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Here we discuss three types of diamondoid parameters for oils from the Junggar Basin. These are: abso-
lute concentrations, concentration ratios, and isomerization ratios. According to the absolute diamondoid
concentrations, the oils collected from different areas of the basin were broadly divided into three matu-
rity stages: (1) low-mature (<100 ppm adamantanes; <5 ppm diamantanes); (2) mature (100-1000 ppm
adamantanes; 5-50 ppm diamantanes); and (3) highly mature (>1000 ppm adamantanes; >50 ppm dia-
mantanes). The oils in the northwestern region of the Junggar Basin are in the low-mature to mature
stages. Based on a combination of diamondoid concentration ratios and biomarker indices, these oils
can be divided into three groups, i.e., Group I oils in the Wuxia Zone derived from the lower Permian
Fengcheng Formation (Pyf), Group II oils in the Kebai Zone sourced from middle Permian Lower
Wauerhe Formation (P,,,), and Group III oils in the Mahu Depression generated from more mature source
rocks of Jiamuhe Formation (Py;j) or the Py Diamondoid concentrations and isomerization ratios were
used to precisely evaluate the thermal maturity of mature oils and highly mature condensates, respec-
tively. Our results indicate that the oils in the central part of the basin have decreasing thermal maturity
from south to north, whereas the oils in the Kelameili area display increasing thermal maturity from east
to west. In this study we found that different diamondoid indices are useful only in certain thermal matu-
rity ranges. Therefore, at least for the Junggar Basin, it is crucial to know which thermal region one is in
before using diamondoid ratios for maturity assessment.
1. Introduction

© 2019 Elsevier Ltd. All rights reserved.
The Junggar Basin is an important oil-producing basin in north-

west China (Clayton et al., 1997; Cao et al., 2005; Jin et al., 2008),
located in the northern part of the Xinjiang Uygur Autonomous
Region and covering an area of 1.3 x 10° km? (He et al., 2004; Li,
2005; Wei et al., 2006a) (Fig. 1a). The basin is bounded by the Kela-

meili and Qinggelidi mountains to the northeast, the Tianshan

mountains to the south, and the Zhayier and Halalate mountains

which consists mostly of Devonian sedimentary and metamorphic
rocks (Zheng et al., 2007). It is generally considered that the basin
contains six sets of source rocks (Carboniferous, Permian, Triassic,
Jurassic, Cretaceous, and Paleogene) with various thermal maturi-
ties (Chen et al., 2016a, 2016b).

to the northwest. The tectonic units and the stratigraphic section

of the Junggar Basin are shown in detail in Fig. 1a and b,
respectively. The Junggar Basin is a late Palaeozoic, Mesozoic and

Cenozoic superimposed basin at the junction of the Kazakhstan,
Siberia, and Tarim blocks (Wang et al., 2001). It consists mainly
* Corresponding author.

After several decades of exploration, more than 30 oil and gas
of Carboniferous to Neogene formations that overlie basement,

fields have been found in the Junggar Basin. They are mainly dis-
tributed in three regions, the northwestern, central, and eastern
parts of the basin (Fig. 1a). It is estimated that the oil and gas
E-mail address: liyun@gig.ac.cn (Y. Li).
https://doi.org/10.1016/j.orggeochem.2019.01.004

reserves in the northwestern part of the basin account for more
0146-6380/© 2019 Elsevier Ltd. All rights reserved.

than 40% of the total (Cao et al., 2006b). Numerous studies have
demonstrated that the petroleum in the northwestern part of the

basin was derived mainly from the lower Permian Jiamuhe (Py;)
and Fengcheng formations (Py¢), and the middle Permian Lower

Kuang et al., 2014; Chen et al., 2016a, 2016b).

Wuerhe Formation (P,,,) of the Mahu Depression (Clayton et al.,
1997; Pan et al., 2003; Cao et al., 2005, 2006b; Wang et al., 2008;
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Fig. 1. (a) Location map of the Junggar Basin showing sample locations. (D: Northwestern basin; @: Central basin; @: Kelameili area, Eastern basin; @: Southern Margin of
the basin and (b) the stratigraphic sequence of the Junggar Basin (after Chen et al., 2016a).

