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opmarus Jlykaoroy B JpkumcapckoM nporude sBisieTcsl BAKHBIM IPOILYKTHBHBIM IUIACTOM CJIAHLICBOH
Hedu B JPKkyHrapckoM Oacceitne. B nanHo# paboTe nHGOpMAIHs 0 KepHE, COlep)KaHUH OPTaHUYECKOTO yIiie-
pona M yIIeBOAOPOTHBIX OMOMapKepax, a TaKKe Pe3yJIbTaThl MHPONIN3a TOPHBIX MOPOJ U Pa3JeleHHs KOMIIO-
HEHTOB OPTaHMYECKOTO BEIIECTBA OBIIM HCIIOIB30BAHBI ISl N3YUEHHST OOCTAaHOBKH OCAJKOHAKOIUICHUS, THIIA
HCXOIHOTO MaTepHraia, 3peJIOCTH OPTraHMIeCKOTO BEIeCTBa M He()TEHOCHBIX CBOHCTB INIMHHUCTHIX CJIAHIIEB BTO-
poit mauku popmarmu Jlykaoroy. [TomydeHHbIe pe3ynbTraThl MOKa3alH TOTYOKHCINTEIEHYIO-II0IyBOCCTaHOBH-
TENIbHYI0 00CTaHOBKY OCa/IKOHAKOIUICHHs. VICXOHBIN MaTepral OblI B OCHOBHOM aKBAareHHBIM C HE3HAUNTEIIb-
HOM mpuMeckio Beiciux pactenuii. Cpennee obiee conepkanne oprannueckoro yriuepona (TOC) cocrasisier
7.43 %, cpenHee 3HAUYEHHE TCHEPALMOHHOTO MOTEHIMANA YIIEBOAOPOIoB (S, + S,) — 50.54 Mr/T, a cpenuss
temneparypa 7. . cocrasiuseT 446 °C, 4To yKa3bIBaeT Ha BEICOKYIO 3PEJIOCTh INIMHUCTOrO cilaHa. XaopohopM-
HBII OUTYM «A)» OTIIMYAaeTCs BBICOKHM COJIepsKaHUEeM TpeeIbHBIX YIIIeBO10poaoB (B cpeaueM 34.10 %), Hus-
KM COZIep)KaHHEeM apOMaTHYECKHX yIIeBORoponoB (B cpeaHeM 15.39 %) m BBICOKMM COOTHOLICHHEM HacChl-
HICHHBIX ¥ apOMAaTUYCCKUX yIIeBomoponoB (2.54). Ilo ymciay atoMOB yriiepoja HAChINICHHBIC YIIICBOAOPOIbI
HaxonaTcsl B uHTepBane Mexay n-C ; u n-C,;. CIeKTphl X pachpeseeHns IeMOHCTPUPYIOT MpeobiaiaHne
aJIKaHOB Cpe/iHel M HM3KOH MOJIEKyIIApHOM Macchl, OCHOBHbIE MKK nTpuxoasaTces Ha n-C,; u n-C,,. CpezHee 3Ha-
uenne £C,,/EC,, cocrapmster 1.19, 40 yKaspiBacT Ha NpeobIaaHue ankaHOB ¢ KOPOTKOH Lembio. [TMHICTBIE
CJIQHITBI BTOPO#i Tauky (hopmanun Jlykaoroy xapakTepu3yroTcst O0IbIION MOITHOCTHIO, BEICOKUM COJEpPKaHUEM
OPraHNYECKOTO BEIIeCTBA M BEICOKMM HedTereHepalioHHBIM IoTeHIHaaoM. OHHU SBISIIOTCS IEPCIICKTUBHBIM
00BEKTOM /1151 IOOBIUM ClIaHIeBOW HeTH B JKMMCapcKOM NPOrude U MMEIOT BaXKHOE 3HAYSHUE JUIsl TIOUCKOBO-
pa3BeIoYHBIX PAabOT B OyIyIIeM.

Jorcyneapekuii baccetin, opmayus Jlykaozoyd, enuHucmulil Clanely, 2eoXUMUYecKue Xapakmepucmuxi,
2eono2udeckoe HayeHue

GEOCHEMICAL CHARACTERISTICS AND GEOLOGICAL SIGNIFICANCE
OF MUD SHALE OF THE SECOND MEMBER, PERMIAN LUCAOGOU FORMATION,
JIMSAR SAG (Junggar Basin, NW China)

J. Jin, J. Liu, Z. Lou, J. Wang, J. Li, R. Zhu, Y. Wang

The Lucaogou Formation in Jimsar sag is an important shale oil-producing layer in the Junggar basin.
In this paper, core data, organic carbon, rock pyrolysis, biomarker compounds, and organic matter group com-
ponent separation were used to study the sedimentary environment, parent material type, organic maturity and
oil-bearing property of mud shale of the Second member of the Lucaogou Formation. The results showed that
the sedimentary environment is a semi-oxidation and semi-reduction environment. The parent material is mainly
aquatic with minor input of higher plants. The average TOC is 7.43%, the average value of hydrocarbon genera-
tion potential (S,+S,) is 50.54 mg/g, and the average value of T is 446 °C, showing high maturity of the mud
shale. The chloroform bitumen “A” features high saturated hydrocarbon content (34.10% on average), low aro-
matic hydrocarbon content (15.39% on average), and high saturated/aromatic ratio (2.54). The carbon number
of saturated hydrocarbons is distributed between n-C; and n-Cs;. Their peak are mainly n-C,, and n-C,,, which
are biased toward medium-low molecular weight alkanes. The average of the £C,,/ZC,, is 1.19, indicating that
the alkane has advantage of short chain. The mud shale in the Second member of the Lucaogou Formation has
a large sedimentary thickness, high organic matter content, and high oil generation potential. It is an important
replacement target for shale oil in Jimsar sag and has important exploration significance in the future.

