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Abstract. The Permian Lucaogou Formation oil shale in the southeast of the 
Junggar Basin is the oldest oil shale in China. In this study, the biodegradation 
characteristics of the oil shale are investigated based on organic geochemistry. 
The analytical results show that the biodegraded oil shale contains large humps 
of unresolved complex mixtures (UCMs) and is depleted of n-alkanes and 
acyclic isoprenoids (pristine (Pr), phytane (Ph), iC18, iC17, iC16, iC15 and iC14). 
Furthermore, C14–C16 bicyclic terpanes are completely preserved. It can be 
concluded that the biodegradation level of the Lucaogou Formation oil shale 
is PM1–PM2. In addition, the values of aromatic hydrocarbon proxies (methyl- 
dibenzothiophene/dibenzothiophene (MDBT/DBT), dimethyldibenzothiophene/ 
methyldibenzothiophene (DMDBT/MDBT), 1,2,7-trimethylnaphthalene/1,3,6-
trimethylnaphthalene (1,2,7-TMN/1,3,6-TMN) and 1,2,4-trimethylnaphthalene/
1,6,7-trimethylnaphthalene (1,2,4-TMN/1,6,7-TMN)) also reflect a low bio
degradation level. The well-preserved TMN derivatives indicate that the 
biodegradation level of the Lucaogou Formation oil shale is below PM3.
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1. Introduction

Understanding and interpreting biodegradation in organic geochemistry is 
a difficult issue. Biodegradation can affect the structure and composition of 
organic matter in sediments, significantly changing its properties [1–3]. The 
distribution of saturated and aromatic hydrocarbons can also be influenced 
by biodegradation. Thus, the accuracy of determining the source of organic 
matter and evaluating its thermal maturity, as well as migration of oil may 
also be distorted because of biodegradation [4]. Generally, biodegradation 
is controlled by many factors such as microbe population, nutrient supply, 
oxygen content, pH and temperature [3]. Different influencing factors may 
lead to different biodegradation levels because the resistance of various organic 
geochemical materials to the process is different [2, 3]. Thus, biodegradation 
in sediments is important to be researched.

The Permian Lucaogou Formation oil shale in the Junggar Basin is the 
oldest oil shale in China. It was formed during the period of 255–260 Ma [5, 6].  
The quality of the oil shale is very good, its total organic carbon (TOC, %) 
ranges from 0.5 to 20.17%, averaging 8.49%. The Lucaogou Formation oil 
shale in the Junggar Basin has been systematically studied using organic 
geochemistry, elemental geochemistry and sedimentary geology [7–9]. 
However, the biodegradation characteristics of the oil shale have not been 
reported yet. In this work, the evidences of biodegradation from organic 
geochemistry are analyzed, which will be of great significance for the 
assessment of the Lucaogou Formation oil shale.

2. Geological setting

The Junggar Basin is one of the most important oil shale basins in the northwest 
of China (Fig. 1a). It is situated next to the Santanghu and Turpan-Hami basins 
[10] (Fig. 1b). The study area of this research is located in the southeast of 
the Junggar Basin. A lot of complex fault and anticline structures are widely 
developed in the sediments in the study area because of intensive tectonic 
activities during the Mesozoic and Cenozoic. In addition, the Carboniferous, 
Triassic, Jurassic, Permian, Neogene and Quaternary strata are widely exposed 
in the study area (Fig. 1c).

The study area is a sedimentary depression formed during the Lucaogou 
Formation sedimentary period. High-quality oil shale in large amounts was 
widely developed during that period [11, 12]. The major rock types of the 
Lucaogou Formation are oil shale, mudstone, calcareous mudstone, dolomite, 
calcareous siltstone, siltstone, fine-grained sandstone and medium-grained 
sandstone. Based on the continental sequence stratigraphy division principles, 
the Lucaogou Formation is divided into two complete third-order cycles, 
which correspond to the lower and upper member, respectively [7–9].
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3. Material and tests

