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The shale oil of the Lucaogou Formation in the Jimusaer Sag of the Junggar Basin was divided into two sweet spots for exploration
and development. Crude oil in the upper and lower sweet spots comes from the upper and lower source rocks. After years of
exploration, it has been found that the crude oil in the lower sweet spot has worse physical properties than that of the upper
sweet spot. In this study, through the physical and geochemical analysis of crude oil in the upper and lower sweet spots,
combined with the organic petrological observation of the upper and lower source rocks, the cause of the poor physical
properties of the crude oil in the lower sweet spot has been identified. n-Alkanes in the saturated hydrocarbons of crude oil in
the upper and lower sweet were complete while odd-to-even predominance was evident, indicating that the poor physical
properties of the crude oil are unrelated to biodegradation. In addition, the correlation between the biogenic parameters and the
physical properties of crude oil was analyzed, finding that the difference in crude oil is mainly related to the composition of
biogenic precursors of upper and lower source rocks. Combined with organic petrological observation, the lower source rock
was found to be rich in telalginite (green algae), which is therefore the primary reason for the difference in physical properties.
In comparing results from the characteristics of crude oil biomarkers from both the upper and lower sweet spots, crude oils in
the upper sweet spot are similar to each other, indicating that the enrichment of crude oil has experienced a certain migration.
In contrast, the differences in biomarkers between the crude oils of the lower sweet spot were relatively large and changed
regularly with depth, suggesting the self-generated and self-stored characteristics of crude oil enrichment. At the same time, it
was found that the crude oil in the lower sweet spot is also affected by the maturity of adjacent source rocks under the condition
of a consistent parent material source. Overall, it was determined that the lower the maturity of source rocks, the poorer the
physical property of the crude oil produced.

1. Introduction

The Lucaogou Formation in the Jimusaer Sag of the Junggar
Basin is of great significance for shale oil exploration and
development in China ([1]; Zhu et al., 2019; [2]). Many
scholars have carried out research into shale oil accumulation
in the Lucaogou Formation [3, 4], while some scholars have
investigated the hydrocarbon potential of source rocks, and
consider the source rocks of Lucaogou Formation as the best
lacustrine source rocks in the world [5–8]. Many scholars
have also researched the lithology, storage space, and pore
structure of the reservoir (Li et al., 2013; [3, 9–11]). In the

course of exploration, the Lucaogou Formation was divided
into upper and lower sweet spots (i.e., reservoirs), which are
the primary targets for the exploration and exploitation of
shale oil resources. Crude oil in the upper and lower sweet
spots comes from the upper and lower source rocks [3, 12].
Interestingly, the inversion of the physical properties of crude
oil revealed that crude oil in lower sweet spot has poorer
physical properties than crude oil in the upper sweet spot.
Moreover, the physical properties of crude oil in the same
sweet spot layer are internally different, which has caused
problems in the shale oil extraction scheme. In this study,
through the physical and geochemical analysis of crude oil
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in the upper and lower sweet spots, combined with organic
petrological observation of the upper and lower source rocks,
the causes of oil thickening were studied.

2. Geological Setting

The Junggar Basin, located on the Kazakhstan Plate and con-
sidered an important feature of the central Asian orogenic

belt, is a large petroliferous basin in western China (Yang
et al., 2014; [13]). The Jimusaer Sag, located in the southwest
margin of the eastern uplift of the basin, has an area of
approximately 1,300 km2. The northern, southern, and west-
ern sides of the sag are all bounded by faults, and the sedi-
mentary strata in the east gradually pinch out in the Guxi
Uplift (Figure 1). The sag, being controlled by the surround-
ing boundary faults and the tectonic pattern of its

Erathem

Cenozoic
Quaternary

Tertiary

Cretaceous

Jurassic

Triassic

Permian

Paleozoic

Pre-C

Mesozoic

Carboniferous

Neocene
1.64
23.3

65
97

145.6
152.1
157.1
178
208

235
241.1

256.1

245

270

290

320

355

Paleocene
Upper

Upper

Lower

Lower

Baijiantan
Karamay

Wutonggou
Quanzijie

Hongyanchi
Lucaogou
Jingjingzi
Wulabo

BaikouquanLower

Middle

Upper
Middle

Lower

Lower

Basement

Upper

Upper

Middle

System Series Formation
Formation

P2I22

P2I21

P2I11

P2I12

P2I13

Logging
lithologyDepth

(m)
Oil layers

Upper sweet
spots

Lower sweet
spots

GRGeology
time (Ma) 30 - 200

SP
–40 - –5

3120

3160

3200

3240

3280

3320

3360

Figure 2: Stratigraphic column of the Lucaogou Formation in Jimusaer Sag.

