Ro = 0.5% ~ 1.0%) is an important strategic alternative in China’s oil and gas resource replenishment and 

production enhancement. In situ conversion technology is considered the key to efficient development. As one of the main 

methods of in situ conversion, in situ combustion heating technology has advantages such as low cost and high thermal 

efficiency. However, its combustion characteristics and pyrolysis mechanism in low-mature shale are not yet clear. This study 

focuses on low-mature shale from the Songliao Basin, using thermogravimetric analysis (TG), total organic carbon (TOC) 

testing, and one-dimensional physical simulation experiments to systematically explore its in situ combustion and pyrolysis 

behavior. The results show that the pyrolysis process of low-mature shale can be divided into three stages: low-temperature 

volatilization (<250°C), organic matter pyrolysis (250-550°C), and inorganic mineral decomposition (>550°C). The optimal 

temperature range for in situ combustion modification is between 450 and 500°C, where the organic matter pyrolysis conversion 

rate exceeds 80%, and the produced oil exhibits significant lightening characteristics. The research findings provide important 

theoretical support for the optimization and field application of in situ combustion technology for low-mature shale and are of 

great significance for promoting the sustainable development of shale oil resources in China. 
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1. Introduction 

China has abundant land-based shale oil resources, with the 

resource volume of low-to-moderate mature shale (Ro = 0.5% 

~ 1.0%) exceeding 400 billion tons, far higher than the mod-

erate-to-high mature shale (Ro = 1.0% ~ 1.5%, about 100 

billion tons), making it a key potential area for future oil and 

gas reserve growth [1-3]. Although significant breakthroughs 

have been made in the development of moderate-to-high 

mature shale oil, such as in enrichment theory and horizontal 
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well fracturing technologies, challenges remain with 

low-to-moderate mature shale due to issues such as low 

movable oil content (<10%), high oil viscosity (>1000 mPa•s), 

and poor reservoir brittleness, which make conventional ex-

traction techniques ineffective and economically unfeasible 

[4-6, 14, 15]. Therefore, in-situ conversion technologies, 

especially those that promote organic matter pyrolysis to 

generate hydrocarbons through artificial heating, have be-

come a key technical direction for the development of 

low-to-moderate mature shale. In-situ combustion technology, 

which offers the advantage of "heat generation in place 

without surface heat supply," is widely considered one of the 

most promising technologies due to its low cost and high 

thermal efficiency [7-10]. 

In-situ combustion technology originated in the 1950s 

and was initially applied to heavy oil recovery. Its principle 

involves injecting air into the oil reservoir, causing the 

organic matter to combust, and using the heat released by 

combustion to drive the thermal cracking and displacement 

of remaining hydrocarbons [11]. However, traditional 

in-situ combustion technology faces limitations such as 

shallow well depth (<750 meters), difficulty in combustion 

control, and solid waste disposal, which hinder its 

large-scale application [12, 13]. In recent years, with the 

advancement of deep well drilling and intelligent regula-

tion technologies, the feasibility of in-situ combustion for 

low-to-moderate mature shale has been reconsidered. The 

Songliao Basin, as an important shale oil production area in 

China, has abundant organic matter in its northern 

low-to-moderate mature shale, which is also buried at 

moderate depths (1500~2500 meters), making it an ideal 

target for in-situ combustion technology. 

This paper systematically studies the combustion temperature 

characteristics, organic matter conversion efficiency, and the 

composition changes of produced oil and gas of low-to-moderate 

mature shale in the Songliao Basin through pyrolysis experi-

ments, total organic carbon (TOC) tests, and one-dimensional 

combustion simulations. The study clarifies the in-situ combus-

tion potential of these shales. The results provide a theoretical 

basis for optimizing and promoting in-situ combustion technol-

ogy, which is of great significance for the efficient development 

of low-to-moderate mature shale oil resources. 

2. Materials and Equipment 

2.1. Experimental Samples 

The samples were selected from the low-to-moderate ma-

ture shale cores in the northern Songliao Basin, with well 

depths ranging from 1877 to 1904 meters, and a reflectance of 

vitrinite (Ro) of 0.986%, representing typical 

low-to-moderate mature shale. The samples were crushed and 

sieved, and the following mixed particle sizes were selected: 

50% (40-80 mesh), 10% (<6 mesh), 10% (6-20 mesh), 10% 

(20-40 mesh), 10% (80-100 mesh), and 10% (>100 mesh), to 

simulate the reservoir pore structure. 