A total of 10 oil shale samples were collected from the JZK well in the 
Junggar Basin. The well reveals the Permian Lucaogou Formation stratum in 
the southeast of the basin, NW China (Fig. 1c). All the samples were separated 
into saturated and aromatic hydrocarbons. Firstly, the organic matter (OM) 
was extracted from powdered rocks with the ASE 300 Dionex Accelerated 
Solvent Extractor. The extracted organic matter (EOM) was separated into 
saturated and aromatic hydrocarbons. Then, the fractions of said hydrocarbons 
were analyzed by gas chromatography-mass spectrometry (GC-MS) on a 
Leco Pegasus 4D Time-of-Flight Gas Chromatograph interfaced to an Agilent 
7890A Gas Chromatograph. The mass spectrometer (MS) was operated 
at 200 °C in EI-mode at a 70 eV ionization energy. The fragmentograms 
of n-alkanes and acyclic isoprenoids (m/z 57), bicyclic terpanes (m/z 123), 
methyldibenzothiophene (MDBT; m/z 198), dibenzothiophene (DBT; m/z 184), 
dimethyldibenzothiophene (DMDBT; m/z 212) and trimethylnapthalene 
(TMN; m/z 170) were obtained in this work. All the test data are presented in 
Table.

Fig. 1. The location and stratigraphic column of the Lucaogou Formation in the 
Junggar Basin, NW China: (a) the location of the northwestern areas in China; (b) 
the location of the northern foot of Bogda Mountains (modified from [12]); (c) the 
location of the JZK well in the study (modified from [9]).

(a) (b)

(c)
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4. Results

4.1. Unresolved complex mixtures

The “baseline hump” which can be observed in the biodegraded oil 
shale samples is attributed to unresolved complex mixtures (UCMs). 
Generally, biodegradation can promote the decomposition of n-alkanes, 
alkylcyclohexanes, isoprenoids, steranes and terpaneoids. The cycloalkane 
homologues that strongly resist degradation are the major constituents of 
UCMs. These complex compounds can be verified in gas chromatography 
(GC) chromatograms as a “baseline hump”. The organic compound types 
of UCMs amount to 25000 [3, 13]. UCMs can be clearly seen in total ion 
chromatograms (TICs) (Fig. 2a), suggesting that the Lucaogou Formation 
oil shale has undergone biodegradation. In addition, it is worth noting that 
hopanes are highly abundant in the Lucaogou oil shale samples (Fig. 2a).

4.2. n-Alkanes and acyclic isoprenoids

The n-alkanes and isoprenoids from saturated hydrocarbons are the most 
sensitive components to biodegradation [3, 14]. The peaks of n-alkanes of some 
samples have been lost in chromatograms. Both the short-chain carbon number 
(< n-C16) and long-chain carbon number (> n-C19) species show a significant 
decrease, which suggests their higher susceptibility to biodegradation 
compared to the middle-chain carbon number homologues (Fig. 2b). Thus, 
the presence of n-alkanes indicates that the Lucaogou Formation oil shale 
has suffered biodegradation. In addition, the abundance of acyclic isoprenoids 
also reflects biodegradation. Generally, the specific acyclic isoprenoids exhibit 
stronger resistance to biodegradation than n-alkanes. The acyclic isoprenoids 
would be partially consumed by degradation microorganisms when organic 
matter undergoes more intensive biodegradation [3]. The distribution of 
acyclic isoprenoids in some oil shale samples shows pristine (Pr), phytane 
(Ph), iC18, iC17, iC16, iC15 and iC14 to be more abundant than the adjacent 
n-alkanes (Fig. 2b), suggesting that the Lucaogou Formation oil shale has 
experienced biodegradation. This is consistent with the results obtained for 
UCMs and n-alkanes.

4.3. Bicyclic terpanes

C14–C15 bicyclic terpanes can act as indicators of biodegradation [15]. These 
compounds can be revealed by m/z 123 mass chromatograms. They can 
also be tested in some oil shale samples. C14–C15 bicyclic terpanes are well 
preserved in the biodegraded oil shale samples (Fig. 2c), which suggests the 
low level of biodegradation of the Lucaogou Formation oil shale.
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4.4. Trimethylnapthalene

Parameters relating to aromatic hydrocarbons can also be used to ascertain the 
degree of biodegradation. Previous studies demonstrated that some of these 
parameters can be used to evaluate the biodegradation extent of sediments. 
Trimethylnaphthalene (TMN) is a useful proxy for biodegradation [15]. The 
abundance and distribution of TMN derivatives can be revealed by m/z 170 
mass chromatograms. Several TMN derivatives have been observed in the 
Lucaogou oil shale samples. The fact that the compounds are well preserved 
(Fig. 2d) suggests the low level of biodegradation.