0 2 4 km

Figure 1: Structural location map of Jimusaer Sag.

2 Geofluids



T
a
bl
e
1:
P
hy
si
ca
lp

ro
pe
rt
ie
s
an
d
gr
ou

p
co
m
po

si
ti
on

of
cr
ud

e
oi
lf
ro
m

Lu
ca
og
ou

Fo
rm

at
io
n
in

Ji
m
us
ae
r
Sa
g,
Ju
ng
ga
r
B
as
in
.

W
el
ln

o.
D
ep
th

(m
)

St
ra
tu
m

D
en
si
ty

(g
/c
m
3)

V
is
co
si
ty

(m
P
a.
s)
(5
0°
C
)

W
ax

(%
)

Sa
tu
ra
te
s
(%

)
A
ro
m
at
ic
s
(%

)
R
es
in
s
(%

)
A
sp
ha
lt
en
es

(%
)

Ji
17
1

30
74
–3
08
8

P
2l
2

0.
89
42

67
.5
8

7.
72

64
.7
8

17
.3
4

15
.1
7

2.
71

Ji
17
2

29
20
–2
97
0

P
2l
2

0.
88
24

59
.9
0

14
.3
9

64
.7
8

14
.2
8

18
.2
8

2.
66

Ji
17
3

30
88
–3
10
9

P
2l
2

0.
88
58

63
.0
7

10
.1
2

58
.6
8

14
.6
7

25
.1
5

1.
50

Ji
17
4

31
16
–3
14
6

P
2l
2

0.
88
30

48
.7
0

15
.7
0

65
.4
7

18
.7
5

14
.5
9

1.
19

Ji
17
6

30
28
–3
06
3

P
2l
2

0.
88
37

48
.2
0

11
.0
0

67
.1
3

13
.3
7

17
.8
3

1.
67

Ji
23

23
09
–2
38
5

P
2l
2

0.
88
53

12
0.
98

23
.3
7

63
.3
8

14
.7
7

20
.0
0

1.
84

Ji
25

34
03
–3
42
5

P
2l
2

0.
89
39

96
.8
6

10
.9
1

57
.0
5

12
.8
2

26
.6
0

3.
53

Ji
28

31
98
–3
32
5

P
2l
2

0.
87
53

27
.7
6

11
.5
5

66
.4
7

15
.7
6

16
.0
5

1.
72

Ji
30

40
18
–4
18
4

P
2l
2

0.
88
78

35
.0
3

9.
87

59
.8
0

18
.2
1

15
.8
1

6.
18

Ji
30
1

27
62
–7
76
.5

P
2l
2

0.
88
90

49
.4
6

15
.8
4

65
.3
7

10
.5
9

23
.0
0

1.
04

Ji
30
2

28
40
–2
84
5

P
2l
2

0.
87
76

34
.0
4

17
.1
0

65
.4
1

10
.4
5

23
.5
9

0.
54

Ji
30
2

28
53
–2
87
0

P
2l
2

0.
87
59

34
.6
6

15
.8
0

62
.7
5

16
.3
3

18
.9
2

2.
00

Ji
30
3

25
98
–2
60
4

P
2l
2

0.
88
88

57
.1
2

15
.1
0

67
.1
9

14
.6
8

17
.5
0

0.
63

Ji
37

28
30
–2
84
9

P
2l
2

0.
89
65

73
.8
3

15
.1
0

64
.1
6

12
.4
3

21
.9
6

1.
45

Ji
17
4

32
55
–3
31
4

P
2l
1

0.
92
19

37
1.
85

3.
04

46
.5
6

18
.3
6

29
.8
4

5.
24

Ji
30
5

35
65
–3
58
8

P
2l
1

0.
91
17

11
6.
90

4.
20

55
.2
2

18
.1
0

22
.7
0

3.
99

Ji
31

28
75
–2
94
5

P
2l
1

0.
92
09

26
0.
93

6.
31

47
.7
7

21
.3
4

28
.6
6

2.
23

Ji
33

36
64
–3
71
7

P
2l
1

0.
91
09

15
9.
29

3.
41

50
.1
8

18
.9
1

22
.1
9

8.
72

Ji
36

42
09
–4
25
5

P
2l
1

0.
91
16

14
1.
70

6.
25

52
.4
7

16
.5
0

21
.7
8

9.
24

Ji
39

39
82
–3
98
7

P
2l
1

0.
90
81

97
.2
8

7.
36

59
.9
4

14
.5
1

14
.2
0

11
.3
6

Ji
40

35
79
–3
62
6

P
2l
1

0.
92
49

49
9.
71

6.
05

53
.2
9

27
.6
8

14
.5
4

4.
50

3Geofluids



Carboniferous basement, is dustpan-shaped with a western
fault and eastern overpass [13, 14].