Based on more elaborate oil-source correlations using carbon Chen et al. (2016a, 2016b) suggested that oils in the northwestern
isotopes and biomarkers of source rock extracts and crude oils, part of the basin originated mainly from P;¢ and P, source rocks,
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whereas the contribution from Pyj source rocks was minor. Oils in
the central part of the basin are considered to be generated mainly
from Permian source rocks in the Pen 1 Jingxi depression (Wang,
1997; Pan et al., 1999, 2003; Yin et al., 2005; Chen et al., 2010;
Wang et al, 2010). A comparison of biomarker distributions
between free hydrocarbons extracted from reservoir rocks and
hydrocarbons trapped in oil-bearing fluid inclusions indicate that
oils produced from the central part of the basin were generated
mainly from P,,, source rocks at relatively high maturity (Pan
et al., 1999).

The origins of oils in the eastern Junggar Basin are diverse and
complex, with four groups of oils generated from the Carbonifer-
ous, Permian, Triassic, and Jurassic, along with mixes derived from
these sources (Chen et al., 2003a, 2003b, 2004, 2016b; Wang et al.,
2013). Oil and gas in the Kelameili gas field, which is the largest gas
field in the Junggar Basin, are considered to be sourced from highly
mature Carboniferous source rocks (Yang et al., 2002, 2012; Da
et al., 2010; Long et al., 2014; Xiang et al., 2016). In addition, some
oil-bearing traps have been found along the southern margin of the
basin. These oils have different sources, including Permian, Juras-
sic, Cretaceous, and Paleogene rocks (Chen et al., 2015a, 2015b,
2016¢). Due to the limited distribution of effective source rocks,
only small amounts of oils are found at scattered locations along
the southern margin of the basin.

Diamondoids are present in virtually all crude oils and extracts
of source rocks (Williams et al., 1986; Wingert, 1992; Chen et al.,
1996; Dahl et al., 1999). Due to their diamond-like structures, dia-
mondoids are more thermally stable than most other hydrocar-
bons (Dahl et al., 1999), and are significantly more resistant to
biodegradation (Williams et al., 1986; Wingert, 1992; Grice et al.,
2000). Thus, diamondoid-based indices have been widely utilized
to determine the thermal maturity of highly mature source rocks
and crude oils (Chen et al., 1996; Li et al., 2000; Zhang et al.,
2005), to estimate the extent of oil cracking (Dahl et al., 1999),
and to evaluate biodegradation (Grice et al., 2000; Wei et al.,
2007a).

The diamondoid indices that are used in this study include
concentrations of adamantanes and diamantanes, concentration
ratios (e.g., adamantanes/diamantanes), and isomerization
ratios of diamondoids (e.g., MAI=1-MA/(1-MA +2-MA) and
MDI = 4-MD/ (1-MD + 3-MD + 4-MD)) (The meanings of the abbre-
viations referred in this paper are shown in Appendix A). The con-
struction and evaluation of diamondoid ratios are based mainly on
the results of laboratory experiments (Wei et al., 2007b; Fang et al.,
2012, 2013, 2015; Li et al., 2015) or on limited studies of natural
samples (Chen et al., 1996; Li et al., 2000; Wei et al., 2006b).
Although diamondoid ratios are considered to be potentially useful
tools in multiple aspects of petroleum geochemistry, few system-
atic investigations have been undertaken on actual oil and gas
fields. Li et al. (2018) used diamondoid ratios for source identifica-
tion and maturity assessment of Tarim Basin oils; however, their
study was based solely on highly mature oils. Given that the oils
in the Junggar Basin were sourced from at least six sets of source
rocks, with a wide range of maturity from low- to over-mature,
the basin is an ideal setting for studying diamondoid indices.

2. Samples and methods
2.1. Samples

Sixty-six crude oil samples from the Junggar Basin were used in
this study, comprising 12 condensates from the Kelameili gas field
(eastern basin), 18 oil samples from the center of the basin, 26 oil
samples from the northwestern part of the basin, and 10 oil sam-
ples from the southern margin of the basin (Fig. 1a; Table 1).

2.2. GC-MS analysis

Asphaltenes in the oils were removed by n-hexane precipita-
tion. The de-asphaltened samples were separated into saturated
and aromatic hydrocarbon fractions by silica gel and alumina col-
umn chromatography. Analyses of the saturated and aromatic frac-
tions by gas chromatography-mass spectrometry (GC-MS) were
conducted on an Agilent 7890A/5977 GC-MSD instrument
equipped with an HP-5 column (30 m x 0.32 mm i.d. x 0.25 um
film thickness). The temperature of the GC oven was held at
80 °C for 2 min, then ramped to 290 °C at 4 °C/min, and finally held
for 30 min at 290 °C. Helium was used as a carrier gas at a constant
flow rate of 1.2 mL/min. The mass spectrometer was operated in
selected ion monitoring mode for saturated fractions, monitoring
m/z 85 for n-alkanes, m/z 191 for hopanes, and m/z 217 for ster-
anes, and in full scan mode for aromatic fractions. The molecular
ratios of aromatic or biomarker parameters were calculated by
the area integration of corresponding compounds.