5. Discussions
5.1. Biodegradation characteristics

The plot of pristane/n-C17 vs phytane/n-C18 can be used to distinguish the 
biodegradation degree of sediments [16]. The biodegraded oil shale samples 
are located in the biodegraded sediments area and the unbiodegraded oil shale 
samples are in the unbiodegraded sediments area (Fig. 3a). The phytane/n-C18 
and pristane/n-C17 values of biodegraded oil shale samples range from 1.82 
to 6.46 (averaging 3.89) and from 2.13 to 5.20 (averaging 3.63), respectively, 
while those of unbiodegraded samples vary between 0.26 and 0.78 (averaging 
0.47) and from 0.36 to 0.85 (averaging 0.60), respectively.

The carbon preference index (CPI) of n-C13–19 and CPI(1) are parameters 
used to evaluate the thermal maturity and biogradation of sediments [17]. The 
plots of CPI13–19 vs (Pr + Ph)/(n-C17 + n-C18), CPI(1) vs (Pr + Ph)/(n-C17 + n-C18) 
and odd-even predominance (OEP)(1) vs (Pr + Ph)/(n-C17 + n-C18) are usually 
used to distinguish the biodegradation degree of sediments [17, 18]. The (Pr + Ph)/
(n-C17 + n-C18) values of biodegraded and unbiodegraded oil shale samples are 
respectively in the range of 2.22–5.65 (averaging 3.73) and 0.32–0.82 (averaging 
0.54). In these three plots, the biodegraded oil shale samples are located in the 
biodegraded sediments area, while the unbiodegraded oil shale samples are in 
the unbiodegraded sediments area (Figs. 3b–d). The CPI13–19, CPI(1) and OEP(1) 
values of oil shale samples, which range respectively from 0.90 to 1.03 (averaging 
0.93), from 0.93 to 1.12 (averaging 1.04) and from 0.75 to 1.09 (averaging 0.96), 
suggest the low degree of biodegradation. Thus, it can be concluded that the high 
values of (Pr + Ph)/(n-C17 + n-C18) are due to biodegradation [3, 19].

Aromatic hydrocarbons are effective proxies of biodegradation. The 
plots of MDBT/DBT vs DMDBT/MDBT and 1,2,7-TMN/1,3,6-TMN vs 
1,2,4-TMN/1,6,7-TMN are used to determine the biodegradation degree 
of sediments [3, 15, 20]. Generally, the resistance of the abovementioned 
compounds to biodegradation obeys the following order: MDBT > DBT, 
DMDBT > MDBT, 1,2,7-TMN > 1,3,6-TMN and 1,2,4-TMN > 1,6,7-TMN. 
Compared to the unbiodegraded sediments, the biodegraded sediments have 
higher values of MDBT/DBT, DMDBT/MDBT, 1,2,7-TMN/1,3,6-TMN and 
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1,2,4-TMN/1,6,7-TMN [15]. The DMDBT/MDBT values of biodegraded 
oil shale samples range from 1.08 to 5.77, averaging 2.19, while those of 
unbiodegraded oil shale samples vary between 1.27 and 1.55, averaging 1.43. 
However, the MDBT/DBT values of all oil shale samples fall into a narrow 
range, 0.12–4.41. The above values suggest that the Lucaogou Formation oil 
shale has undergone biodegradation but these are different from the respective 
figures for the oil shale samples from the Bowen Basin in Australia [15] (Fig. 3e). 
The 1,2,7-TMN/1,3,6-TMN and 1,2,4-TMN/1,6,7-TMN of Lucaogou oil 
shale samples are in a narrower range compared to Australian Bowen Basin 
oil shale samples. The 1,2,7-TMN/1,3,6-TMN values of biodegraded and 
unbiodegraded oil shale samples vary respectively between 0.09 and 0.12 
(averaging 0.11) and from 0.05 to 0.10 (averaging 0.07). The 1,2,4-TMN/ 
1,6,7-TMN figures of biodegraded and unbiodegraded oil shale samples range 
from 0.11 to 0.23 (averaging 0.15) and from 0.11 to 0.16 (averaging 0.14), 
respectively. The TMN derivatives are completely preserved in oil shale 
samples. At the same time, several parameter values of biodegraded oil shale 
samples are higher than those of unbiodegraded ones (Fig. 3f).