Junggar basin, Lucaogou Formation, mud shale, geochemical characteristics, geological significance
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INTRODUCTION

Shale oil refers to the oil that occurs in black organic-rich shale (Zou et al., 2013), or relatively high
porosity and permeability reservoirs in shale systems, such as tight sandstone and tight carbonate rock (Hu et
al., 2020). With the continuous progress of exploration and development technology, shale oil has gradually
become an important field for oil exploration in the 21st century (Tong et al., 2018; Hu et al., 2020). According
to the paleo-sedimentary environment, shale oil is mainly divided into two types: continental facies and marine
facies (Zou et al., 2013; Wang et al., 2022a, b). At present, the major shale oil-producing areas in the world are
mainly marine facies. The Bakken Formation in the Williston basin (Eidsnes, 2014), the Bazhenov Formation
in the West Siberian basin (Zanin et al., 2008; Skvortsov et al., 2017), and the Eagle Ford in Gulf Goast basin
(Hou et al., 2021) are typical representatives. Shale oil in China mainly belongs to continental shale oil, which
is typically represented by the Yanchang Formation in the Ordos basin, the Shahejie Formation in the Bohai
Bay basin, and the Lucaogou Formation in the Junggar basin (Yang et al., 2016, 2019; Du et al., 2019). Com-
pared with marine shale oil systems, continental shale oil reservoirs have higher heterogeneity, showing the
characteristics of frequent mud-sand interbeds and multi-scale cycles. Different cycles have huge differences in
source rock properties, sand body lithology, physical properties, and pore structure (Qiu et al., 2016; Pang et
al., 2017; Li et al., 2022; Hu et al., 2022). The common problems in Chinese continental shale oil are: 1) the
relationship between the frequently interbedded mud shale and tight sand layer in generation, transportation and
storage of the shale oil; 2) the hydrocarbon generation potential of the mud shale; 3) the influence of the paleo-
sedimentary environment on the migration and accumulation of hydrocarbons. These problems limit the large-
scale and profitable development of continental shale oil in China. The sedimentary environment of continental
shale oil is changeable, the quality of mud shale is uneven, and the reservoir often shows strong heterogeneity
(Zhao et al., 2020; Wang et al., 2020; Hu et al., 2022). So, as the dual carrier of hydrocarbon generation and
reservoir formation, the sedimentary environment and organic geochemical characteristics of mud shale are the
focus of continental shale oil research.

The Jimsar sag in the southeastern margin of the Junggar basin is currently the largest experimental area
for shale oil development in China. The shale oil-producing layers are mainly the Middle Permian Lucaogou
Formation, which has shale oil reserves of 1.112 billion tons, and it’s crude oil production is expected to reach 2
mln tons by 2025. It plays an important role in ensuring national energy security and promoting local economic
development and social stability. The shale oil of the Lucaogou Formation in Jimsar sag belongs to continental
shale oil with complicated sedimentary and burial history. Which results the complex mixed rocks, including
terrigenous clastic components, pyroclastic components and carbonate components. The lithology changes rap-
idly and frequently interbed (Qiu et al., 2016). There is no clear boundary between the source rock and reservoir
rock, and the oil layer is thin and uneven (Bai et al., 2017; Wang et al., 2020), which is different from the marine
shale oil in North America (Eidsnes, 2014; Li et al., 2019). In previous studies, the Lucaogou Formation was
often studied as tight oil. It was believed that only tight carbonates and fine-grained clastic rocks had storage
capacity and development potential (Wu et al., 2016; Cao et al., 2017). With a deeper understanding, it was real-
ized that the complex mud-sand interbed system makes the Lucaogou Formation possess the characteristics of
shale oil at the same time, which cannot be simply studied as tight oil (Gao et al., 2020). However, there are still
some gaps in the understanding of such system, including 1) what kind of paleo-sedimentary environment did
frequent sand-mud interbeds form in, 2) whether the mud shale has hydrocarbon generation potential, and 3)
whether it is suitable for exploitation in multilayer mud shale strata. The study of these problems will help to
understand the genesis and enrichment pattern of shale oil in Lucaogou Formation of the Jimsar sag.

In this paper, the Second member of the Lucaogou Formation was taken as the research object, and the
experiments and analysis of organic carbon, rock pyrolysis, biomarker compounds, and organic matter group
components were carried out. Although previous studies have extensively investigated the stratigraphy and
hydrocarbon source rock characteristics of the Lucaogou Formation based on the exploration results from well
Ji 174, there has been no mention of the depositional paleoenvironment of the Lucaogou Formation. Moreover,
with subsequent exploration, it was discovered that well Ji 174 is not located in the most favorable area for oil
and gas generation. Therefore, the preliminary understanding based on well Ji 174 is not accurate. Through the
study of the key exploration well, J10025, at present, the sedimentary environment, parent material type, matu-
rity, oil-bearing property and shale oil geological significance of mud shale in the Second member of the Luca-
ogou Formation were studied. The purpose is to provide geological theoretical guidance for the next step of
exploration and development of shale oil in the Second member of the Lucaogou Formation in Jimsar sag.

GEOLOGICAL OVERVIEW

The Jimsar sag is located southwest of the eastern uplift of the Junggar basin (Fig. 1a). It is a dustpan-
shaped sag developed on the early Carboniferous folded basement (Xiao et al., 2008). The interior topography
of the sag is gentle and the structure is single. The periphery is bounded by faults, including the Jimsar fault in
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Fig. 1. Geological overview of the Lucaogou Formation in Jimsar sag.

a —the location of the sag in the basin: / — primary tectonic line, 2 — secondary tectonic line, 3 — Jimgar sag; b — distribution of tectonics and
hydrocarbon source rocks; ¢ — the overall stratigraphic characteristics: / — industrial oil wells, 2 — source rock boundary, 3 — stratigraphic
boundary, 4 — fault, 5 — sand-clasic dolomite, 6 — dolomitic mudstone, 7 — microcrystalline dolomite, § — dolomitic silstone.

the north, the Santai fault in the south, the No.1 fault in the south of Ji 1 and the Xidi fault in the west. It
gradually uplifted to the east, transitioning to the Qitai bulge. The sag generally shows a monoclinic shape of
“high in the east and low in the west”, covering an area of 1278 km? (Kong et al., 2021) (Fig. 1b). Jimsar sag
has experienced four periods of tectonic activity: Hercynian, Indosinian, Yanshanian, and Himalayan. The Lu-
caogou Formation was deposited during the Middle Jurassic period, and is not only an important source rock
but also an essential reservoir. The strong tectonic movement in the northern Tianshan Mountains in the Perm-
ian period led to structural subsidence, which provided accommodating space for sediments (Fang et al., 2006).
After a long geological process, the Lucaogou Formation formed the present shale system. The typical feature
of this shale system is that the source rocks and reservoir are frequently interbedded without obvious boundar-
ies. The oil reservoir has strong heterogeneity and is difficult to explore.

