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Soluble organic matter generally exists in the source rocks of saline lacustrine

basins. In this paper, we quantified the contribution of soluble organic matter to

hydrocarbon generation based on thermal simulation experiments using a

saline lacustrine source rock from the Qaidam Basin. Our results show that

the yields of gaseous and liquid hydrocarbons in the thermal simulation

products are greatly improved in the presence of soluble organic matter. As

a comparison, themaximum yields of gaseous and liquid hydrocarbons in series

C (without soluble organic matter) were 270mg/gTOC and 329.78 mg/gTOC,

respectively, while in series A (with soluble organic matter) they were 364 and

602.98 mg/gTOC, respectively. The proportion of isoprenoids and n-alkanes in

the products also increased from approximately 3%–40%. Meanwhile, the

presence of soluble organic matter reduced the temperature corresponding

to the hydrocarbon generation peak from 375 to 250°C.Moreover, the presence

of soluble organic matter also had a remarkable change on the stable carbon

isotope composition of methane, resulting inmore 12C enrichment with a range

of 2.24‰–5.25‰. The combined evidence indicates that soluble organic

matter can promote the formation of immature‒low maturity oil in source

rocks.
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Introduction

The exploration and development of conventional and non-conventional

hydrocarbons are significant and essential for the economy and growth of a country

(Aziz et al., 2020; Khalil Khan et al., 2022). Due to the shortage of conventional resources,

academics and geoscientists have to consider unconventional resources or reassess source

rocks with low total organic carbon (TOC) content (Pan et al., 2010; Guo et al., 2019; Xing

et al., 2022). The Paleogene (E) in the western Qaidam basin is widely distributed saline
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lacustrine source rocks. However, the source rocks are generally

not considered rich in organic matter and are much less

abundant than the typical lacustrine source rock. In the past

5 years, the significant hydrocarbon exploration discovery has

sped up studying the re-evaluation of this saline lacustrine source

rocks (Guo et al., 2019).

According to previous studies, soluble organic matter is

found in this saline lacustrine source rocks in the western

Qaidam Basin (Zhang et al., 2017), which has an impact on

the hydrocarbon potential and generation process of such source

rocks (Du et al., 2021; Guan et al., 1998). In addition, this soluble

organic matter is the parent material of middle-shallow

hydrocarbon reservoirs in this area. Hence, the study of

soluble organic matter in different occurrence states in source

rocks is of great significance in re-evaluating the hydrocarbon

potential and generation process of organic matter (Pan et al.,

2018; Guan et al., 1998). Few previous works have been carried

out on the hydrocarbon generation potential and evaluation of

this set of source rocks (Zhang et al., 2017). However, an

assessment of the quantitative contribution of soluble organic

matter to hydrocarbon generation in saline lacustrine source

rocks is still lacking. Given the above reasons, a comparative

hydrocarbon-generation thermal simulation experiment was

designed in this study. The primary purpose is to reevaluate

and quantify the role and contribution of soluble organic matter

in the hydrocarbon generation process within saline lacustrine

source rocks. Additionally, the quantitative study based on

thermal simulation experiments provides reliable evidence for

re-evaluation of the potential resources in this area and

subsequent exploration.

Samples and methods

Sample preparation

The experimental sample was collected from the V sand unit

of the upper member of the lower Ganchaigou Formation. The

sample was washed and pulverized to 100-mesh and then divided

into three equal-weight parts (series A‒C). The series A sample

comprised source rock containing kerogen, and free and

combinative soluble organic matter. The series B sample was

extracted with chloroform for 72 h to remove free soluble organic

matter; hence, this sample contained only kerogen and

combinative organic matter. Series C underwent chloroform

extraction and removal of combinative organic matter, so that

only kerogen remained. After sample pretreatment, an ELTRA

CSI analyzer and a Rock-Eval 6 pyrolysis analyzer were used to

measure the total organic carbon (TOC), S1, S2, and Tmax values.