2.3. GC-MS-MS analysis

Samples for diamondoid analyses were prepared using a simple
solvent dilution method. Oil samples (~50 mg) were weighed and
placed in a 4 mL glass vial, which was filled with isooctane. A
100 pL internal standard (IS) solution of n-dodecane-d,s and n-
hexadecane-ds,4 in isooctane was then injected into the sample
vial. The standards were added after diluting the samples with
isooctane, to make sure the standards were completely dissolved
in the crude oils (especially the heavy oils with high viscosities);
otherwise the loss of standards by evaporation may occur, affecting
quantification. After 10 min of ultrasonic treatment to improve the
dissolution of analytes, the vial was placed in a centrifuge for
10 min to precipitate asphaltenes and other undissolved sub-
stances. We note that researchers often use n-hexane to precipitate
asphaltenes. In present study, as the purchased diamondoid stan-
dards we used for the calibration of diamondoid response factors
were already dissolved in isooctane, the internal standards and
the crude oils were also dissolved using isooctane rather than n-
hexane.

The resulting supernatant was transferred to a 2 mL sample vial
for diamondoid analysis without any further sample preparation.
Gas chromatography-triple quadrupole mass spectrometry (GC-
MS-MS) was conducted on the supernatant using a Thermo Fisher
TSQ Quantum XLS instrument, following the method of Liang et al.
(2012). Aliquots of 1 pL of each sample were injected into the GC
system using an AS 3000 auto-sampler. The GC instrument was
equipped with a PTV injector and a DB-1 fused silica capillary col-
umn (50 m x 0.32 mm id. x 0.52 pm film thickness). The PTV
splitless mode was used with an inlet temperature of 300 °C, and
a split flow at 15 mL/min following splitless flow for 1 min. Helium
with 99.999% purity was used as a carrier gas at a constant flow
rate of 1.5 mL/min. The temperature of the GC oven was held at
50 °C for 2 min, and then ramped to 80 °C at 15 °C/min, to 250 °C
at 2.5 °C/min, to 300 °C at 15 °C/min, and finally held for 10 min
at 300 °C. The samples were analyzed using the selected reaction
monitoring (SRM) mode. The molecular ion M* was chosen as the
parent ion and the corresponding base peak was used as the
daughter ion except for adamantane and diamantane. In these
instances, the base peak is the same as the molecular ion (M"),
so the most abundant fragments, m/z 93 for adamantane and m/z
131 for diamantane, were selected as the daughter ions,
respectively.