The Middle Permian Lucaogou Formation is a composi-
tionally diverse set of fine-grained mixed sedimentary rocks
[15] including terrigenous clastics, volcanic material, and
intrabasinal carbonate rocks. The rock types are complex,
including mudstone, siltstone, dolomite, and pyroclastic rocks
[16]. The source rocks have high organic matter abundance
and good organic matter type, have reached the oil generation
window, and are well distributed throughout the sag [16, 17].
The reservoir is mainly distributed in the “sweet spot” between
the first two-layer formation (P2l12) and second two-layer for-
mation (P2l2

2) of the Lucaogou Formation (Figure 2), which
belongs to a typical tight reservoir [3, 4, 18, 19].

3. Samples and Methods

3.1. Sample Collection. A total of 21 crude oil samples were col-
lected from the Lucaogou Formation in the Jimusaer Sag,
including seven samples from the lower sweet spot (Figure 1)
and the remaining from the upper sweet spot of the Lucaogou
Formation (Figure 1). In addition, four mudstone core samples
were selected for organic petrology observation.

3.2. Physical Analysis of Crude Oil.Density, viscosity, and wax
contents were provided by the Xinjiang Oilfield Company.

3.3. Petrographic Analysis. The polished blocks for micro-
scopic examination were ground and polished on a Buehler
automatic grinding and polishing machine (EcoMet 250 with
AutoMet 250) to obtain a smooth surface that was perpen-
dicular and parallel to the bedding. Maceral observations
were carried out using a Leica microscope under both
reflected and fluorescent lights.

3.4. Crude Oil Separation, Gas Chromatography, and Gas
Chromatography-Mass Spectrometry. Asphaltenes were fil-
trated using preextracted cotton wool, and then, the maltenes
were fractionated into aliphatic and aromatic fractions and
polar compounds by column chromatography over activated
silica gel and alumina.

Saturated fractions were then extracted using a chloro-
form/methanol solution (87/13, vol. %) for a total of 72 h
and prepared for GC (gas chromatography) and GC-MS
(gas chromatography-mass spectrometer) analysis by using
a GC instrument (HP-5MS column) and a Trace DSQ II
GC/MS (TR-5MS capillary column). The GC analysis used
an HP6890 gas chromatograph equipped with a 30 × 0:32
mm i.d. HP-5 column with a film thickness of 0.25μm, and
N2 was used as the carrier gas. The GC oven temperature
was initially held at 80°C for 5min before being ramped from
80 to 290°C at 4°C/min and then held for 30min. The GC-MS
analysis was conducted with an Agilent 5973I mass spec-
trometer interfaced with an HP6890 gas chromatograph
equipped with the same type of column used during GC anal-
ysis, and He was used as the carrier gas. The GC oven tem-
perature during the GC-MS analysis was initially held at
60°C for 5min before being ramped to 120°C at 8°C/min,
then from 120 to 290°C at 2°C/min, and then held at 290°C
for 30min.

4. Results

4.1. Physical Properties and Group Composition of Crude Oil.
Physical characteristics of the crude oil are shown in Table 1.
The crude oil in the upper sweet spot had a density of 0.8753–
0.8965 g/cm3 (average of 0.8857 g/cm3), a viscosity of 27.76–
120.98mPa.s (average of 58.37mPa.s), and a wax content of
3.04–7.36% (average of 5.23%). The crude oil in the lower
sweet spot was characterized by a density of 0.9081–
0.9249 g/cm3 (average of 0.9157 g/cm3), a viscosity of
97.28–499.71mPa.s (average of 235.38mPa.s), and a wax
content of 7.72–23.37% (average of 13.83%). The crude oils
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from P2l1 were characterized by high density, high viscosity,
and low wax content. In general, crude oil in the Lucaogou
Formation has a higher density, and the density and viscosity
of crude oil in the lower sweet spot were both greater than
those of crude oil in the upper sweet spot, which belong to
the category of heavy oil (Figure 3). As the depth increased,
the density and viscosity of the crude oil in the upper and
lower sweet spots were greater, yet crude oil in the lower
sweet spots was more evident (Figure 4).