Sedimentary facies studies show that the provenance of the Permian Lucaogou Formation in the Jimsar
sag mainly comes from the surrounding paleo-uplifts. The Lucaogou Formation is a set of fine-grained lacus-
trine sedimentary system, including deep lacustrine and shallow lacustrine. The Lucaogou Formation is uncon-
formably overlain by the Wutonggou Formation, and in a conformable contact with the underlying Jingzigou
Formation. It can be divided into two segments, namely the Lower Lucaogou Formation (P,l,) and the Upper
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Lucaogou Formation (P,l,), from bottom to top. Each section can be further divided into several sublayers
(Fig. 1c). And the sedimentary history is a lake transgression process (Qu et al., 2019). The burial depth is the
largest in the southwestern part of the sag near the Xidi fault, and it is gradually uplifted and denuded in the
east, northeast and northwest directions (Qiu et al., 2016). The distribution of the source rocks in the Second
member of the Lucaogou Formation is shown in Fig. 1b. The thickness distribution of the source rock is rela-
tively stable, the thickest is 110 m, which is located near J10025 well in the middle of the Jimsar sag (Fig. 15).
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Fig. 2. Comprehensive logging interpretation of J10025.
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The structural location of well J10025 belongs to the southeastern slope area of the Jimsar sag. Compre-
hensive logging interpretation shows that the depth of the Lucaogou Formation is 3530-3780 m and it is di-
vided into upper and lower layers. Among them, the Second member of the Lucaogou Formation has a buried
depth of 3530-3618 m, and is divided into two sublayers: P,l,! and P,1,2. The lithology of P,1,! is mainly gray
mud shale. It is not only the source rock, but also the cap of the lower reservoir. The RT ranges from 30.0 to
1000.0 Ohm'm and the DEN distribution ranges from 2.11 to 2.63 g/cm? (Fig. 2). It indicates that the porosity
and permeability of P,1,! are very low. The lithology of P,1,? is mainly gray sand-clastic dolomite, argillaceous
siltstone, dolomite-clastic sandstone mixed with gray mud shale and cloud mud shale. The RT is between 10.0
and 800.0 Ohm'm, the DEN is between 1.96 and 2.57 g/cm? (Fig. 2). It is consistent with the complex lithology
and good reservoir characteristics of P,l,2. From the current development situation, the exploration effect of
P,1,% is good. The oil-producing wells in the Second member of the Lucaogou Formation, including Ji 25, Ji
171, Ji 173, Ji 23, Ji 31, and Ji 37, the oil-producing intervals are all P,1,2.

SAMPLES AND EXPERIMENTS

We collected 14 mud shale samples of different depths and layers in the Second member of the Lucaogou
Formation of J10025. The message of the sample is shown in Table 1. Soxhlet extraction was used for the
soluble organic matter in mud shale. First, the samples were crushed and screened by 100 mesh, and then a 200
g powder sample was extracted continuously for 72 hours by Soxhlet extraction. The extraction reagents were
chloroform and methanol, the volume ratio of them was 98 : 2, and the extraction temperature was 75 °C. The
extracted chloroform bitumen was concentrated to 3—5 mL on a rotary evaporator, volatilized and dried natu-
rally under the temperature did not exceed 40 °C, and was stored in a desiccator for later use. The organic mat-
ter group component separation adopts the SY/T 5119-2008 standard. Using the silica gel and alumina chro-
matographic columns. Benzene, n-hexane and absolute ethanol were used as rinsing agents. Through the column
chromatography, the saturated hydrocarbons, aromatic hydrocarbons and non-hydrocarbons were obtained. The
model of gas chromatograph used in saturated hydrocarbon chromatography experiment was 6§90N. And the
detection standard was SY/T 5779-2008. The model of chromatograph/mass spectrometer was MS220-0251, and
the detection standard was GB/T 18606-2001. Rock pyrolysis was conducted using the ROCK-EVAL 6 pyroly-
sis instrument with equipment number E90665192, following the detection guidelines outlined in GB/T 18602-
2012. All experiments were completed in the experimental center of the Exploration and Development Research
Institute of Xinjiang Oilfield Company.

GEOCHEMICAL CHARACTERISTICS

Characteristics of paleo-sedimentary environment

Biomarker compounds are complex molecular fossils that have developed from biochemical substances
in previously living organisms. They show a certain degree of stability during the evolution of organic matter,

Table 1. Sample group component and extracts physical properties parameters

Sam- | Depth, |Layer |Composition Density, | Viscosity, | w(saturated | w(aromatic | w(colloid), |w(asphal- |Satu-
ple |m g/em> | mPa's hydrocar- hydrocar- | % tene), % | rated/
No. bons), % bons), % aromatic
1 3535.12 | P,1,' | Black mud shale 0.87 45.00 23.76 20.30 35.89 13.37 1.17
2 3546.17 |P,1,>! | Black mud shale 0.87 32.32 15.07 9.04 54.25 16.16 1.67
3 3561.85 |P,1,>? | Black mud shale 0.87 62.48 43.16 17.43 30.83 6.17 2.48
4 3569.20 |P,1,>* | Black mud shale 0.87 43.58 21.15 16.01 49.55 7.25 1.32
5 3597.10 | P,1,>3 | Dark grey mud shale |0.88 49.94 52.49 8.05 24.90 4.60 6.52
6 3603.05 |P,1,>3 | Black mud shale 0.88 34.44 32.99 10.07 3542 12.85 3.28
7 3624.30 |P,1,>3 | Dark grey mud shale |0.89 48.78 49.26 10.00 20.37 13.33 4.93
8 3639.65 |P,1,>* | Dark grey mud shale | 0.89 34.12 16.06 20.88 45.38 11.24 0.77
9 3640.65 | P,1,>*4 | Black mud shale 0.89 48.63 36.34 20.19 35.40 9.01 1.80
10 3656.60 |P,1,>* | Dark grey mud shale |0.88 34.63 40.24 19.12 31.47 11.55 2.10
11 3657.30 |P,1,>* | Black mud shale 0.89 53.63 51.61 13.23 32.26 1.94 3.90
12 3670.10 |P,1,>* | Black mud shale 0.89 37.14 28.66 17.20 50.32 7.96 1.67
13 3679.60 | P,1,>* | Black mud shale 0.90 54.06 21.05 17.29 45.11 19.17 1.22
14 3680.42 |P,1,>* | Dark grey mud shale |0.90 39.06 45.57 16.67 28.65 7.29 2.73
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Table 2. Biomarker compound parameters

Sample | Depth, m | Layer A B C D E F G H 1 J
No.