The diamondoid compounds were quantified by comparing
peak areas in the SRM mode between target analytes and those
of the corresponding internal standards (i.e., n-dodecane-d,s for
adamantanes and n-hexadecane-ds, for diamantanes). The
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Table 1
Basic data for the crude oil samples from the Junggar Basin.
Region Zone/Oil Sample  Well Formation Depth (m) API Viscosity ~ GOR® Group  Fractions (%)
v 3 3
field number (gol)a vity - (mPa's) (m?/m") Saturates Aromatics Resin Asphaltenes
North- Wuxia 1 FN4 Pif 4607-4618 26.9 40.77 92 I 61.27 13.36 1428 11.09
western  zone 2 FN7 Pifs 4296-4334 321 15.58 I 81.35 6.44 10.85 1.36
part 3 W35 Pow 1637-1662 29.0 63.0 I 66.08 16.37 1598 1.57
4 X71 Pif 4510-4530 31.1 18.64 I 79.73 15.22 4.41 0.65
5 X72 Pif 4808-4826 371 5.22 63 I 80.24 12.13 577 1.86
6 X87 4226-4238 I
7 X94 Tib 2914-2923 41.0 3.84 11 79.69 9.17 995 1.19
Mahu 8 MA13  Tib 3106-3129 44.8 242 1787 11 81.05 7.76 10.10 1.09
depression 9 MA134 Tib, 3169-3188 42.0 3.32 645 11 85.26 8.01 577 096
10 MA15  Tiby 3048-3056 47.5 1.59 1435 11 87.92 6.38 3.70  2.01
11 MA18  Tib 3892-3920 40.7 3.94 171 11 85.08 9.85 388 1.19
12 MX1 T:b 3582-3588 393 4.96 11 85.17 8.05 423 255
13 AH2 Tib, 3310-3336 371 7.12 I 80.47 13.28 508 117
14 MH1 Tib 3286-3316 339 15.11 54 1 77.75 5.63 13.80 2.82
Kebai zone 15 B007 C 846-872.5 29.6 39.3 1 73.52 12.16 12.52 1.80
16 B7 C 1427-1437 324 15.8 1 80.31 10.61 7.51 1.57
17 K901 C 1152-1172 354 7.71 11 81.74 10.53 7.45 0.28
18 K92 C 576-588 322 20.36 110 1 80.03 9.60 8.93 1.44
19 K94 C 1324-1350 36.8 8.93 I 82.36 8.89 632 243
20 HW5 Tok 648-658 253 105.19 1 76.39 15.81 742 037
21 HW8 Tok 392-395 28.7 31.67 1 72.28 13.08 13.78 0.87
Zhongguai 22 HS4 Tok 1873-1876.5 332 16.88 328 1 83.10 6.81 6.31 3.78
zone 23 HS6 C 1046-1086 34.6 10.95 1 86.92 6.75 462 172
24 G26 Tokq 2652-2655 38.8 5.72 11 79.62 534 1392 1.12
25 K79 Pow 3521-3532 36.1 7.51 1143 11 86.33 5.68 6.77  1.22
26 ZJ2-H P4j 4840.7-5760.3  36.1 11.2 1059 11 90.87 3.99 399 115
Central Mosuowan 27 P5 Jis 4243-4257 56.6 0.69 3019
part oil field 28 M171 Iis 4318.57-4627 52.9 0.81 4769 81.92 8.32 8.04 1.72
29 M7 Iis 4239.5-4262 52.5 0.9 5686 90.74 5.90 3.16  0.20
30 M11 Jis 4136-4155 47.9 1.16 5320 96.34 2.00 1.00 0.65
Mobei oil 31 MO001 Jis 3899-3910 48.3 1.23
field 32 Qs1 Iis 3943-3946.5 524 0.85 8256 96.58 1.71 085 085
33 MB11 Jis 3707.5-3714 38.6 6.63 136 81.05 7.76 10.10 1.09
Shixi oil 34 SX8 Jis 3382-3385 33.6 10.84 80.89 10.62 6.75 1.74
field 35 SX3 Jox 2994-3017 43.1 1.51 3961 85.42 10.41 416 0
Shinan oil 36 SN42 Kis 1536-1538 35.7 531 84.82 12.40 243 035
field 37 S303 Kiq 2645-2655 393 4.73 41 87.52 7.95 347 107
38 $102 Jat 2569-2573.5 34.2 9.74 46 76.64 11.48 943 245
39 S123 Iat 2421-2428 33.6 11.09 171 80.58 12.27 542 173
40 XY19 Jis 2696-2702 324 14.76 83.39 9.20 6.53  0.89
41 XY22 Jis 2720-2728 32.6 13.61 75.77 14.42 7.67 215
Luliang oil 42 SN62 JoXa 2148-2150.5 33.6 13.34 83.71 9.95 580 055
field 43 L11 Jat 2072.5-2077 36.2 8.2 78.09 12.77 820 094
44 L27 Jox 2138-2140.5 35.7 9.85 78.23 11.14 877 1.86
Eastern Wucaiwan 45 C25 Cyb 3028-3038 575
part gas field 46 c27 Cob 2778-2790 519
47 C54 Cyb 2984-3060 51.5 0.88 56,956 87.21 5.77 548 153
48 C55 C 3348-3358 53.7 0.85 5422 92.30 3.21 1.77 271
Kelameili 49 DX21 C 2865-2876 46.4 2.0 33,548 86.45 6.99 517 139
gas field 50 DX33 Cob 3518-3526 57.3
51 D103 C 3050-3062 53.2 0.83 29,387 92.91 3.13 1.71 225
52 DX18 C 3510-3530 54.6 0.81 7059 89.87 5.64 127 323
53 DX27 Jib 2944-2949 55.9 0.63 95,595 91.12 291 342 256
54 DX14 Psw 3523-3550 50.4 1.02 14,905 96.14 2.38 065 083
55 D403 C 3824-3840 49.0 1.18 38,784 96.77 2.14 064 045
56 DX17 C 3662-3670 51.2 1.18 10,044 97.52 0.21 197 030
Southern Hutubi gas 57 H2 Eiz 3594-3614 51.6
margin field 58 H2004 E .,z 3550-3580
Tugulu 59 TG1 E;3a 1840-1855
anticline 60 TG2 E>sa 1507.5-1570 84.87 12.37 2.21 0.55
Manasi gas 61 MNO001 Eqz 2516-2522 50.3 1.9 6778 93.04 2.99 185 211
field 62 MN1 Eiz 2446.5-2414 533
Huoerguosi 63 H8a Ei2z 1821.5-1826
Duzishan 64 D2 Nis 1686-1689 45.8 2.4 7447 17.93 6.9 0.69
Xihu 65 XH1 Iz 6139-6160 42,5 1.59 2074 78.46 14.79 546  1.29
Kayindike 66 K11 EL 4251-4256 40.7 2.06 82.7 13.98 291 0.41