The gross compositions (SARA) of the oils from the
Jimusaer Sag are given in Table 1. The saturated hydrocarbon
fractions for crude oils from P2l2 were in the range of 57.05–
67.19%, with a relatively low content of resins (14.59–26.6;

average = 19:6) and asphaltenes (0.54–6.18; average = 2:05)
(Table 1). Crude oils from P2l1 were characterized by a rela-
tively high content of resins (14.2–29.84; average = 21:99)
and asphaltenes (2.23–11.36; average = 6:47) (Table 1).

4.2. Organic Petrology. Telalginite (green algae) can be
observed in the source rock samples from the upper and
lower sweet spots (Figure 5). This telalginite, which has also
been reported in the Lucaogou Formation in the Santanghu
Basin [20], has a special biological structure (Figures 5(e)
and 5(g)). Comparatively speaking, the telalginite in the
source rock samples from the lower section was relatively
developed, while the laminated algae in the upper section of
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the sample were relatively high in terms of content (Figure 5).
Semifusinite was relatively common in the sample (Figure 5(f
)). Furthermore, fungi can also be occasionally observed
(Figure 5(b)). AOM (amorphous organic matter), identified as
the hydrocarbon-generating component in each sample
(Figures 5(c) and 5(e)), is an amorphous fine-grained organic-
inorganic matter mixture and is the predominant organic com-
ponent of the Lucaogou Formation. AOM is derived from phy-
toplankton or terrestrial organic components after intensive
degradation [21]; therefore, it can only be observed under fluo-
rescent light with bright yellow fluorescence. Acicular pyrite
with a particular morphology and green fluorescent oil can also
be seen in the core samples (Figure 5(h)).

4.3. Molecular Geochemical Characteristics.Multiple molecu-
lar compounds were identified in the 21 crude oil samples,
including normal alkanes, isoprenoids, terpanes, and steranes.
The total ion current (TIC) of sterane m/z = 217 and terpane
m/z = 191 fragmentograms from gas chromatography-mass
spectrometry (GC-MS) of the saturated fraction for source
rocks and crude oil samples is plotted in Figure 6. The param-

eters of saturated hydrocarbons, terpanes, and steranes are
shown in Table 2.

5. Discussion

The major factors affecting the physical properties of crude
oil are the active rock hydrocarbon-parent material combina-
tion, source rock maturity, migration, and secondary biodeg-
radation [22, 23].

5.1. Effects of Biodegradation on the Physical Properties of
Crude Oil. The deterioration of the physical properties of crude
oil discovered inmany basins is typically related to biodegrada-
tion, and the degree of degradation can usually be determined
from the characteristics of the crude oil biomarkers. With the
intensification of biodegradation, the sequence of biomarker
compounds that are degraded in saturated hydrocarbons is as
follows: n-alkane→ i-alkane→ regular sterane→pentacyclic
triterpene→ tricyclic triterpene→ rearranged sterane→25-
descending hopane→Tm→gammacerane (Alexander et al.,
1983; [22, 24]; Seifert et al., 1984; Howell et al., 1986; [25]).

TIC

nC

nC23

TIC

TIC

TIC

TIC

Ji37

Ji171

Ji31

Ji174

Ji136
Ph

Ph

Ph

2830-2849 m

Tricyclic terpane

3074-3102.5 m

2875-2945 m

U
pp

er
 sw

ee
t

Lo
w

er
 sw

ee
t3255-3314 m

4209-4255 m

P2I2 Oil

P2I2 Oil

P2I2 Oil

P2I2 Oil

P2I2 Oil

Hopane

m/z = 217

m/z = 217

m/z = 217

m/z = 217

m/z = 217

m/z = 191

m/z = 191

m/z = 191

m/z = 191

m/z = 191

αββ (20R)
αββ (20S)
ααα (20S)
ααα (20R)

C30 hopane

β
-C

ar
ro

ta
ne

C 33
ho

pa
ne

Figure 6: Gas chromatography (GC) and gas chromatography-mass spectrometry (GC-MS) data for the crude oil in the Lucaogou
Formation, Jimusaer Sag.

6 Geofluids



T
a
bl
e
2:
B
io
m
ar
ke
r
pa
ra
m
et
er
s
of

Lu
ca
og
ou

Fo
rm

at
io
n
cr
ud

e
oi
li
n
th
e
Ji
m
us
ae
r
Sa
g
in

Ju
ng
ga
r
B
as
in
.