1 3535.12 | P,l,! 0.32 0.30 0.12 0.55 0.75 0.58 0.55 0.42 0.37 1.17
2 3546.17  |P,l)! 0.13 3.72 0.10 0.79 1.23 0.61 0.30 0.45 0.34 1.08
3 3561.85 | P,1,>! 0.09 0.93 0.18 0.71 1.03 0.59 0.26 0.38 0.30 1.17
4 3569.20 | P,L,>! 0.10 - 0.11 0.72 1.02 0.59 0.34 0.41 0.32 1.10
5 3597.10  |P,1,>2 0.10 - 0.19 0.93 1.25 0.57 0.23 0.51 0.40 1.22
6 3603.05 |P,1,>? 0.26 - 0.14 0.46 0.58 0.56 0.72 0.54 0.29 1.30
7 3624.30 | P,1,>2 0.09 0.06 0.09 0.51 0.75 0.59 0.40 0.41 0.29 1.12
8 3639.65 |P,,>3 0.08 0.50 0.10 0.46 0.73 0.61 0.35 0.38 0.30 0.95
9 3640.65 | P,1,>3 0.09 0.05 0.10 0.72 1.03 0.59 0.30 0.40 0.30 1.33
10 3656.60 | P12+ 0.10 - 0.25 1.02 1.33 0.57 0.71 0.48 0.30 1.11
11 3657.30 | P,L,>* 0.04 0.29 0.17 0.59 0.75 0.56 0.55 0.48 0.34 1.06
12 3670.10 | P,1,># 0.04 0.33 0.29 1.19 1.47 0.55 0.63 0.45 0.34 0.80
13 3679.60 | P,1,>* 0.04 0.15 0.30 1.18 1.37 0.54 0.69 0.45 0.34 1.13
14 3680.42 | P,l,2# 0.06 0.78 0.26 1.05 1.30 0.55 0.13 0.50 0.37 1.08

Note: A - T/(THT,); B — w(B-carotene)/w(n—C,,.); C — w(gammacerane)/w(C,, hopane); D —w(gammacerane)/w(C;,R
hopane); E — w(gammacerane)/w(C;, homohopane); F — 22S/(22S8+22R) of C;, hopane; G — w(C,, rearranged sterane 20S)/[w(C,,
rearranged sterane 20(S+R)]; H — C,,20S/(20S+20R); I — C,oBp/(BR+aa); J — w(Pr)/w(Ph).

essentially preserving the carbon skeleton characteristics of the original biochemical components. Therefore,
biomarker compounds, also known as fingerprint fossils, can be utilized to identify the paleo-sedimentary envi-
ronment (Moldowan et al., 1985; Peters et al., 2005).

Redox property

The ratio of pristane to phytane (Pr/Ph), is a good parameter that can indicate the type of parent material
and the depositional environment (Powell and Mckirdy, 1973; Didyk et al., 1978; Ten et al., 1987; Peters et al.,
2007). The production of pristane and phytane is related to the photosynthesis of chlorophyll. Chlorophyll pro-
duces phytane through photosynthesis under reducing conditions and pristane under oxidative conditions. The
high abundance of phytane reflects the strong reducing and high salinity sedimentary environment. The pre-
dominance of pristane content reflects the oxidative environment (Didyk et al., 1978). It is generally believed
that the w(Pr)/w(Ph) of source rocks in a oxidative environment is greater than 2. The value in the semi-oxidiz-
ing and semi-reducing environment is 1-2. And the value in a reducing environment is less than 1 (Peters et al.,
2005). The w(Pr)/w(Ph) of the samples range from 0.80 to 1.33, with an average value of 1.12 (Table 2). The
contents of pristane and phytane are similar, indicating that the paleo-sedimentary environment was a semi-
oxidative and semi-reductive environment.

The B-carotane is a high-carbon tetraterpe-

40- noid saturated hydrocarbon, and its existence is usu-

o ally mainly attributed to the input of bacteria and
351 algae organic matter in anoxic, saline lake sedi-
3.0 ments (Schoell et al., 1994). Its precursors appear as

pigments in some algae, and are most abundant in
halophilic archaea and photosynthetic bacteria, es-
2.0 pecially photosynthetic bacteria are found in almost
all lakes with stratified water bodies (Schoell et al.,

2.54

w(B-carotane)/w(n-Cpay)

1.54 .
1994). Therefore, the B-carotene is often used to re-
1.0 . o flect the reducing environment, indicating the salin-
054 o ity and stratification of lake water. Its abundance is
© o ., ° usually expressed as B-carotane/n-C_, . Moreover,
V) o] . . .
00 6 08 10 15 ~ 4 the content of the B-carotane in marine and conti-

nental oil shale varies greatly. The content of
B-carotane is very low in marine oil shale and al-

Fig. 3. Crossplot of Pr/Ph and w(B-carotane)/w(n-C,_). Most lacks this compound. While in continental oil
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Fig. 4. Crossplot of Pr/n-C,, and Ph/n-C;;  100.05
(modified from (Shanmugam, 1985)). ]

shale, the B-carotane has a certain content. 10.0 - _ .
Therefore, in continental shale formations, ]
the B-carotane is a good parameter for judg-
ing paleo-oxygen. The B-carotane was de-
tected in 10 out of 14 samples. The quality 1 el . Lo o .
scores ranged from 0.38 to 24.94, with an 1.0 \(\0‘/ PR ,(é O@ \)6\(\30, .
average of 4.84 (Fig. 3), indicating a high P -
degree of the B-carotane. The distribution of - e \ AR L7 °
% 7
%

Pr/n—C17

w(p-carotane)/w(n-C_,) is between 0.05 A
and 3.72, with an average value of 0.71. -
Only one of the 10 detected samples has a 0.1 A A T
w(B-carotane)/w(n-C_, ) value greater than 001 0-10 PG 1.00 1000
2 (Fig. 3), indicating a semi-oxidation and e

semi-reduction salinization environment.