The mineral composition of the source rock sample is shown in

Table 1, while the TOC and pyrolysis parameters are shown in

Table 2. The high dolomite and low clay mineral contents

indicate that the sample is a typical saline lacustrine source rock.

Thermal simulation experiments and
product analysis

Thermal simulation experiments were conducted using an

autoclave‒gold tube system. Details of the thermal simulation

experimental process can be found in previous research (Xiao

et al., 2005, 2006; Pan et al., 2012; Jin et al., 2013; Li et al., 2013).

Briefly, in these experiments, the pressure was set as 50 MPa, and

the pressure program controlled its change by ± 0.1 MPa. After

the autoclave was rapidly raised from room temperature to

250°C, it was further raised to 450°C at a heating rate of 2°C/

h. A sample was taken every 25°C between 250 and 450°C, and

pyrolysis data of different temperature points were obtained for

each series (A‒C). The pyrolysis experiments were completed

simultaneously so that the experimental conditions of the series

A‒C samples were utterly consistent.

After each thermal simulation experiment, each gold tube

was put into a vacuum glass acquisition system connected to a

chromatograph (Tian et al., 2006; Guo et al., 2009), and the gold

tube was punctured. Once the gas was balanced, the valve was

opened, and the gas was automatically imported into an

HP5890 II chromatograph for quantitative analysis. The gas

chromatograph was equipped with a fused silica column

(Poraplot-Q, 30 m × 0.25 mm × 0.25 µm) with Helium as the

carrier gas at a constant flow rate of 1.2 ml/min. The initial gas

chromatograph (GC) oven temperature was 60°C for 6 min,

TABLE 1 Mineral composition data of source rock sample (%).

Quartz Orthoclase Plagioclase Calcite Siderite Pyrite Anhydrite Augite Dolomite Clay
minerals

13.8 1.4 10.4 12 0.4 4 1.7 4.9 25.9 25.5

TABLE 2 TOC and pyrolysis parameters of sub-samples.

Sub-samples TOC (%) S1 (mg/g) S2 (mg/g) Tmax (°C)

Series A 1.4 2.6 5.5 427.7

Series B 1.1 0.5 5.4 423.9

Series C 17.2 22.1 65.0 424.8
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followed by an increase of 15°C/min up to 180°C and

maintenance for 4 min. The minimum detection limit of the

system is 0.01 ml gas, and the relative error is <0.5% (Pan et al.,

2012; Jin et al., 2013; Li et al., 2013).

The gas chromatograph-isotope ratio-mass spectrometer

(GC-IR-MS) analysis of the gas in this study was performed

on a Delta PlusXL equipped with a GC. The GC was fitted with the

same column as described above, and the GC temperature

program was as follows: start temperature of 50°C, held for

3 min, followed by an increase gradient of 3°C/min to 200°C

(Guo et al., 2009) and a final hold time of 30 min. Individual

compounds were oxidized at 930°C for measurement of their

carbon isotope ratios.

Liquid hydrocarbon products were extracted with

dichloromethane, filtered with a filter membrane (pore size

0.45 μm), and weighed. Hydrocarbons were then identified

using a GC/MS system (Agilent 7890, Agilent Technologies,

United States) interfaced with a mass spectrometric detector

(Xia et al., 2013) (MSD, Agilent 5973N). Helium was used as the

carrier gas in constant (Behar et al., 1992) flowmode at 2 ml/min.

The injector temperature was 280°C, and the oven temperature

program was 3 min at 40°C, followed by an increase of 2°C/min

up to 100°C, then 5°C/min up to 280°C, where it was maintained

for 20 min. The ionization energy was 70 eV.