5.2. Biodegradation level

Based on the above analysis, the biodegradation level of the Lucaogou 
Formation oil shale can be assessed. Generally, the biodegradation of oil shale 
begins with the loss of straight-chain n-alkanes, followed sequentially by 
acyclic isoprenoids, and highly-branched and cyclic saturated hydrocarbons 
[21]. The loss of these compounds contributes to an increase in UCMs. In 
addition, some scholars developed a quasi-systematic classification scheme 
(PM scale) to rank the level of biodegradation with PM1 denoting the lowest 
level and PM10 the highest level of biodegradation. The PM scale has been 
widely used in various cases. The initial alteration, substantial depletion 
and complete elimination of n-alkanes correspond to PM1, PM2 and PM3, 
respectively. The initial alteration, substantial depletion and complete 
elimination of acyclic isoprenoids correspond respectively to PM2, PM3 and 
PM4. The initial alteration, substantial depletion and complete elimination 
of bicyclic terpanes correspond to PM3, PM4 and PM5, respectively [3, 
22, 23] (Fig. 4). The analytical results show that the biodegraded oil shale 
samples contain large humps of UCMs and are depleted of n-alkanes and 
acyclic isoprenoids. It is worth noting that 25-norhopanes are not observed 
in the Lucaogou Formation oil shale samples. Furthermore, C14–C16 bicyclic 
terpanes are completely preserved. Thus, it can be concluded that the 
biodegradation level of the Lucaogou Formation oil shale is low, being PM1–
PM2. Additionally, the initial alteration, substantial depletion and complete 
elimination of trimethylnaphthalene derivatives correspond to PM3, PM5 and 
PM6, respectively [24–26]. The TMN derivatives are completely preserved in 
the Lucaogou oil shale, indicating that its biodegradation level is below PM3  
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(Fig. 4). The values of MDBT/DBT, DMDBT/MDBT, 1,2,7-TMN/1,3,6-TMN 
and 1,2,4-TMN/1,6,7-TMN also suggest the low biodegradation level of 
the Lucaogou Formation oil shale. In summary, the analysis of UCMs and 
saturated and aromatic hydrocarbons indicates that the biodegradation level of 
the Lucaogou Formation oil shale corresponds to PM1–PM2.

6. Conclusions

Based on the analytical results for unresolved complex mixtures, saturated 
hydrocarbons and aromatic hydrocarbons, the biodegradation characteristics 
of the Lucaogou Formation oil shale have been well revealed. The following 
conclusions can be drawn:

1. 	 The biodegraded oil shale has large humps of UCMs and is depleted of 
n-alkanes and acyclic isoprenoids (Pr, Ph, iC18, iC17, iC16, iC15 and iC14). 
The unbiodegraded oil shale, on the contrary, contains n-alkanes and 
acyclic isoprenoids. In all samples, C14–C16 bicyclic terpanes are completely 
preserved. In addition, the values of MDBT/DBT, DMDBT/MDBT, 
1,2,7-TMN/1,3,6-TMN and 1,2,4-TMN/1,6,7-TMN of the Lucaogou 
Formation oil shale also reflect its low biodegradation level.

2. 	 The discrimination plots of saturated and aromatic hydrocarbons suggest 
that the Lucaogou Formation oil shale has undergone biodegradation. The 
analytical results indicate that the biodegradation level of the oil shale 
is PM1–PM2. The well-preserved trimethylnaphthalene derivatives in oil 
shale samples also suggest that the biodegradation level of the Lucaogou 
Formation oil shale is below PM3. These features give evidence of the 
good preservation conditions for the oldest oil shale in China.