In addition, the Pr/n-C, and Ph/n-C ; values of acyclic isoprene alkanes are also used to explain the par-
ent material type and depositional environment of source rocks. The correlation between Pr/n-C, and Ph/n-C
can also be used to determine the maturity of hydrocarbon source rocks and the degree of biodegradation (Con-
nan and Cassou, 1980). According to the relationship diagram of Pr/n-C , and Ph/n-C,, of the samples, it is
believed that the parent material of the Second member of the Lucaogou Formation formed in a semi-oxidative
and semi-reducing environment, which verifies the B-carotane judgment result (Fig. 4).

Paleosalinity

Gammacerane is a triterpenoid of C,,,, and its predecessor is tetramethylene alcohol. Widely distributed in
protozoa and photosynthetic sulfur bacteria, belonging to salt-loving protists. It is frequently found in high salin-
ity saline terrestrial and marine sediments. Therefore, it is generally believed that the high content of gammace-
rane is a sign of the depositional environment of high-salinity water bodies. But not all high salinity environ-
ments can detect high levels of gammacerane. In some freshwater-brackish lacustrine deposits, there are high
levels of gammacerane instead. Therefore, when using gammacerane to study water salinity, it should be sup-
ported by other evidence. In addition, the presence of gammacerane may be related to the salinity stratification
of the sedimentary water (Moldowan et al., 1985; Peters and Moldowan, 1993; Damsté et al., 1995; Zhang et al.,
1999).

Gammacerane is commonly detected in the samples. The value of the w(gammacerane)/w(C,, hopane) is
between 0.09 and 0.30, with an average value of 0.17. The w(gammacerane)/w(C;,R hopane) ranges from 0.46
to 1.19, with a mean of 0.78. The w(gammacerane)/w(C,, homohopane) ranges from 0.58 to 1.47, with a mean
of 1.04 (Table 2). The w(gammacerane)/w(C,, hopane) correlates well with w(gammacerane)/w(C;,R hopane)
and w(gammacerane)/w(C;, homohopane). The R? values were 0.74 and 0.52, respectively. Previous studies
have found that water stratification and low oxygen content at higher salinity will lead to lower Pr/Ph value. That
is, there is a significant negative correlation between the Pr/Ph and the gammacerane index, and the high gamma
waxane content only occurs at higher salinity (Peters et al., 2005; Hu et al., 2006). The Pr/Ph of the samples is
mainly distributed between 0.80 and 1.33 (Table 2). The negative correlation between the Pr/Ph and the gam-
macerane index is poor. The R? is only 0.15. This shows that the salinity and reducibility of sedimentary water
in the Second member of the Lucaogou Formation are not very high, and the water stratification is not obvious.
This further supports the idea that the sedimentary paleoenvironment was characterized by a semi-oxidative and
semi-reductive environment.

CHARACTERISTICS OF ORGANIC MATTER
Parent material types

The n-alkanes are derived from living organisms or lipid compounds such as fatty acids and waxes. Odd-
carbon n-alkanes with high molecular weight (n-C,;~n-C,;) are mainly derived from the keratin waxes of
higher plants and often appear in organic matter rich in higher plants and the crude oil they produce. Constant
odd carbon number advantage can be expressed by CPI and OEP values (Mamaseni et al., 2019). Odd-carbon
n-alkanes with medium molecular weight (n-C,;~n-C,;) often appear in hydrocarbon compounds generated
from organic matter in marine or deep lacustrine sediments. Derived from algae and aquatic plankton, with
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Fig. 5. Chromatogram of n-alkanes in the Second member of the Lucaogou Formation.

n-C,; and n-C,, as the main peaks, formed by decarboxylation of n-C,¢ and n-C, fatty acids in phytoplankton
or benthic algae. The n-alkanes with the predominance of even carbon numbers often appear in carbonate rocks
or evaporite series, and are formed by the reduction of n-fatty acids, alcohols, phytane and phytanol in a reduc-
ing environment. Therefore, different parent material types will cause n-alkanes to have different compound
composition characteristics, and these characteristics will form different carbon number distribution curve char-
acteristics on the chromatogram. There are usually three basic types: pre-peak, post-peak and bimodal. The
pre-peak type reacts the parent material types is dominated by lower aquatic organisms, the main peak carbon
is mainly low carbon number alkanes, and the high carbon number is less; The parent material types of the post-
peak is mainly terrigenous higher plants, the main peak carbon is mainly high carbon number alkanes, and there
is an obvious odd carbon advantage. The bimodal type represents that the parent material types has the charac-
teristics of mixed origin of lower aquatic organisms and higher plants at the same time. In addition, it has been
shown that submerged, emerging/floating macrophytes are an important source of n-alkanes with medium mo-
lecular carbon numbers (n-C,,, n-C,;, n-C,5) (Cranwell, 1984; Viso et al., 1993). The parameter of Pag[(n-C,,
+ 1n-Cy5)/(n-Cyy+tn-C,5+tn-C,g+tn-C,,)] can reflect the contribution of large aquatic plants such as submerged
plants, floating plants and emergent plants (Ficken et al., 2000). A Pag<0.1 corresponds to terrestrial plants, a
Pag in the range 0.1-0.4 corresponds to emergent plants, and a Pag between 0.4 and 1 corresponds to sub-
merged plants. In addition, the n-C,,/n-C,, and n-C,;/n-C;, values reflect the relative abundance of peat moss
relative to other higher plants. The lower values of n-C,,/n-C,, and n-C,;/n-C;, reflect the low relative abun-
dance of peat moss (Nott et al., 2000; Nichols et al., 2000).