W
el
ln

o.
D
ep
th

(m
)

St
ra
tu
m

1
2

3
4

5
6

7
8

9
10

11

Ji
17
1

30
74
–3
08
8

P
2l
2

1.
00

0.
97

1.
06

0.
57

1.
26

1.
25

0.
59

0.
74

0.
43

0.
33

0.
43

Ji
17
2

29
20
–2
97
0

P
2l
2

0.
89

0.
75

0.
87

0.
63

1.
32

1.
31

0.
27

0.
85

0.
46

0.
26

0.
39

Ji
17
3

30
88
–3
10
9

P
2l
2

1.
10

0.
96

0.
93

0.
75

1.
34

1.
34

0.
39

0.
76

0.
46

0.
25

0.
37

Ji
17
4

31
16
–3
14
6

P
2l
2

0.
79

0.
72

0.
91

0.
57

1.
26

1.
25

0.
29

0.
81

0.
38

0.
29

0.
41

Ji
17
6

30
28
–3
06
3

P
2l
2

0.
83

0.
75

1.
01

0.
54

1.
25

1.
24

0.
35

0.
76

0.
41

0.
32

0.
41

Ji
23

23
09
–2
38
5

P
2l
2

0.
95

0.
71

0.
40

1.
54

1.
33

1.
29

0.
50

0.
80

0.
44

0.
20

0.
24

Ji
25

34
03
–3
42
5

P
2l
2

0.
79

0.
72

0.
89

0.
55

1.
23

1.
23

0.
33

0.
83

0.
40

0.
31

0.
44

Ji
28

31
98
–3
32
5

P
2l
2

1.
24

1.
06

1.
19

0.
53

1.
32

1.
33

0.
39

0.
85

0.
60

0.
27

0.
42

Ji
30

40
18
–4
18
4

P
2l
2

0.
84

0.
82

1.
61

0.
35

1.
17

1.
16

0.
33

0.
59

0.
23

0.
46

0.
46

Ji
30
1

27
62
–7
76
.5

P
2l
2

0.
97

0.
86

0.
90

0.
73

1.
29

1.
27

0.
48

0.
87

0.
49

0.
30

0.
41

Ji
30
2

28
40
–2
84
5

P
2l
2

0.
89

0.
71

0.
92

0.
70

1.
30

1.
30

0.
27

0.
75

0.
37

0.
26

0.
39

Ji
30
2

28
53
–2
87
0

P
2l
2

0.
89

0.
73

0.
86

0.
64

1.
30

1.
29

0.
29

0.
87

0.
47

0.
26

0.
38

Ji
30
3

25
98
–2
60
4

P
2l
2

1.
11

0.
90

0.
69

0.
90

1.
34

1.
31

0.
47

0.
83

0.
51

0.
26

0.
38

Ji
37

28
30
–2
84
9

P
2l
2

1.
01

0.
87

0.
81

0.
58

1.
28

1.
27

0.
39

0.
76

0.
54

0.
28

0.
38

Ji
17
4

32
55
–3
31
4

P
2l
1

2.
04

2.
42

1.
41

0.
46

1.
28

1.
27

1.
86

0.
65

0.
22

0.
26

0.
40

Ji
30
5

35
65
–3
58
8

P
2l
1

1.
48

1.
64

1.
21

0.
52

1.
25

1.
23

1.
49

0.
69

0.
23

0.
30

0.
44

Ji
31

28
75
–2
94
5

P
2l
1

2.
38

3.
17

1.
22

0.
42

1.
28

1.
27

1.
82

0.
70

0.
28

0.
22

0.
36

Ji
33

36
64
–3
71
7

P
2l
1

1.
37

1.
49

1.
62

0.
37

1.
23

1.
22

0.
88

0.
68

0.
29

0.
34

0.
45

Ji
36

42
09
–4
25
5

P
2l
1

1.
44

1.
54

1.
15

0.
47

1.
25

1.
23

0.
66

0.
65

0.
27

0.
35

0.
44

Ji
39

39
82
–3
98
7

P
2l
1

1.
16

1.
15

1.
20

0.
42

1.
18

1.
19

0.
68

0.
64

0.
25

0.
41

0.
45

Ji
40

35
79
–3
62
6

P
2l
1

1.
52

1.
71

1.
10

0.
40

1.
22

1.
22

1.
37

N
ot
es
:1
:ð
Pr

+
Ph

Þ/ð
n
−
C 1

7
+
n
−
C 1

8Þ;
2:
P
h/
n-
C
18
;3
:C

21
-/
C
22
+
;4
:T

A
R
;5
:O

E
P
;6
:C

P
I;
7:
β
-c
ar
ro
ta
ne
/n
-C

21
;8
:(
α
α
α-
20
R
C
28
/C

29
st
er
an
e;
9:
α
α
α-
20
R
C
27
/C

29
st
er
an
e;
10
:α

β
β
/(
α
β
β
+
α
α
α)