Acknowledgements

This research was financially supported by the National Natural Science 
Foundation of China (Grant No. 41701091), the Project of Science and 
Technology Development Plan of Jilin Province (Grant No. 20180101019JC), 
the Open Fund of Shandong Key Laboratory of Depositional Mineralization 
& Sedimentary Mineral, Shandong University of Science and Technology 
(Grant Nos. DMSM2017008, DMSMX2019005), the Foundation of the 
Education Department of Jilin Province in the 13th Five-Year project (Grant 
No. JJKH20180019KJ). We are grateful to Haijun Qiu from the Strategic 
Research Center of Oil and Gas Resources, Ministry of Land and Resources, 
Beijing, for his collaboration and enthusiastic field support. Thanks belong 
to Prof. Simon C. George of Macquarie University, Australia, for his help in 
carrying out GC-MS analyses.



512 Mingming Zhang, Zhao Li

REFERENCES

1. 	 Head, I. M., Jones, D. M., Larter, S. R. Biological activity in the deep 
subsurface and the origin of heavy oil. Nature, 2003, 426, 344–352.

2.	 Wenger, L. M., Isaksen, G. H. Control of hydrocarbon seepage intensity on level 
of biodegradation in sea bottom sediments. Org. Geochem., 2002, 33(12), 1277–
1292.

3. 	 Peters, K. E., Walters, C. C., Moldowan, J. M. The Biomarker Guide, Volume 
2. Biomarkers and Isotopes in Petroleum Exploration and Earth History.  
Cambridge University Press, New York, 2005.

4. 	 Bailey, N. J. L., Jobson, A. M., Rogers, M. A. Bacterial degradation of crude oil: 
comparison of field and experimental data. Chem. Geol., 1973, 11(3), 203–221.

5. 	 Sun, Y. H., Bai, F. T., Lu, X. S., Li, Q., Liu, Y. M., Guo, M. Y., Guo, W., 
Liu, B. C. A novel energy-efficient pyrolysis process: self-pyrolysis of oil shale 
triggered by topochemical heat in a horizontal fixed bed. Sci. Rep., 2015, 5, 
Article number 8290, 1–8.

6.	 Tassi, F., Venturi, S., Cabassi, J., Vaselli, O., Gelli, I., Cinti, D., Capecchiacci, F. 
Biodegradation of CO2, CH4 and volatile organic compounds (VOCs) in soil gas 
from the Vicano–Cimino hydrothermal system (central Italy). Org. Geochem., 
2015, 86, 81–93.

7.	 Zhang, M. M., Liu, Z. J., Xu, S. C., Sun, P. C., Hu, X. F. Element response to the 
ancient lake information and its evolution history of argillaceous source rocks 
in the Lucaogou Formation in Sangonghe area of southern margin of Junggar 
Basin. J. Earth Sci., 2013, 24(6), 987–996.

8.	 Zhang, M. M., Liu, Z. J., Xu, S. Z., Hu, X. F., Sun, P. C., Wang, Y. L. Analysis 
for the Paleosalinity and lake-level changes of the oil shale measures in the 
Lucaogou Formation in the Sangonghe Area of Southern Margin, Junggar 
Basin. Petrol. Sci. Technol., 2014, 32(16), 1973–1980.

9.	 Zhang, M. M., Liu, Z. J., Qiu, H. J., Xu, Y. B. Characteristics of organic matter 
of oil shale in sequence stratigraphic framework at the northern foot of Bogda 
Mountain, China. Oil Shale, 2016, 33(1), 31–44.

10.	 Jiao, Y., Wu, L., He, M., Roger, M., Wang, M., Xu, Z. Occurrence, thermal evo-
lution and primary migration processes derived from studies of organic matter 
in the Lucaogou source rock at the southern margin of the Junggar Basin, NW 
China. Sci. China, Ser. D: Earth Sci., 2007, 50(Suppl. 2), 114–123.

11.	 Xie, X., Borjigin, T., Zhang, Q., Zhang, Z., Qin J., Bian, L., Volkman, J. K. 
Intact microbial fossils in the Permian Lucaogou Formation oil shale, Junggar 
Basin, NW China. Int. J. Coal Geol., 2015, 146, 166–178.