2 GOR = Gas to oil ratio.
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responses of different series of diamondoids (A, MA, DMA, TMA, EA,
D, MD) were obtained by the external standard method of Liang
et al. (2012). First, series of isooctane solutions with different con-
centrations of ten diamondoid standards (A, 1-MA, 1,3-DMA, 1,3,5-
TMA, 2-MA, 1-EA, 1-E-3-MA, 2-EA, D, and 1-MD) were prepared
and spiked with the IS solution. Then, the solutions were intro-
duced to the GC-MS-MS for analysis. The calibration curves were
calculated using ratios of the peak area for each standard diamon-
doid to that of the corresponding IS (Acny/Ass) vs the corresponding
concentration ratios (Cc,/Cjs). Finally, the response factors for dif-
ferent series of diamondoids relative to the IS were obtained
according to the corresponding calibration curves.

3. Results and discussion
3.1. Concentration of diamondoids in the Junggar oils

Fig. 2a shows that oils from the four regions of the Junggar Basin
have a significant variation in diamondoid concentrations:
0-7000 ppm for total adamantanes and 0-450 ppm for total dia-
mantanes. This indicates obvious differences in hydrocarbon
source or thermal maturity. In general, high diamondoid concen-
trations reflect high maturity, and thus oil maturity (which indi-
cates the maturity of the source rock at the time that the source
rock generated and expelled the oil) can be broadly determined
from diamondoid concentrations. However, the organic matter
types of the source rocks for the studied oil samples are not the
same, which may also affect the diamondoid concentrations of oils

500 -
(a) 60
X
= 400 - 7
o 58
& . x
g 300 >X 57
=
g X
g 2004 Area C
S B 6 +Northwestern Part
s 63 A X
) i s = Central Part
£ 1004 % is
Sl X Eastern Part
50[ iy x Southern Margin
0 008 2000 4000 6000 8000
Total adamantanes(ppm)
50 1
# 54
;E; 40 A .
s Area B 5 "
3 - u 31
§ 3 8 . 47 ;=
=) * 44 28
] L 36
g 20 1 40 370 f ‘xz
=) Sl s g
§ ® 3 i"’?") g
S 10 {Area A‘ o A
R
400 600 800 1000

Total adamantanes(ppm)

Total diamondoid(ppm)

W. Jiang et al./Organic Geochemistry 128 (2019) 148-160

at the same maturity (Wei et al., 2006b). Experiments have shown
that the organic matter type has less influence on diamondoid
yields than maturity at the low-mature to mature stages (Jiang
et al., 2018). As such, the effect of source rock type on diamondoid
concentration is not considered further in this study.

The oils can be divided into three main areas based on the con-
centrations of adamantanes and diamantanes as shown in Fig. 2a.
Data for oils plotting in area A have a relatively low concentration
of diamondoids (<100 ppm adamantanes and <5 ppm diaman-
tanes), indicating that the crude oils in this area are at the low-
mature stage. This is supported by the low API gravity of the oils
in area A (Fig. 2b), given that API gravity increases with increasing
oil maturity (Peters et al., 2005). Moreover, for the oils in area A, no
obvious variation between diamondoid concentration and oil API
gravity is observed (Fig. 2b), indicating that diamondoid evolution
has not entered the thermal formation stage (the stage where dia-
mondoids are mainly formed by the thermal degradation of the
kerogen or bitumen), and that the diamondoids formed mainly
during diagenesis. Therefore, for oils in area A, diamondoid concen-
tration ratios and isomerization ratios could be used as source indi-
cators. The distribution of biomarkers also indicates that oils in
area A are at the low-mature stage. Values of Cy9 actx20S/(20S
+20R) and C,9 app/(aotal + app) of steranes in oils from area A
are ~0.45 and ~0.56 (Table 2), respectively, corresponding to the
early stage of the oil window (Peters et al., 2005).