C
29

st
er
an
e;
11
:

C
29
α
α
α2

0S
/(
20
S+

20
R)
.T

A
R
:t
er
ri
ge
no

us
/a
qu

at
ic
ra
tio

=
ðC

27
+
C 2

9
+
C 3

1Þ/
ðC

15
+
C 1

7
+
C 1

9Þ;
C
P
I:
ca
rb
on

pr
ef
er
en
ce

in
de
x
of

n
−
alk

an
e=

½ðC
25
+
C 2

7
+
C 2

9
+
C 3

1
+
C 3

3Þ/
ðC

24
+
C 2

6
+
C 2

8
+
C 3

0
+
C 3

2Þ
+
ðC

25
+

C 2
7
+
C 2

9
+
C 3

1
+
C 3

3Þ/
ðC

26
+
C 2

8
+
C 3

0
+
C 3

2
+
C 3

4Þ�
/2
,a
ft
er

B
ra
y
an
d
E
va
ns

(1
96
1)
;O

E
P
:o
dd

-e
ve
n
pr
ed
om

in
an
ce

of
n
−
alk

an
e=

ðC
23
+
6×

C 2
5
+
C 2

7Þ/
ð4

×
C 2

4
+
4×

C 2
6Þ,

af
te
r
Sc
al
an

an
d
Sm

it
h
(1
97
0)
.

7Geofluids



As shown in Figure 6, the n-alkanes of saturated hydrocarbons
of crude oil from the upper and lower sweet spots remained rel-
atively intact, showing no evident degradation. Figure 7 shows
the distribution curve of normal alkanes of crude oil. It can be
clearly seen that the normal alkanes of crude oil from both
sweet spots have an evident odd-to-even predominance. This
further explains the lack of biodegradation of crude oil in the
study area.

5.2. Effects of Parent Material Composition on the Physical
Properties of Crude Oil. The physical properties of hydrocar-
bons generated from source rocks with different parental rock
compositions are comparably different. For example, the
crude oil produced by source rock with organic matter sub-
stantially derived from higher plants is generally lighter [26].
Moreover, the physical properties of crude oil produced by
the same type of source rock in different evolution stages can
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Figure 7: Distribution curve of n-alkanes of the (a) upper and (b) lower sweet crude oils in the Lucaogou Formation, Jimusaer Sag.
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Figure 9: Cross-diagrams of (a) density versus the content of saturates, (b) viscosity versus the content of saturates, (c) density versus the
content of wax, (d) density versus the content of resins + asphaltenes, (e) viscosity versus the content of resins + asphaltenes, and (f)
viscosity versus the content of wax, for the crude oil sample in the Lucaogou Formation.
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also be relatively different. The CPI (carbon preference index
of n-alkane), OEP (odd-even predominance of n-alkane),
ααα-20S/(20S + 20R) C29 sterane, and αββ/(αββ + ααα) C29
sterane ratios can be used to analyze the maturity of organic
matter [27–29]. It can be seen from Figure 8 that the maturity,
density, and viscosity of the crude oil in the lower sweet spot
are generally higher than those of the crude oil in the upper
sweet spot (Figure 9). With an increase in the degree of evolu-
tion, the saturated hydrocarbon content of oil produced by the
same parent type of source rock appears to increase, while the
resins and asphaltene decrease. Figures 9(a), 9(b), 9(d), and
9(e) show that the saturated hydrocarbon content of the crude
oil in the upper sweet spot is higher than that of the crude oil
in the lower, while the content of resins + asphaltene is lower
than that of the crude oil in the lower sweet spot, which is con-
trary to the evolution of organic hydrocarbon generation. It is
thought that a high content of the wax fraction is related to

higher plants (Hedburg, 1968), but with additional sources.
As can be seen from Figures 9(c) and 9(f), the wax content
of the crude oil on the upper sweet spot is significantly higher
than that of the crude oil in the lower sweet spot, indicating
that the composition of the organic parent material in the
source rock of the upper section is significantly different from
that of the lower section.