Results and discussion

Productivity and stable carbon isotope
composition of gases

Hydrocarbon gas yields and stable carbon isotope

compositions at different simulation temperatures are shown in

Figure 1 and Table 3. When the simulated temperature was lower

than 375°C, the gaseous hydrocarbon yields of the three series were

similar, because the samples had not wholly entered the pyrolysis

gas production stage. A large number of minerals in series A

affected the hydrocarbon generation of organic matter. When the

experimental temperature reached 400°C, the hydrocarbon gas

yield of the series A sample was considerably higher than those of

series B and C. This indicates that the soluble organic matter had

begun to produce hydrocarbon gases. As the simulated

temperature rose, the role of soluble organic matter became

more significant. For example, at 450°C, the total hydrocarbon

gas (C1‒5) yield of series A was 364 mg/gTOC, while the series B

and C yields were 262.56 and 270 mg/gTOC, respectively. In

addition, the yield data (Figure 1 and Table 3) also show that the

methane and (Wang and Cheng, 2000) total hydrocarbon gas

yields of the B series sample were similar to those of the C series. In

contrast, the liquid hydrocarbon yield (C6‒14) of the B series

sample was higher than that of the C series, indicating that the

contribution of bound organic matter to the hydrocarbon products

is mainly reflected in the liquid hydrocarbons.

Figure 2 shows the stable carbon isotope compositions of

methane (Figure 2A), ethane (Figure 2B), and propane

(Figure 2C) in the three series. The isotopic composition of

each series became markedly heavier with an increase in

temperature. Compared with series C, the carbon isotope

compositions of methane, ethane, and propane in series A

were markedly enriched in 12C. However, for carbon dioxide

(Figure 2D), the products in series C were more enriched in 12C

than those in series A and B.

On the basis of the above experimental results, the differences in

gas yield and isotopic characteristics of each series are inferred to be

caused by the type and quantity of organic matter in the samples

themselves, which leads to different gas productionmechanisms and

processes. The series A sample contained kerogen and soluble

organic matter, and its hydrocarbon production per unit of

organic matter was higher than those of series B and C. This is a

result of the contribution of soluble organic matter in series A. The

differences in carbon isotope signatures are related to the different

gas production mechanisms. Gas produced in series C mainly came

from kerogen cracking, primarily derived from the demethylation of

C14+ nuclear polycondensation. In the series A sample, in addition to

FIGURE 1
Plot of hydrocarbon yield for each series [(A): CH4 yield; (B) C1-5 yield; (C) C2-5 yield].
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TABLE 3 Hydrocarbon yields (mg/gTOC) and stable carbon isotope compositions (‰) for the A, B, and C series samples at different temperatures.

T
(°C)

Weight
(mg)

EasyRo
(%)

CH4 C2H6 C2H4 C3H8 C3H6 iC4H10 nC4H10 iC5H12 nC5H12 C6‒

14

C14+ C1‒5 C2‒5 δ13C

CH4 C2H6 C3H8 CO2

A Sample

250.1 700.12 0.31 0.11 0.03 0.00 0.03 0.00 0.00 0.01 0.00 0.00 2.25 394.83 0.20 0.09 n.d. n.d. n.d. −1.02

275.1 700.29 0.36 0.20 0.09 0.01 0.11 0.01 0.01 0.01 0.01 0.00 2.91 409.01 0.45 0.25 n.d. n.d. n.d. 0.02

298.4 700.52 0.43 0.29 0.07 0.04 0.09 0.02 0.05 0.03 0.01 0.01 4.08 409.90 0.63 0.34 n.d. n.d. n.d. 0.64

325.0 700.53 0.53 0.94 0.32 0.01 0.46 0.04 0.18 0.14 0.06 0.03 9.55 453.74 2.17 1.23 n.d. n.d. n.d. 1.22

350.1 700.10 0.64 4.18 2.23 0.01 2.96 0.06 0.73 1.10 0.47 0.28 24.31 602.98 12.03 7.85 −42.98 −26.61 −23.99 2.32

375.1 700.04 0.74 13.58 9.06 0.02 10.50 0.08 2.24 4.10 1.67 1.18 92.70 557.11 42.42 28.84 −40.22 −25.17 −23.53 3.10

400.1 700.28 0.89 29.77 22.20 0.01 25.73 0.11 5.74 11.11 4.62 3.45 220.04 323.34 102.74 72.97 −36.89 −24.55 −23.73 2.98