The oils in area B contain 100-1000 ppm adamantanes and 5-
50 ppm diamantanes, and the total diamondoid concentration dis-
plays a positive relationship with the oil API gravity (Fig. 2b). This
suggests that these oils have entered the mature stage, in which
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Fig. 2. The concentration of adamantanes vs diamantanes (a) and total diamondoids vs API gravity (b) for crude oils from the Junggar Basin.
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Table 2
Geochemical parameters for the crude oil samples from the Junggar Basin.

Sample Well Area As Ds Diamondoids Cy9 0100020S/ Cao BB/ Ts/(Ts + Tm) T/P MPI-1 Rc
number (ppm) (ppm) (ppm) (20S + 20R) (oworot + o) (%)
1 FN4 A 21.96 0.40 22.36 0.46 0.58 0.07 1.50 0.97 1.72
2 FN7 A 23.86 0.00 23.86 0.48 0.56 0.11 1.81 0.94 1.74
3 W35 A 35.53 0.00 35.53 0.45 0.47 0.08 1.32 0.80 1.82
4 X71 A 38.00 1.05 39.05 0.46 0.59 0.57 0.97 0.65 1.91
5 X72 A 54.66 0.00 54.66 0.48 0.61 0.21 6.25 - -

6 X87 A 26.12 1.20 27.32 0.46 0.55 0.34 0.54 0.73 1.86
7 X94 B 181.54 3.86 185.40 0.46 0.59 0.18 3.56 0.64 1.91
8 MA13 B 188.98 24.47 213.45 0.46 0.55 0.27 2.11 0.66 1.90
9 MA134 B 252.09 13.65 265.73 0.47 0.61 0.14 4.19 0.79 1.83
10 MAI15 B 419.81 43.98 463.79 0.46 0.54 0.11 3.35 0.75 1.85
1 MA18 B 212.66 5.76 218.42 047 0.71 0.28 4.88 0.36 2.08
12 MX1 B 187.28 5.22 192.50 0.48 0.67 0.20 498 0.38 2.07
13 AH2 A 87.62 3.41 91.04 0.47 0.63 0.35 331 0.42 2.05
14 MH1 A 64.49 2.16 66.65 0.47 0.60 0.13 3.04 - -

15 B007 A 64.78 2.11 66.89 0.46 0.55 0.11 2.07 0.26 2.14
16 B7 A 62.82 1.60 64.41 0.47 0.52 0.12 2.03 0.16 2.20
17 K901 B 238.44 15.50 253.94 0.46 0.60 0.22 0.99 0.76 1.85
18 K92 A 60.95 1.39 62.34 0.48 0.57 0.11 2.31 0.97 1.72
19 K94 A 63.54 1.63 65.17 0.47 0.57 0.10 2.72 1.00 1.70
20 HW5 A 67.74 1.84 69.58 0.47 0.59 0.11 2.47 0.58 1.95
21 HW8 A 77.33 2.06 79.39 0.46 0.56 0.11 2.20 0.88 1.77
22 HS4 B 167.35 8.69 176.04 0.45 0.54 0.31 1.96 1.00 1.70
23 HS6 B 290.35 15.34 305.69 0.45 0.55 0.22 2.75 0.77 1.84
24 G26 B 217.28 9.48 226.76 0.45 0.49 0.14 1.61 0.93 1.74
25 K79 B 126.83 14.03 140.86 0.48 0.55 0.22 2.60 0.97 1.72
26 ZJ2-H B 429.46 27.65 457.12 0.49 0.64 0.53 14.09 0.94 1.74
27 P5 B 381.5 19.5 401.0 0.48 0.61 0.25 2.86 0.76 1.84
28 M171 B 422.5 22.6 445.1 0.46 0.61 0.27 1.67 0.76 1.84
29 M7 B 297.3 154 312.7 0.47 0.61 0.27 2.12 0.74 1.86
30 M11 B 636.1 33.2 669.3 0.48 0.60 0.22 1.67 0.71 1.87
31 MO001 B 687.3 279 715.2 0.50 0.62 0.25 4.57 0.69 1.88
32 Qs1 B 430.1 21.6 451.7 0.47 0.62 0.27 3.07 0.77 1.84
33 MB11 B 2371 14.2 2513 0.44 0.58 0.20 0.79 0.76 1.85
34 SX8 B 229.2 14.9 2441 0.47 0.58 0.23 1.17 0.75 1.85
35 SX3 B 591.8 35.7 627.5 0.46 0.59 0.21 1.20 0.69 1.88
36 SN42 B 390.5 20.3 410.9 0.48 0.59 0.41 1.28 0.65 1.91
37 S303 B 3424 19.8 362.1 0.47 0.59 0.31 1.46 0.71 1.87
38 S102 B 192.6 13.5 206.1 0.46 0.57 0.27 1.02 0.54 1.98
39 S123 B 430.6 313 461.9 0.45 0.59 0.39 1.31 0.61 1.94
40 XY19 B 242.9 17.0 259.9 0.47 0.58 0.27 1.13 0.83 1.80
41 XY22 B 245.8 174 263.1 0.47 0.59 0.27 1.11 0.84 1.80
42 SN62 B 222.6 15.5 238.1 0.48 0.59 0.27 1.10 0.85 1.79
43 L11 B 325.0 16.2 341.2 0.46 0.60 0.48 1.57 0.54 1.97
44 L27 B 346.2 228 369.0 0.45 0.60 0.49 1.40 0.56 1.96
45 C25 C 1357.7 58.3 1416.0 - - - - - -
46 C27 C 1011.8 45.0 1056.8 - - - - - -
47 C54 B 560.8 24.5 585.3 0.40 0.61 0.63 0.53 0.64 1.92
48 C55 C 1728.7 95.5 1824.2 0.38 0.60 0.74 241 0.59 1.94
49 DX21 B 344.2 11.0 355.2 0.41 0.53 0.65 0.28 0.50 2.00
50 DX33 C 808.6 54.7 863.3 - - - - - -