The spectrum of n-alkanes in the mud shale samples is mainly “bimodal”. The main peak carbon number
is inconsistent, dominated by low and medium carbon numbers (Fig. 5). The values of £C,,/ZC5, ranged from
0.31 to 2.60, with an average value of 1.19 (Table 3). There are 10 samples greater than 1, accounting for
71.43% of all samples. It shows that lake-phase algae dominate the organic matter input, and terrestrial higher
plants are mixed in a certain proportion. The value of Pag in the samples is between 0.67 and 1.00, with an
average value of 0.85. It reflects the contribution of lake-submerged plants (algae) to the parent material. The C,,
was detected in 10 of the 14 mud shale samples, and the n-C,,/n-C,, values ranged from 1.39 to 7.11, with an
average value of 3.27. The C;, was detected in only 6 of the 14 samples. And the n-C,,/n-C;, ranged from 3.73
to 7.13, with an average value of 5.18 (Table 3). The values of the n-C,,/n-C,, and n-C,,/n-C;, indicate that the
abundance of peat moss plants is low compared to other higher plants.
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Table 3. Saturated hydrocarbon chromatography, organic carbon pyrolysis and chloroform asphalt data

Sam- TOC s
ple | ZC,/EC,," | n-Coy/n-Coy | n-Coyfn-Cyy | OEP | CPL | IH, mgfg |~ | S;#Spmefg |1 | S, mele | T °C [“A%, %
No. ? ge
1 1.08 2.98 - 115 | 128 | 676.56 | 1220 84.16 162 | 8254 | 444 | 038
2 0.64 1.39 - 121 | 121 | 730.86 | 9.82 | 72.87 110 | 7177 | 449 | 030
3 1.00 2.8 3.73 114 | 114 | 669.82 | 7.09 |  50.62 313 | 4749 | 448 | 1.19
4 1.39 6.00 - 112 | 132 | 73427 | 642 | 4784 070 | 47.14 | 449 | 038
5 0.76 2.09 3.83 1.10 | 118 | 661.18 | 407 | 27.56 0.65 | 2691 445 | 2.09
6 1.01 - - 117 | 1.17 | 638.69 | 429 | 27.94 054 | 2740 | 449 | o0.10
7 1.42 - - 1.09 | 1.16 | 822.69 | 7.80 | 64.95 078 | 6417 | 448 | 0.19
8 0.76 2.59 7.13 132 | 127 | 769.92 | 5.22 40.6 041 | 4019 | 449 | 0.3
9 1.86 321 - 123 | 1.10 | 665.78 | 4.12 | 28.15 072 | 2743 449 | 037
10 031 1.44 5.42 0.70 | 098 | 671.78 | 6.91 4735 093 | 4642 | 446 | 0.10
11 1.62 7.11 - 125 | 125 | 450.00 | 230 14.6 425 | 1035 435 | 1.65
12 1.13 - - 1.10 | 1.56 | 574.09 | 552 | 32.94 125 | 3169 | 446 | 0.06
13 2.60 - - 127 | 131 | 67191 | 356 | 2438 046 | 2392 | 447 | 0.03
14 1.05 3.63 5.80 115 | 1.19 | 50041 | 2.42 18.89 678 | 12.11 435 | 1.95

In addition, the values of Pr/n-C,; and Ph/n-C,; are commonly used to identify parent material types
(Shanmugam, 1985). Figure 4 shows that the samples are located in regions of mixed OM, indicating that the
Second member of the Lucaogou Formation is mixed source organic matter. The results obtained by this meth-
od are consistent with the discriminant results of the carbon number characteristics of n-alkanes. It shows the
reliability of the conclusion. Meanwhile, Fig. 4 provides additional evidence that the depositional environment
of the Second member of the Lucaogou Formation is a semi-oxidizing and semi-reducing environment.

Steranes in geosomes are evolved from biosynthetic sterols. Steroids are generally used for the discrimi-
nation of raw oil parent material type, identification of parent material deposition environment (Huang and
Meinshein, 1979). The aquatic plankton is dominated by C,, sterane, and the content of C,; and C,, sterane is
low; while the terrestrial organisms are dominated by C,, sterane, and the content of C,, and C, sterane is low
(Moldowan et al., 1985; Shanmugam, 1985). During the evolution of organic matter, C,,, C,; and C,, in bioor-
ganic matter are dehydroxylated to steranes of the same carbon number, while their carbon skeletons remain
unchanged. Therefore, the contribution ratio of different biological sources can be determined according to the
relative content of C,,, C,, and C,, in crude oil or source rock extracts.

The contents of C,,, C,s and C,, in 10 of the 14 samples showed a sequential increasing trend. Only two
samples had high C,¢ sterane content, and C,,, C,; and C,, showed an inverted “V” shape. It reflects that the
input of terrestrial organisms is obvious. In
addition, from the C,,—C,—C,, triangular o Cas. %
distribution map of bioconfiguration ster- 100
anes [AAA(R)], it can be found that the
organic matter of the samples mainly orig-
inated from the mixed input of higher
plants and algae together (Fig. 6).

Combining the above discriminato- Ciz
ry results, the parent material of the mud
shale samples from the Second member of
the Lucaogou Formation is considered to
be a mixture of terrestrial higher plants
and lacustrine lower organisms. The input
proportion of lacustrine is slightly higher
that thanterrestrial higher plants.
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ORGANIC MATTER MATURITY

The rock pyrolysis analysis showed that the 7, values of the samples were distributed between 435 and
457 °C, with an average value of 446 °C (Table 3), indicating that the organic matter is in the mature stage (oil
window). With the increase of thermal evolution degree, the unstable biological configuration of steranes and
terpenoids gradually changes to a stable configuration. Therefore, they are often used to characterize the degree
of the thermal evolution of organic matter.