2.2. Experimental Instruments and Apparatus 

2.2.1. STA-409-PC Comprehensive Thermal 

Analyzer 

Used for pyrolysis characteristic analysis. Experimental 

conditions: sample mass of 40±10 mg, heating rate of 

5°C/min, final pyrolysis temperature of 1000°C, gas injection 

rate of 40 mL/min, and an air atmosphere. 

2.2.2. Vario TOC Cube Total Organic Carbon 

Analyzer 

Used to measure the TOC content of the samples at dif-

ferent constant temperatures. The temperature gradient was 

set at 250°C, 300°C, 350°C, 400°C, 450°C, 500°C, 550°C, 

and 600°C. 

2.2.3. One-Dimensional Physical Simulation 

Apparatus 

Used for combustion characteristic analysis. The apparatus 

mainly includes the injection unit, core model unit, data acquisi-

tion and control unit, and liquid-gas separation and recovery unit 

(see Figure 1). The injection unit consists of air bottles, nitrogen 

bottles, and flow meters, which can adjust the gas injection in-

tensity during the experiment and measure and control the injec-

tion speed. The core model unit uses a φ2.5 cm × 45 cm 

one-dimensional combustion tube, and the model is wrapped 

with an insulating jacket placed in a temperature control box. 

The data acquisition and control unit consists of thermocouples, 

data acquisition boards, back-pressure valves, micro-adjustment 

valves, etc., to record the temperature at various points in the 

combustion process and control the internal pressure of the 

temperature control box through the control unit. 

 
Figure 1. One-Dimensional Physical Simulation Experimental Ap-

paratus. 

1—Gas Source; 2—Flow Meter; 3—Confined Pressure Tracking 

Device; 4—Plunger Model; 5—High-Temperature Con-

stant-Temperature Box; 6—Temperature Measurement System; 

7—Pressure Sensor; 8—Data Acquisition Module; 9—Computer; 

10—High-Temperature High-Pressure Back Pressure Valve; 

11—Gas-Liquid Separation Device; 12—Flue Gas Analyzer. 
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2.2.4. GC-7890 Gas Chromatograph 

Used for analyzing the hydrocarbon components of the 

produced oil. 

3. Experimental Results and Analysis 

3.1. TG Thermal Analysis Experiment and 

Pyrolysis Process Study 

To further study the pyrolysis characteristics of 

low-to-moderate mature shale, the TG-DTG curves were 

analyzed, dividing the pyrolysis process of the shale into three 

stages: low-temperature volatilization, organic matter pyrol-

ysis, and high-temperature inorganic mineral decomposition. 

This helps to understand the mass loss characteristics and 

reaction mechanisms of each stage. The pyrolysis data were 

used to explore and optimize the in-situ combustion process 

of low-to-moderate mature shale, providing theoretical sup-

port for its practical application. 

 
Figure 2. Thermal Analysis Experiment TG-DTG Curve Stage Di-

vision. 

Figure 2 shows the TG-DTG curves during the sample 

heating process. The TG curve represents the mass loss of the 

sample during the heating process, while the DTG curve 

shows the instantaneous rate of mass change during pyrolysis. 

Based on the mass loss and pyrolysis mechanism, the reaction 

process of low-to-moderate mature shale is divided into three 

stages: low-temperature volatilization, organic matter pyrol-

ysis, and high-temperature inorganic mineral decomposition. 

First Stage (<250°C): The TG curve shows a gradual but 

continuous slight decline, with a mass loss of 0.42%, corre-

sponding to a broad, low peak in the DTG curve. In this stage, 

the weight loss rate is relatively low, mainly due to the de-

sorption of free water adsorbed in the pores and the gradual 

release of bound water and interlayer water in clay minerals 

such as illite and montmorillonite during heating. A small 

amount of light hydrocarbons, which are either present in the 

pores or adsorbed on mineral surfaces, also volatilize at low 

temperatures. 