51 D103 C 857.8 63.9 921.7 0.34 0.57 0.54 1.90 - -

52 DX18 C 1554.0 98.8 1652.8 0.41 0.61 0.79 3.05 0.70 1.88
53 DX27 B 634.5 26.3 660.8 0.41 0.54 0.33 117 0.42 2.05
54 DX14 B 606.1 41.7 647.8 0.41 0.58 0.74 2.10 0.64 1.92
55 D403 C 12843 136.1 1420.4 0.35 0.58 0.80 1.98 0.62 1.93
56 DX17 C 1066.0 29.8 1095.8 0.39 0.55 0.84 1.71 0.37 2.08
57 H2 C 6785.9 261.4 7047.3 0.48 0.63 0.14 1.83 - -

58 H2004 C 5273.5 337.6 5611.1 0.46 0.56 0.65 6.92 0.04 2.27
59 TG1 C 1445.3 294.8 1740.1 0.48 0.71 0.84 1.97 - -
60 TG2 C 2189.0 417.5 2606.4 0.48 0.61 0.81 1.13 0.81 1.82
61 MNO0O01 C 2892.2 78.3 2970.5 0.41 0.60 0.58 3.45 0.67 1.90
62 MNI1 C 27441 139.3 2883.5 0.54 0.66 0.61 9.23 - -

63 H8a C 1172.2 127.4 1299.6 0.40 - 0.45 - - -
64 D2 C 1118.1 115.0 1233.1 0.33 0.43 0.38 0.16 0.87 1.78
65 XH1 C 488.4 56.6 545.0 0.43 0.53 0.38 0.29 0.76 1.84
66 K11 C 584.7 56.7 641.4 0.48 0.59 0.32 0.13 - -

Tm: 170(H)-22,29,30-trisnorhopane; Ts: 180(H)-22,29,30-trisnorneohopane; T/P: tricyclic/pentacyclic terpane; G/Cs3oH: gammacerane/Cso hopane; MPI-1: 1.5 (3- + 2-
methylphenanthrenes)/(phenanthrene + 1- +9-methylphenanthrenes); calculated vitrinite reflectance Rc (%): —0.6 x MPI-1 + 2.30 (Radke and Welte, 1983); symbol “~": not

detected.

thermogenic diamondoids have begun to be generated by thermal
cracking of kerogen and bitumen, and the diamondoid concentra-
tions increase with thermal maturity. As a result, diamondoid con-

centrations and concentration ratios are good indicators of thermal
maturity. Compared with oils in area A, values of Cog afB/(ototor
+ app) for oils in area B are generally higher (~0.60, corresponding
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to 0.8-0.9 %Ro; Peters et al., 2005), indicating that oils in this area
are mature.

Diamondoids are enriched in oils from area C, with >1000 ppm
adamantanes and >50 ppm diamantanes, indicating that these
crude oils have entered the highly mature stage. In this stage, the
oils are dominated by condensates with API gravity values of
>50° (Fig. 2b). Conventional biomarker indices are generally not
useful for the maturity assessment of these oils due to the lack of
biomarkers or because the various indices have reached equilib-
rium. For example, Cog9 apB/(atatat + afp) values are the same as
for the oils in area B despite their different maturity level. How-
ever, given that diamondoids are more thermally stable than other
hydrocarbon fractions, increasing thermal maturity leads to fur-
ther diamondoid enrichment (Dahl et al., 1999). In this stage, the
thermodynamic stability of diamondoid compounds becomes a
critical factor in the composition and distribution of diamondoids
in oil. Therefore, in some cases, diamondoid isomerization ratios
may be good maturity indices for highly mature condensates.