Hophanes are generally derived from polyhydroxy hopanes in prokaryotes, and their precursors exist in
bacteria and blue-green algae, and some tropical trees and lower plants also contain their precursors (Killops
and Howell, 1991; Moldowan et al., 1991; Telnaes et al., 1992; Nytoft et al., 2006). During the evolution of
organic matter, hopanes undergo specific isomerization transitions. With the increase of thermal evolution de-
gree, the 17p(H), 21B(H) biotype will change to 178(H), 21a(H) and then 17a(H), 21B(H) geotype. At the same
time, the 22R configuration will be converted to the 22S configuration (Dai et al., 2000). Therefore, the 22S/
(225+22R) of the C,, hopane can be used as an indicator for judging the maturity of the organic matter. Accord-
ing to the results of the mass chromatogram (MRM/GC-MS, m/z = 191), the terpenoids of the samples were
mainly pentacyclic triterpene alkane series compounds, the content of tricyclic terpenes and tetracyclic terpenes
was relatively low, and the peak height and peak area in the spectrum were small and low resolution. The 22S/
(22S+22R) value of C;, hopane ranges from 0.54 to 0.61, with an average value of 0.57 (Table 2), which re-
flects the high maturity of the samples in the study area. In addition, the isomerization parameters of C,, rear-
ranged steranes are suitable for the mature or high maturity stage (Peters et al., 2005; Lu, 2008). The value of
the w(C,, rearranged sterane 20S)/[w(C,, rearranged sterane 20(S+R)] is 0.13-0.72, with an average value of
0.44 (Table 2), which is close to the isomerization equilibrium value of 0.6. This indicates that the source rock
has at least entered the oil generation threshold (equivalent to a R  value of about 0.6%) (Peters and Moldowan,
1993; Ren et al., 2000).

In the process of evolution of steroids, the carbon atom will undergo a process of transformation from R
biological configuration to S geological configuration, so that the regular sterane 14,17(H) undergoes a trans-
formation from oa to B position (Dai et al., 2000). Therefore, the C,,20S/(20S+20R) and C,,Bp/(Bp+aa) of C,,
sterane can also be used as indicators of organic matter maturity (Huang et al., 1990; Peters et al., 2005). The
000C,,20S/(20S+20R) and C,,BB/(BP+aa) of sterane isomerization are good biomarker compound parameters
indicative of organic matter maturity (Moldowan et al., 1991). As the maturity increases, their values gradually
increase, reaching equilibrium values of 0.5 (Seifert and Moldowan, 1986) and 0.7 (Peters and Moldowan,
1993) for the maturity stage, respectively. The C,,20S/(20S+20R) and C,,Bp/(BB+ac) values in the extracts
from the samples range from 0.38 to 0.54 and 0.29 to 0.40, respectively (Table 2). It is commonly accepted that
the C,,20S/(20S+20R) value reaching 0.2 represents the limit of the oil-generating window of shale. A value
less than 0.2 indicates an immature stage, while a value of 0.55 is the equilibrium value at the end of thermal
evolution. Based on the C,,20S/(20S+20R) and C,Bp/(PP+ac) rendezvous plots of the samples, it is found that
the mud shale of the Second member of the Lucaogou Formation has reached maturity above (Fig. 7).

The odd-even predominance index (OEP) is a parameter for judging the maturity of organic matter by the
odd-even carbon predominance of n-alkanes. It is generally believed that the OEP value is 1.0-1.2 for mature
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Fig. 7. Cross plot of the C,,S/(20S+20R) and C,,Bp/(pp+aa).

622



organic matter, 1.2-1.4 for low-mature organic matter, and >1.4 for immature organic matter. The higher the
OEP value, the lower the organic matter maturity. The closer the OEP value is to 1.0, the higher the organic
matter maturity (Scalan and Smith, 1970). The OEP value of the samples ranges from 0.70 to 1.32, with an
average value of 1.14. Samples with OEP values between 1.0 and 1.2 accounted for 57.14% of the total, sam-
ples with OEP values between 1.2 and 1.4 accounted for 35.71% (Table 3). It shows that the source rocks of the
Second member of the Lucaogou Formation are mainly in the mature stage. Similarly, there is the carbon
dominance index (CPI), a parameter that reflects the relative abundance between odd-numbered carbon atoms
and even-numbered carbon atoms of the n-alkanes. The CPI values in modern sediments range from 2.4 to 5.5;
in crude oil, the CPI value is 1; in ancient sedimentary rocks, with their organic matter maturity, the CPI values
range is 2.4—1 (Bray and Evans, 1961). The CPI values of the samples range from 0.98 to 1.56, with a mean
value of 1.22. Only one of the 14 samples had a CPI value of less than 1, while the remaining 13 samples had
a CPI value greater than 1 (Table 3). It means that the maturity of the samples all reach above the raw oil thresh-
old. In addition, the Ts/(Ts+Tm) values are generally used to assist in determining the maturity of organic mat-
ter (Seifert and Moldowan, 1978). The value of Ts/(Ts + Tm) usually increases with the maturity increasement.
At a R value of about 1.4%, the value of Ts /(Ts + Tm) can reach the equilibrium value of 1 (Peters and Mal-
dowan, 1993; Zhao et al., 2016). The Ts/(Ts+Tm) values of the extracts from the samples ranges from 0.04 to
0.32, with an average of 0.11 (Table 2), indicating a high maturity.

It is important to note that high maturity may have the effects on biomarker compounds. Dzou et al.
(1995) suggested that when organic matter is at higher levels of maturity, these molecular source indicators take
on a more “marine” or “deep-water lacustrine” signature. They gave the limits of this influence: R >1.1%; one
component is initially present in much higher concentration than the other (e.g., C,, sterane >> C,, sterane;
pristane >> phytane) (Dzou et al., 1995). Figure 8 shows that the increase in 7, does not result in a significant
decrease in Pr/Ph and C,,/C,, sterane. Samples with T close to 450 °C also did not exhibit such characteristics:
C,, spine>>C,, spine; pristane >> phytane (Fig. 8). Therefore, we consider the results of paleo-sedimentary and
parent marerial types obtained using the source-dependent molecular paremeters is reliable.
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Fig. 8. Plots showing the variations of Pr/Ph ratio and C,,/C,, sterane with maturity (T, , ).
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OIL-BEARING PROPERTY AND SHALE OIL SIGNIFICANCE

The TOC values of the second section mud shale of the Lucaogou Formation range from 2.30 to 12.20%,
with an average value of 5.84%. The content of chloroform bitumen (“A”) is 0.03-2.09%, with an average of
0.64% (Fig. 9). Hydrocarbon generation potential (S$,+S,) is mainly distributed between 14.60 and 84.18 mg/g,
with an average of 41.63 mg/g. The range of S, value is 0.41-6.78 mg/g, with an average of 1.67 mg/g; the S,
value ranges from 10.35 to 82.54 mg/g, with an average of 39.97 mg/g (Table 3). Based on the Evaluation cri-
teria for organic matter of terrestrial hydrocarbon source rock (SY/T5735, 1995), the second section mud shale
of the Lucaogou Formation generally reached the good—best oil-bearing rock standard.