Second Stage (250-550°C): The TG curve shows a sharp, 

significant decrease with a cumulative mass loss of 6.72%, 

and the DTG curve shows a major peak at Tmax = 493.5°C. 

This stage mainly reflects the pyrolysis of organic matter in 

low-to-moderate mature shale. The mass loss is mainly driven 

by the thermal cracking of kerogen, where weak chemical 

bonds in large kerogen molecules, such as C-C bonds, C-O 

bonds, and sulfur/nitrogen-containing bonds, break under heat, 

producing small molecule hydrocarbons (oil, gas) and resid-

ual coke. Asphalt or heavy soluble organic matter, which may 

also exist in the sample, undergoes pyrolysis and volatiliza-

tion in this temperature range, with the cracking of some 

components overlapping with kerogen. This stage is an im-

portant thermal analysis indicator for evaluating the sample's 

original hydrocarbon generation potential, directly reflecting 

the total amount of organic matter that can be pyrolyzed. 

Third Stage (>550°C): The mass loss in this stage is about 

3.89%, and the DTG curve shows several broad, low peaks. 

This stage mainly represents the deep cracking of residual 

polycyclic aromatic hydrocarbon structures or coke at higher 

temperatures, generating methane, hydrogen, and other gases, 

along with thermal polymerization reactions. Additionally, 

carbonate minerals and a small amount of sulfides in the 

sample decompose under high temperatures, leading to slow 

mass loss. 

By analyzing the pyrolysis data at different temperatures, 

the key temperature intervals for each stage of the in-situ 

combustion process and their effect on organic matter con-

version efficiency can be clarified. In the 250-550°C range, 

the pyrolysis conversion rate of organic matter increases 

significantly, thus determining this range as the optimal 

temperature for in-situ combustion. To further optimize the 

in-situ combustion process, air injection rate and temperature 

control can be adjusted based on pyrolysis data, which will 

improve organic matter conversion efficiency and reduce 

interference from inorganic minerals. Moreover, by control-

ling temperature and injection conditions during the 

high-temperature stage, the pyrolysis efficiency and oil and 

gas output of low-to-moderate mature shale can be optimized. 

3.2. Total Organic Carbon Content and 

Pyrolysis Conversion Rate Analysis 

In the pyrolysis process of low-to-moderate mature shale, 

the core mass loss includes both organic matter conversion 

loss and inorganic mineral decomposition loss. The decrease 

in total organic carbon (TOC) content represents the loss of 

organic matter through oxidation, decomposition, and com-

bustion, defined as the core in-situ combustion pyrolysis rate. 

The TOC test results under different constant temperature 

conditions are shown in Table 1. 
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Table 1. Experimental Results of Total Organic Carbon Content of Samples at Different Temperatures. 

Sample 250°C 300°C 350°C 400°C 450°C 500°C 550°C 600°C 

TOC, % 2.216 1.492 0.985 0.677 0.315 0.239 0.15 0.124 

TOC Loss Value, % 0.3525 1.0765 1.5835 1.8915 2.2535 2.3295 2.4185 2.4445 

Loss TOC Rate, % 13.7 41.9 61.7 73.6 87.73 90.7 94.2 95.2 

 

From the TOC measurement results under different con-

stant temperature conditions in Table 1, it can be observed 

that between 250°C and 600°C, the total organic carbon 

content, loss values, and TOC loss rates change with temper-

ature. The TOC values represent the amount of total organic 

carbon in the sample, which decreases as the temperature 

increases. The loss value indicates the loss of TOC content at 

specific temperatures, which increases as the temperature 

rises. The loss TOC rate represents the proportion of TOC loss, 

which increases with temperature, especially in the 

450-500°C range, where the TOC loss rate significantly in-

creases, reaching high values. 

 
Figure 3. Total Organic Carbon Content Test Results of Samples at 

Different Constant Temperatures. 

As shown in Figures 3 and 4, at 250°C, the TOC loss rate is 

only 13.7%, indicating that the decomposition of organic 

matter is relatively mild. As the temperature increases, the 

TOC loss rate rapidly increases, especially between 

250-500°C, where the loss rate gradually increases. At 400°C, 

the TOC loss reaches more than 70%, marking a significant 

pyrolysis of the organic matter in the sample. At this point, 

organic matter in the sample starts to decompose, producing 

oil and gas. In the 450-500°C range, the TOC loss rate reaches 

a high level (over 80%), which is beneficial for maximizing 

organic matter conversion. During this stage, in-situ combus-

tion is most effective, as the organic matter conversion rate is 

high, and the interference from inorganic minerals is minimal. 