The hydrocarbon β-carrotane is derived from β-caro-
tene, which is an accessory pigment of various phototrophs.
Therefore, β-carrotane is mainly related to anoxic and saline
lacustrine algae organic matter (Hall et al., 1981; [31, 32]).
Because of this, the β-carrotane/n-C21 ratio can indicate the
degree of enrichment of β-carrotane in crude oil. Pr and Ph
are mainly derived from chlorophyll [28]; thus, the ðPr +
PhÞ/ðn − C17 + n − C18Þ ratio indicates the relative enrich-
ment of i-alkanes (Pr and Ph) in crude oil. In general, the
content of i-alkanes decreases with an increase in maturity.
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Figure 10: Cross-diagrams of (a) density and (b) viscosity versus ðPr + PhÞ/ðn − C17 + n − C18Þ ratio; (c) density and (d) viscosity versus β-
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In the upper sweet spot for crude oil, the β-carrotane/n-C21
values (0.27–0.59; average = 0:38) and ðPr + PhÞ/ðn − C17 +
n − C18Þ values (0.79–1.24; average = 0:95) were higher than
those in the lower sweet spot for crude oil
(β − carrotane/n − C21 = 0:66 – 1:86, average = 1:25; ðPr +
PhÞ/ðn − C17 + n − C18Þ = 1:37 – 2:38, average = 1:63). As
shown in Figures 10(a)–10(d), the density and viscosity of
crude oil have a good positive correlation with β-carrota-
ne/n-C21 and ðPr + PhÞ/ðn − C17 + n − C18Þ, indicating that
the biological source of β-carrotane/n-C21 and ðPr + PhÞ/ðn
− C17 + n − C18Þ may be the reason for the poor physical
properties of crude oil in the lower sweet spot. Moreover,
the correlation between β-carrotane/n-C21 and ðPr + PhÞ/ðn
− C17 + n − C18Þ is extremely good, and the correlation curve
nearly penetrates the coordinates’ origin (Figure 10(e)), indi-
cating that the two compounds could be possibly sourced
from the same parent material.

It is known that the composition and distribution of n-
alkane and isoprenoids in chained alkanes are intimately
related to the sedimentary conditions and OM source ([33];
Peters et al., 2005). Although the C21-/C22+ ratio was influ-
enced by maturation, it can still be used to assess the OM
source of the source rock. Long-chain n-alkanes (>n-C23)
are characteristic biomarkers for higher terrestrial plants
[34], whereas short-chain n-alkanes (<n-C20) are predomi-
nantly found in algae and microorganisms (Brassell et al.,
1978). The TAR (terrigenous/aquatic ratio) index was calcu-
lated by using the equation ðC27 + C29 + C31Þ/ðC15 + C17 +
C19Þ. The prevalence of n-C27, n-C29, and n-C31n-alkanes
implies derivation from epicuticular waxes, which would be
most likely synthesized directly by higher plants. The C21-
/C22+ ratio in the upper sweet spot of crude oil (0.40–1.61;
average = 0:93) was higher than that in the lower sweet spot
of crude oil (1.10–1.62; average = 1:27). The TAR value in
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Figure 11: Cross-diagrams of (a) density and (b) viscosity versus ααα-20R C28/C29 sterane ratio and (c) density and (d) viscosity versus ααα-
20R C27/C29 sterane ratio, for the crude oil sample in the Lucaogou Formation.
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the upper sweet spot (0.35–1.54; average = 0:68) was lower
than that in the lower sweet spot (0.37–0.52; average = 0:44
). From Figures 10(f) and 10(g), it can be seen that the den-
sity and viscosity of crude oil were positively correlated with
C21-/C22+, yet it was negatively correlated with the TAR
(Figures 10(h) and 10(i)), indicating that the parent material
of source rocks in the lower section was likely substantially
different from that in the upper section. This is consistent
with the development of laminated algae in the upper source
rocks and the development of telalginite in the lower source
rocks (Figure 5).

It is known that C29 steranes are commonly derived from
terrestrial plants, although terrestrial plants are not a unique
source of some aquatic biota, which can also biosynthesize
C29 steranes in high abundance, such as brown and green
algae (Moldowan et al., 1985; [35]). Therefore, the ratios of
ααα-20R C27/C29 sterane and ααα-20R C28/C29 sterane were
used to represent the contents of different regular steranes in
the crude oils in the upper and lower sweet spots. In the crude
oil of the upper sweet spot, ααα-20R C28/C29 sterane values
(0.59–0.87; average = 0:79) and ααα-20R C27/C29 sterane
(0.23–0.60; average = 0:44) were much higher than those in
the crude oil of the lower sweet spot (ααα-20R
C28/C29sterane = 0:64 – 0:70, average = 0:67; ααα-20R
C27/C29sterane = 0:22 – 0:29, average = 0:26). These results
indicate a higher concentration of C29 regular steranes in
the crude oil in the lower sweet spot. From Figure 11, it can
be seen that the density and viscosity of crude oil were nega-
tively correlated with the ratio of ααα-20R C28/C29 sterane to
ααα-20R C27/C29 sterane. Combined with the organic
petrography observations, it can be seen that the green algae
were more abundant in the source rock in the lower section
(Figures 5(e) and 5(g)), which is consistent with the fact that
the crude oil in the lower sweet spot was rich in C29 regular
sterane in the biomarkers of saturated hydrocarbons.