425.1 620.00 1.13 56.79 44.76 0.02 54.15 0.25 12.57 24.44 9.39 7.45 231.97 148.96 209.81 153.02 −35.29 −24.79 −23.79 2.68

450.1 499.83 1.40 104.77 85.19 0.04 97.63 0.40 21.94 37.78 8.82 7.66 79.71 105.75 364.24 259.47 −34.35 −24.68 −22.19 2.07

B Sample

250.1 699.89 0.31 0.20 0.10 0.01 0.11 0.01 0.02 0.03 0.02 0.01 2.01 239.38 0.50 0.3 n.d. n.d. n.d. −0.14

275.1 700.15 0.36 0.33 0.19 0.04 0.26 0.01 0.02 0.03 0.02 0.02 3.64 248.29 0.93 0.6 n.d. n.d. n.d. 0.72

298.4 699.91 0.43 0.54 0.28 0.04 0.40 0.03 0.07 0.06 0.03 0.02 6.52 251.51 1.47 0.93 n.d. n.d. n.d. 0.84

325.0 700.12 0.53 1.21 0.41 0.01 0.54 0.04 0.16 0.16 0.06 0.14 13.2 333.15 2.73 1.52 n.d. n.d. n.d. 1.82

350.1 700.19 0.64 5.00 2.65 0.02 3.28 0.07 0.71 1.21 0.48 0.34 30 420.34 13.76 8.76 −41.28 −26.13 −23.75 3.43

375.1 700.37 0.74 13.75 9.75 0.02 10.36 0.08 2.02 4.03 1.41 1.22 60.7 361.68 42.63 28.88 −31.88 −24.44 −22.76 3.63

400.1 699.47 0.89 27.43 19.81 0.02 19.54 0.16 4.58 7.94 3.18 3.55 106.85 217.96 86.22 58.79 −35.45 −23.80 −22.10 4.08

425.1 600.11 1.13 47.27 37.38 0.03 41.45 0.23 9.18 13.74 6.96 6.31 113.02 112.94 162.55 115.28 −33.07 −23.40 −22.14 4.22

450.1 499.84 1.40 84.82 63.67 0.04 66.86 0.42 14.62 23.20 4.83 4.09 67.19 72.63 262.56 177.74 −32.12 −22.68 −19.93 3.92

C Sample

250.1 120.71 0.31 0.21 0.02 0.00 0.03 0.00 0.00 0.01 0.00 0.00 2.56 79.23 0.28 0.07 n.d. n.d. n.d. −22.37

275.1 120.59 0.36 0.35 0.05 0.00 0.08 0.00 0.01 0.01 0.00 0.00 3.46 81.8 0.50 0.15 n.d. n.d. n.d. −25.37

298.4 120.90 0.43 0.71 0.14 0.00 0.22 0.00 0.03 0.05 0.02 0.01 4.39 116.9 1.18 0.47 n.d. n.d. n.d. −25.72

325.0 100.87 0.53 1.68 0.58 0.00 0.91 0.01 0.25 0.28 0.15 0.07 11.3 166.21 3.93 2.25 −37.73 −24.55 −22.81 −24.19

350.1 100.97 0.64 3.54 2.41 0.00 3.13 0.01 0.99 1.41 0.98 0.48 25.7 329.78 12.94 9.4 −36.67 −25.45 −22.56 −23.66

375.1 100.95 0.74 12.72 10.32 0.00 10.59 0.01 3.07 4.81 2.93 1.56 78.77 318.01 46.02 33.3 −35.42 −23.42 −21.29 −22.57

400.1 100.83 0.89 32.18 24.94 0.00 23.46 0.03 6.30 9.87 4.93 2.71 163.35 165.06 104.42 72.24 −34.08 −22.78 −21.55 −21.80

425.1 68.02 1.13 58.76 43.05 0.01 41.07 0.07 10.14 14.87 5.53 3.56 107.92 106.04 177.06 118.3 −33.28 −22.99 −22.00 −21.53