Above 500°C, inorganic minerals (e.g., carbonates) in the 

sample begin to decompose, and the conversion rate of or-

ganic matter slows down. Therefore, temperatures above 

500°C are mainly used for the decomposition of inorganic 

minerals. 

 
Figure 4. Comparison of Loss Rate in Different Experimental 

Methods. 

These data show that temperature has a significant impact 

on the TOC loss rate of the sample. Especially in the 

450-500°C range, the conversion efficiency of organic matter 

is significantly improved, so this temperature range is con-

sidered the optimal temperature range for in-situ combustion 

of low-to-moderate mature shale. These experimental results 

provide a theoretical basis for in-situ combustion technology, 

particularly for optimizing temperature control and improving 

combustion efficiency. Reasonable temperature control can 

maximize the organic matter conversion rate while avoiding 

the negative impact of inorganic mineral decomposition 

caused by excessively high temperatures. 

3.3. In-Situ Combustion Characteristics and 

Pyrolysis Behavior of Low-to-Moderate 

Mature Shale 

3.3.1. Combustion Temperature Analysis 

To further analyze the in-situ combustion characteristics 
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and pyrolysis behavior of low-to-moderate mature shale, a 

series of experiments were conducted to systematically study 

the pyrolysis behavior, combustion process, and conversion 

characteristics of low-to-moderate mature shale under dif-

ferent temperature conditions. Figure 5 shows the temperature 

variation over time under different temperature conditions 

during the in-situ combustion one-dimensional physical sim-

ulation experiment. 

 
Figure 5. Temperature Variation in One-Dimensional In-Situ Com-

bustion Simulation Experiment. 

From Figure 5, it can be seen that after setting the constant 

temperature to 500°C and maintaining it for 1 hour, air injec-

tion began, and the temperature inside the combustion tube 

rapidly increased to 615°C. This temperature increase indi-

cates that the injection of air facilitated the combustion reac-

tion of the organic matter, releasing more heat and causing the 

temperature to rise rapidly. 

However, as the organic matter gradually depletes, the heat 

generated by the combustion reaction is insufficient to main-

tain the high-temperature state. As the organic matter (fuel) is 

gradually consumed, the temperature begins to decrease, 

gradually dropping from the peak of 615°C to 500°C. This 

phenomenon indicates that the continuity of the combustion 

reaction is limited by the fuel supply, with the depletion of 

organic matter directly leading to the weakening of the 

combustion reaction, which in turn affects the stability of the 

temperature. 

Finally, the temperature inside the combustion tube stabi-

lizes back at 500°C. This process reflects the characteristics of 

in-situ combustion in terms of temperature control and reac-

tion continuity. By adjusting the air injection rate and duration, 

the combustion process can be better maintained and opti-

mized to ensure stable heat release and effectively promote 

the pyrolysis and conversion of organic matter. 

This experimental result provides important data support 

for temperature control optimization in in-situ combustion 

technology, especially for the rapid temperature rise and 

combustion process continuity management. 

3.3.2. Gas Product Analysis 

 
Figure 6. Tail Gas Component Variation Characteristics in 

One-Dimensional In-Situ Combustion Simulation Experiment. 

Before air injection, the pyrolysis of organic matter in a 

sealed state generates methane and other light hydrocarbons, 

which accumulate at high concentrations. As air is injected 

and combustion occurs, the accumulated gases inside the 

combustion tube are rapidly expelled, and the concentration 

of methane and other light hydrocarbons decreases, indicating 

that pyrolysis of low-to-moderate mature shale begins to react 

in a low-oxygen environment. From the analysis of Table 2 

and Figure 6, the gas production characteristics during the 

in-situ combustion process are evident: carbon dioxide and 

hydrogen are the primary products, indicating that organic 

matter is extensively converted into these gases during com-

bustion and pyrolysis. The consumption of oxygen and gen-

eration of carbon dioxide reflect the ongoing combustion 

reaction, while the production of hydrogen and methane in-

dicates that organic matter is cracked into light hydrocarbons 

during pyrolysis. 