12.	 Gao, Z. L., Kang, Y. S., Liu, R. H., Bai, W. H. Geological features and devel-
opmental controlling factors of Lucaogou oil shale in the southern margin of 
Junggar basin. Xinjiang Geol., 2011, 29, 189–193 (in Chinese with English 
abstract).

13. 	 Pawlowska, M. M., Butterfield, N. J., Brocks, J. J. Lipid taphonomy in the 
Proterozoic and the effect of microbial mats on biomarker preservation. Geology., 
2013, 41(2), 103–106.



513Biodegradation characteristics of oil shale in the Permian Lucaogou Formation...

14. 	 Cheng, B., Wang, T. G., Chen, Z., Chang, X., Yang, F. Biodegradation and 
possible source of Silurian and Carboniferous reservoir bitumens from the 
Halahatang sub-depression, Tarim Basin, NW China. Mar. Petrol. Geol., 
2016, 78, 236–246.

15. 	 Ahmed, M., Smith, J. W., George, S. C. Effects of biodegradation on Australian 
Permian coals. Org. Geochem., 1999, 30(10), 1311–1322.

16. 	 Bennett, B., Fustic, M., Farrimond, P., Huang, H., Larter, S. R. 25-Norhopanes: 
Formation during biodegradation of petroleum in the subsurface. Org. Geochem., 
2006, 37(7), 787–797.

17. 	 Rullkötter, J., Leythaeuser, D., Horsfield, B., Littke, R., Mann, U., Müller, P. J., 
Radke, M., Schaefer, R. G., Schenk, J.-H., Schwochau, K., Witte, E. G., 
Welte, D. H. Organic matter maturation under the influence of a deep intrusive 
heat source: a natural experiment for quantitation of hydrocarbon generation 
and expulsion from a petroleum source rock (Toarcian shale, northern Germa-
ny). Org. Geochem., 1988, 13(4–6), 847–856.

18. 	 Song, J., Littke, R., Weniger, P., Ostertag-Henning, C., Nelskamp, S. Shale oil 
potential and thermal maturity of the Lower Toarcian Posidonia shale in NW 
Europe. Int. J. Coal Geol., 2015, 150–151, 127–153.

19	 Zhang, S. C., Huang, H. P., Su, J., Zhu, G. Y., Wang, X. M., Larter, S. Geo
chemistry of Palaeozoic marine oils from the Tarim Basin, NW China: Part 4. 
Paleobiodegradation and oil charge mixing. Org. Geochem., 2014, 67, 41–57.

20.	 Luo, Q., George, S. C., Xu, Y., Zhong, N. Organic geochemical characteristics 
of the Mesoproterozoic Hongshuizhuang Formation from northern China: impli-
cations for thermal maturity and biological sources. Org. Geochem., 2016, 99, 
23–37.

21.	 Peters, K. E., Moldowan, J. M. Effects of source, thermal maturity, and biodegra-
dation on the distribution and isomerization of homohopanes in petroleum. Org. 
Geochem., 1991, 17(1), 47–61.

22. 	 Larter, S. R., Huang, H., Adams, J., Bennett, B., Snowdon, L. R. A practical 
biodegradation scale for use in reservoir geochemical studies of biodegraded 
oils. Org. Geochem., 2012, 45, 66–76.

23. 	 Booth, A. M., Aitken, C., Jones, D. M., Lewis, C. A., Rowland, S. J. Resistance 
of toxic alkylcyclohexyltetralins to biodegradation by aerobic bacteria. Org. 
Geochem., 2007, 38(4), 540–550.

24. 	 Formolo, M., Martini, A., Petsch, S. Biodegradation of sedimentary organic mat-
ter associated with coalbed methane in the Powder River and San Juan Basins, 
U.S.A. Int. J. Coal Geol., 2008, 76(1–2), 86–97.

25. 	 Gao, L., Brassell, S. C., Mastalerz, M., Schimmelmann, A. Microbial degradation 
of sedimentary organic matter associated with shale gas and coalbed methane in 
eastern Illinois Basin (Indiana), USA. Int. J. Coal Geol., 2013, 107, 152–164.

26. 	 Bennett, B., Larter, S. R. Biodegradation scales: applications and limita-
tions. Org. Geochem., 2008, 39(8), 1222–1228.

Presented by M. Pensa
Received February 23, 2019