450.1 80.85 1.40 92.37 64.24 0.01 64.56 0.17 15.72 23.34 5.89 4.27 49.4 100.03 270.58 178.21 −32.11 −22.86 −20.62 −23.16
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demethylation, the C‒C bond of C6+ saturated chains and the C‒C

bond of C2‒5 fatty chains was fractured in the cracking gas (Hill et al.,

2003; Guo et al., 2009). The mean δ13C value of carbon dioxide in

series C was −23.37‰ (Figure 2D), while series A and B samples

exhibited positive δ13C values (Figure 2D) caused by the thermal

cracking of inorganic minerals in the pyrolysis process. We can

conclude that the abundant soluble organic matter in the source

rocks of this saline lake basin has a significant influence on

hydrocarbon generation, both in terms of gas generation

potential and controlling the carbon isotope characteristics of

hydrocarbon gases.

Hydrocarbon productivity

Liquid hydrocarbons were a fundamental component of the

thermal simulation products.When the temperature was lower than

350°C, the liquid hydrocarbon yield increased slowly with an

increase in experimental temperature. In comparison, when the

temperature was higher than 350°C, the yield decreased gradually as

FIGURE 2
Comparison of the stable carbon isotope compositions of each component [(A): δ13C-CH4; (B) δ13C-C2H6; (C) δ13C-C3H8; (D) δ13C-CO2].

FIGURE 3
Liquid hydrocarbon yield comparison.
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the temperature increased (Figure 3). In the three sample series

analyzed herein, the variation trend of liquid hydrocarbon yield with

changing temperature was consistent (Figure 3).

Although each series showed a similar change trend, the

corresponding yields were markedly different at equivalent

temperatures. At a given temperature condition, series A had

the largest yield, and series C the smallest. These differences in

liquid hydrocarbon yield further demonstrate the contribution of

free and combinative soluble organic matter to hydrocarbon

generation. The contribution of hydrocarbons generated by

pyrolysis of combinative soluble organic matter results in the

yield of series B being higher than that of series C. Moreover,

concurrent pyrolysis of free and combinative soluble organic

matter results in the yield of series A being the highest.

Biomarker characteristics

In addition to the yield and carbon isotope analysis of gaseous

and liquid hydrocarbons, we also analyzed the characteristics of

biomarkers (Figure 4). Because the total hydrocarbon production of

series B was low, there was insufficient material to carry out GCMS

analysis and biomarker parameter calculation. Therefore, only the

differences between the biomarkers of series A and C are discussed

below.

Both series A and C displayed abundant steranes at different

temperatures, with the αααC27 sterane having the highest

concentration (Figures 4G,I). In addition, both samples

contained abundant 4-methyl steranes (Figures 4G,I), which

are related to a hydrocarbon generation parent material

dominated by algae. Moreover, the mean value of

gammacerane/αβ-C30 hopane was 0.93 in series A and 0.96 in

series C (Figure 4J,L), indicating a high salinity sedimentary

environment. The contents of tricyclic terpanes in the two series

were relatively consistent, among which the C23 tricyclic terpane/

(C23 tricyclic terpane + C30 hopane) of series A was 0.38, and that

of series C was 0.26 (Figure 4J,L; Table 4). The above results

indicate that the kerogen and soluble organic matter in these

samples have the same parent material and source environment.

Although each of the series samples exhibited similar parent

material and environment, the isoprenoid contents in the

products were markedly different. As shown in Figures 4A,D,

series A products contained high contents of Pr and Ph, and Ph

was the dominant peak in the total ionization chromatograph.

FIGURE 4
Biomarker spectrograms of thermally simulated products at 250°C [(A–C)was total ion chromatogram of series A, B, and C, respectively; (D–F)
was the spectrum of m/z 85; (G–I) was the spectrum of m/z 217; (J–L) was the spectrum of m/z 191].
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TABLE 4 Characteristics of biomarkers in experimental series A and C.