Table 2. Content of Exhaust gas Components Produced under Different Constant Temperature Durations. 

Constant Temperature Time / min H2 /% CO2 /% O2 /% N2 /% CH4 /% CO /% 

0 2.208 5.061 9.1186 81.723 1.8894 0 
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Constant Temperature Time / min H2 /% CO2 /% O2 /% N2 /% CH4 /% CO /% 

0.5 0.241 9.415 6.4309 83.682 0.2312 0 

1 0.156 7.125 7.5699 84.727 0.1469 0.275 

1.5 0.316 9.699 7.3829 82.255 0.3475 0 

 

This experiment provides important data for optimizing 

in-situ combustion technology, especially regarding the rela-

tionship between temperature, time, and gas production. This 

information helps to control gas generation, reaction effi-

ciency, and energy release during the combustion process. 

3.3.3. Oil Product Analysis 

The produced oil is light oil, which is rapidly produced 

within about 0.5 hours after ignition. Based on the carbon 

number distribution of the oil components, it ranges from C10 

to C35, with the main carbon peak at C19. Some organic 

matter is oxidized and consumed, generating water. After the 

experiment, the core was removed, and its color was notice-

ably lighter, with sintered blocks appearing, indicating that 

organic matter in the core was greatly consumed and signifi-

cant pyrolysis and combustion coking reactions occurred. 

Therefore, under the same heating temperature, the air at-

mosphere significantly enhances the in-situ combustion py-

rolysis effect of low-to-moderate mature shale. 

From Figures 7 and 8, it can be seen that the in-situ com-

bustion process significantly increased the conversion rate of 

organic matter in low-to-moderate mature shale, especially in 

terms of light oil production. The lightening conversion dur-

ing combustion causes the hydrocarbon composition of the 

produced oil to shift towards shorter carbon chain compounds, 

thus improving the usability of the produced oil. 

The carbon chain length of the produced oil mainly ranges 

from C8 to C25, which matches the typical product charac-

teristics of low-to-moderate mature shale, indicating that the 

pyrolysis process effectively converts organic matter into 

usable light hydrocarbons at certain temperatures. The pro-

duced oil shows characteristics of shorter carbon chains, 

which is significant for shale oil development, especially in 

terms of improving oil and gas yield and quality. These ana-

lytical results provide important references for optimizing and 

applying in-situ combustion technology, especially in im-

proving light oil yield and pyrolysis efficiency. 

These data contribute to further optimizing the application 

of in-situ combustion in low-to-moderate mature shale, im-

proving resource development efficiency, and providing the-

oretical support for the sustainable development of shale oil 

resources. 

 
Figure 7. Gas Chromatography of Produced Oil Components from One-Dimensional In-Situ Combustion Pyrolysis Experiment. 

 
Figure 8. Distribution of Full Hydrocarbon Components in Produced Oil from One-Dimensional In-Situ Combustion Pyrolysis Experiment. 
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4. Conclusion 

(1) The optimal temperature range for in-situ combustion is 

450°C-500°C, during which the organic matter con-

version rate can reach over 80%, and the oil products 

exhibit significant lightening characteristics. 

(2) At 450°C, low-to-moderate mature shale can consume 

about 2.25% of its mass, with an organic carbon com-

bustion heat of 40 MJ/kg, indicating that in-situ com-

bustion technology has a high pyrolysis conversion ef-

ficiency. 

(3) Based on the experimental results, an in-situ combus-

tion modification method suitable for low-to-moderate 

mature shale is proposed, which includes well network 

development, alternating injection of gas and water, and 

steam flooding, to effectively improve the pyrolysis and 

recovery rates of shale oil. 

(4) The future work should focus on multi-scale combus-

tion simulations, detailed characterization of combus-

tion products, the mechanisms of mineral-organic mat-

ter interactions, combustion parameter optimization, 

and the deep integration with numerical simulations, in 

order to promote the transition of in-situ combustion 

technology from mechanism research to engineering 

applications.. 

(5) This technological method not only optimizes the de-

velopment efficiency of low-to-moderate mature shale 

but also provides new ideas for the sustainable devel-

opment of shale oil resources in China. 
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