5.3. Relationship between Physical Properties, Migration, and
Maturity of Crude Oil. During the enrichment process, if
crude oil accumulates in a reservoir without long-distance
migration, there will be almost no evident differentiation in
the compositions of crude oil containing heavy components
that remain in the reservoir, resulting in the deterioration
of the physical properties of crude oil in the reservoir. By
comparing the biomarker characteristics of crude oils from
the upper and lower sweet spots, it was discovered that the
crude oils from the upper sweet spot were not significantly
different, whereas the biomarker characteristics of the crude
oil from the lower sweet spot differed greatly (Figure 6). With
the increase in depth, the biomarker characteristics of the
crude oil in the lower sweet spot changed regularly, while that
of the crude oil in the upper sweet spot did not change signif-
icantly (Figure 12). This implies that the crude oil in the
upper sweet spot was characterized by migration and accu-
mulation, while the crude oil accumulated in the lower sweet
spot resulted from short migration, representing the self-
generated and self-stored characteristics of the shale oil
reservoir. This is consistent with the evident occurrence of
crude oil observed in the source rock of the lower section
(Figure 5(g)).

When the source rocks have the same source material,
the density and viscosity of crude oil decrease with an
increase in the maturity of source rocks (Dou et al.,
1995). As can be seen from Figure 13, the density and vis-
cosity of crude oil in the upper sweet spot showed no evi-
dent correlation with the C29ααα20S/(20S + 20R) and
C29αββ/(αββ + ααα) sterane ratios, while the density and
viscosity of crude oil in the lower sweet spot had a good
negative correlation with the C29ααα20S/(20S + 20R) and
C29αββ/(αββ + ααα) sterane ratios. This indicates that
the physical property parameters of the crude oil in the
lower sweet spot are affected by the maturity of the source
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Figure 12: Cross-plots of (a) β-carrotane/n-C21 versus depth and (b) Ph/n-C18 versus depth.
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rock in the lower section, and the lower the maturity of
the source rock, the heavier the crude oil.

6. Conclusions

Based on the analysis of physical properties, family composi-
tion, and biomarkers of crude oils from the upper and lower
sweet spots of the Lucaogou Formation in the Jimusaer Sag of
the Junggar Basin, it was found that the physical properties of
crude oil from the lower sweet spots were poorer than those
from the upper sweet spots. However, the n-alkanes of the
crude oils in the upper and lower sweet spots are relatively
complete and have an evident odd-to-even predominance,
indicating that the poor physical properties of crude oil in
the study area are not related to biodegradation.

By comparing the physical properties of crude oil with
biogenic parameters of saturated hydrocarbon biomarkers,
it was found that the physical properties of crude oils in the
upper and lower sweet spots were affected by the parent
material. Combined with the organic petrological observa-
tion of source rocks in the upper and lower sections, it was

indicated that the telaginite (green algae) present in the
source rocks of the lower section is primarily responsible
for the variation of crude oil quality in the lower sweet spot.

Furthermore, the saturated hydrocarbon biomarkers of
crude oil in the upper sweet spot were found to have similar
characteristics, while the saturated hydrocarbon biomarkers
of crude oil in lower sweet spots showed regular changes with
increasing depth. Thus, it was revealed that the enrichment of
crude oil in the lower sweet spot has evident characteristics of
self-sourced and self-stored configuration, while the crude oil
in the upper sweet spot has experienced a certain degree of
migration. At the same time, under the condition of having
the same parent material source, it was thus inferred that
the crude oil in the upper sweet spot was also affected by
the maturity of adjacent source rocks; in that, the lower the
maturity of source rocks, the worse the physical properties
of the crude oil produced.

Data Availability

Data will be submitted as needed.
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Figure 13: Cross-diagrams of (a) density and (b) viscosity versus C29ααα20S/(20S + 20R) ratio and (c) density and (d) viscosity versus
αββ/(αββ + ααα) C29 sterane ratio, for the crude oil sample in the Lucaogou Formation.
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