Temperature
(°C)

∑C21-/
∑C22+

Pr/
Ph

Pr/
nC17

Ph/
nC18

A B C D

Series A 250.1 1.76 0.23 0.89 2.46 0.40 0.93 6.74 0.38

275.1 0.87 0.25 0.57 1.49 0.16 1.01 6.14 0.31

298.4 0.76 0.24 0.54 1.42 0.14 0.96 6.25 0.31

325.0 0.80 0.25 0.53 1.34 0.14 0.98 6.02 0.31

350.1 0.86 0.35 0.55 1.19 0.13 1.05 6.62 0.37

375.1 1.09 0.45 0.49 0.88 0.12 n.d. 6.21 0.69

400.1 1.11 0.50 0.21 0.36 0.05 n.d. 5.46 0.96

425.1 1.42 0.37 0.02 0.03 0.01 n.d 5.50 1.00

450.1 0.53 n.d. n.d. n.d. 0.02 n.d. 5.66 n.d.

Series C 250.1 0.29 0.06 0.35 1.38 0.03 0.96 5.61 0.26

275.1 0.29 0.08 0.29 1.15 0.03 0.95 5.25 0.26

298.4 0.32 0.12 0.24 0.96 0.03 1.04 5.33 0.28

325.0 0.45 0.38 0.25 0.46 0.03 1.13 5.52 0.31

350.1 0.50 0.43 0.26 0.46 0.03 1.14 5.39 0.33

375.1 0.74 0.73 0.20 0.25 0.03 n.d. 4.32 0.85

400.1 0.90 0.79 0.08 0.09 0.01 n.d. 5.51 1.00

425.1 0.86 0.45 0.01 0.01 0.01 n.d. 5.95 1.00

450.1 0.28 0.82 0.27 0.51 0.01 n.d. 5.87 n.d.

Note: A, (Pr + Ph)/∑C14‒36; B, gammacerane/αβC30 hopane; C, αααC27 sterane/αααC29 sterane; D, C23 tricyclic terpane/(C23 tricyclic terpane + αβC30 hopane).

FIGURE 5
Parameter comparison of biomarkers [(A) (Pr+Ph)/nC10‒35; (B) Pr/nC17; (C) Ph/nC18; (D) Pr/Ph].
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The ratio of (Pr+ Ph)/nC10-35 in the product reached 40% at

250°C, but the ratio gradually decreased with increasing

temperature. By comparison, the contents of Pr and Ph in the

products of series C were markedly reduced (Figure 4C), and the

ratio of (Pr+Ph)/nC10-35 was only 1%–3% (Figure 5A; Table 4).

Phytane dominance was observed in both series A and C, with

Pr/nC17 and Ph/nC18 ratios of 0.89 and 2.46, and 0.35 and 1.38,

respectively. However, with the simulated temperature increase,

the ratio gradually approached zero owing to a large amount of

isoprenoid cracking at high temperatures. This phenomenon is

consistent with previous results (Xia et al., 1999).

Conclusion

On the basis of temperature-programmed simulation

experiments of saline lacustrine low-maturity source rocks

from the Qaidam Basin, the influence of soluble organic

matter on the hydrocarbon generation process and isotopic

characteristics of the resultant products were comparatively

analyzed and discussed. The following conclusions can be drawn:

(1) The presence of soluble organic matter substantially

influences the hydrocarbon generation capacity, stable

carbon isotope composition, and composition of liquid

hydrocarbon biomarkers of source rocks. In addition to

increasing the yield of hydrocarbons, the carbon isotope

composition of the products is enriched in 12C, and the

content of isoalkanes in liquid hydrocarbons is increased.

(2) Soluble organic matter also influences the evolution of source

rocks. Soluble organic matter can promote a large amount of

hydrocarbon generation during the early stage of the thermal

degradation of source rocks, thus forming large quantities of

immature‒low maturity oil and gas, and widening the

hydrocarbon-generation range of source rocks.
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