The distribution of hydrogen index (IH) ranges from 450 to 822.69 mg/g, with an average value of
659.85 mg/g (Table 3). The diagram of I; vs. 7, (Espitalie et al., 1985) showed that the organic matter type of
the samples was predominantly type I, and only two samples were type Il (Fig. 10).The problem is that the hy-
drogen index increases with the total organic carbon content. Therefore the diagram of I;; vs. T, may exagger-
ate the type I organic matter type of the samples. The diagram of S, vs. TOC can avoid the problem of increasing
hydrogen index with total organic carbon content (Langford and Blanc-Valleron, 1990). The dividing line for
I-1II is HI = 700 mg/g and for II-11I is HI = 200 mg/g. The organic matter types of the samples were type I and II
(Fig. 10). It should be noted that, the slope of the I-1I boundary decreases with increasing maturity. About half
of the samples have a 7, close to 450 °C, which is high maturity. The slope of the I-1I limit may be less than
700, so the percentage of type I organic matter may be a bit more.

Usually the components of rock extracts mainly include saturated hydrocarbons, aromatic hydrocarbons,
non-hydrocarbons and asphaltenes, and the different ratios can reflect the physical properties of organic hydro-
carbons. The content of saturated hydrocarbon fractions in the samples ranged from 15.07 to 52.49%, with an
average of 34.10%. The content of aromatic hydrocarbons is 8.05-20.88%, the average is 15.39%. The ratio of
saturated hydrocarbons to aromatic hydrocarbons fluctuates greatly, ranging from 0.77 to 6.52, with an average
of 2.54. The asphaltene content ranges from 1.94 to 19.17%, with an average of 10.14%. The colloid content
ranges from 20.37 to 54.25%, with an average of 37.13% (Table 1). This results in a medium to upper-medium
density of shale oil in the Lucaogou Formation, ranging from 0.87 to 0.90 (Table 1). The saturated hydrocarbon
carbon numbers of the samples ranged from n-C ; to n-C,;, and the spectral distribution pattern showed a bi-
modal shape (Fig. 5). The main peak carbon is mainly »-C,, and n-C,;, dominated by medium-low molecular
weight alkanes. At the same time, XC, /ZC, represents the ratio of light components/heavy components, re-
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Fig. 10. Organic matter type classification diagram by rock-eval parameters.

flecting the change of the carbon number of the main peak of saturated hydrocarbons. A ratio greater than 1
reflects the short-chain advantage, while a ratio less than 1 reflects the long-chain advantage. The XC,,/2C%,
values of the samples are distributed between 0.31 and 2.60, with an average value of 1.19 (Table 3). The
samples greater than 1 accounted for 71.43% of all samples. It shows that the saturated hydrocarbons in the mud
shale samples are mainly light components with short chains.

The Lucaogou Formation contains abundant shale oil resources. Substantial breakthroughs have been
made in the Second member of the Lucaogou Formation in rencent years. The thickness of the mud shale res-
ervoir ranges from 10 to 25 m, with a maximum cumulative thickness of 25 m and a distribution area of about
600 km?. At the same time, the mud shale of the Second member of Lucaogou Formation in Jimsar sag has a
high content of chloroform bitumen “A”, high content of saturated hydrocarbon components, and low asphal-
tene content. The main peak carbons of n-alkanes are n-C,, and n-C,; which tend to medium-low molecular
weight alkanes. The light component/heavy component value reflects the short-chain advantage. Therefore, the
mud shale of the Second member of the Lucaogou Formation in Jimsar sag has the huge exploration potential of
shale oil. Based on the breakthrough in the exploration and development of the “sweet spots”, i.e., silt-fine sand-
stones, carbonatites (Si et al., 2013; Cao et al., 2016; Wang et al., 2020), the next step should be to focus on the
exploration of shale oil in the pure mud shale layer. It is essential to conduct forward-looking and exploratory
research on pure mud shale layer, which will provide a geological basis and key parameters for the exploration
and development of pure mud shale oil in the Second member of the Lucaogou Formation in the Jimsar sag.

CONCLUSIONS

The sedimentary environment of the mud shale of the Second member of the Lucaogou Formation in the
Jimsar sag is semi-oxidative and semi-reductive. The parent material is mainly aquatic with minor input of
higher plants. Organic matter type is type I-II. Hydrocarbon source rocks have a high degree of maturity.

The distribution of TOC values of the Second member of the Lucaogou Formation ranges from 2.30 to
12.2%, with an average of 5.84%. The content of mud shale chloroform bitumen “A” is 0.03-2.09%, the average
is 0.64%. The hydrocarbon generation potential (S,+S,) was mainly distributed between 14.60 and 84.16 mg/g
with an average of 41.63 mg/g. The value of the pyrolysis parameter (7, ) ranges from 435 to 449 °C, with an
average value of 446 °C. Belong to high quality hydrocarbon source rock with good oil-bearing property.

The mud shale extracts from the Second member of the Lucaogou Formation have high content of satu-
rated hydrocarbon fraction (34.10% on average), large average saturation/aromatic value (2.54 on average) and
low asphaltene content (10.14% on average). The average value of the XC~,,/ ZC*,, is 1.19, which is greater than
1.00, reflecting the advantage of alkanes with short chains. The main peak carbon is dominated by »—C,, and
n—C,;, with a preference for medium to low molecular weight alkanes. It indicates that there is great potential for
shale oil exploration in the pure mud shale of the Second member of the Lucaogou Formation in the Jimsar sag.
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