We have shown that the thermal maturity of oils from the Jung-
gar Basin can be assessed based on their diamondoid concentra-
tions. Data for oils from the northwestern Junggar Basin all plot
in areas A and B in Fig. 2a. These oils have relatively low concentra-
tions of diamondoids, which mainly range from 0 to 300 ppm
adamantanes and 0 to 20 ppm diamantanes, indicating that they
are in the low-mature to mature stages. This is consistent with
the fact that crude oils in the northwestern basin are considered
to be derived from Permian source rocks and formed during the
early to mature oil generation stages (Cao et al.,, 2005, 2006a;
Wu, 2009). All oils from the central Junggar Basin plot in area B
in Fig. 2a, with adamantane and diamantane concentrations of
200-700 ppm and 10-40 ppm, respectively, suggesting that oils
in the central basin are in the mature stage of oil generation. This

(a)
< 3 4 Pt
= " | Group 1™
E_.' ]3 10
g %,
“
< 21 ;
= Group I1
a @ Group |
on
= 11 u Group II
Group 111
0 T T T T )
0.0 0.3 0.6 0.9 1.2 1.5
A/1-MA
0.47
(¢)
0.3 1
34
*
T 23 SZUI-M ;
E 6 1amf op 2t
PS 17 @
*
4 10
0.14
0.0 T T T T T )
0.2 0.3 0.4 0.5 0.6 0.7 0.8
DMAI-1

DMASs/TMAs

W. Jiang et al./Organic Geochemistry 128 (2019) 148-160

result is consistent with previous studies showing that oils in the
central basin are the produced from mature Permian source rocks
(Pan et al., 1999; Zou et al., 2005; Chen et al., 2010; Wang et al.,
2010).

Crude oils from the Kelameili area in the eastern Junggar Basin
are condensates associated with natural gases, which almost
always plot in areas C and B, with concentrations of adamantanes
and diamantanes ranging from 340-1800 ppm and 10-140 ppm,
respectively, suggesting these oils have reached the mid-oil to
early-gas window of generation. This is supported by the measured
vitrinite reflectance values of the Carboniferous source rocks of
these oils, which range from 0.66 %Ro to 1.80 %Ro (Da et al,,
2010; Yang et al., 2012). Oils from the southern margin of the basin
almost all plot in area C, demonstrating their high maturity. This
result is consistent with the study of Chen et al. (2015b), which
proposed that the maturity of oils in the middle section of the
southern margin reached 1.4 %Ro(eq) and that the oil maturity in
the western section of the southern margin was relatively lower,
based on aromatic hydrocarbon indices.

3.2. Application of diamondoid indices for oil-oil correlations at low-
mature to mature stages

Schulz et al. (2001) suggested that some diamondoid
isomerization ratios, such as MAI, EAI [=1-EA/(1-EA +2-EA)],
MDI, DMDI-1 [=4,9-DMD/(4,9-DMD + 3,4-DMD))], and
DMDI-2 [=4,9-DMD/(4,9-DMD + 4,8-DMD)], exhibited no system-
atic variations with thermal maturity in the oil window, but were
related to source rock type. Our previous studies based on labora-
tory experiments also demonstrated that diamondoid isomeriza-
tion ratios, such as DMAI-1[=1,3-DMA/(1,3-DMA + 1,2-DMA)],
DMAI-2 [=1,3-DMA/(1,3-DMA + 1,4-DMA)], TMAI-1 [=1,3,5-TMA/
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Fig. 3. Cross plots of diamondoid concentration ratios used for oil-oil correlation. (a) A/1-MA vs 1,3-DMA/1,3,5-TMA, (b) A/MAs vs DMAs/TMAs and (c) DMAI-1 vs TMAI-1.

See Appendix A for compound name abbreviations.
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(1,3,5-TMA + 1,3,4-TMA)], TMAI-2 [=1,3,5-TMA/(1,3,5-TMA + 1,3,6-
TMA)], MDI, and DMDI-1, are fairly constant in the low-mature to
mature stages, and that diamondoid concentration ratios (e.g., A/D,
MAs/MDs, DMAs/DMDs, DMAs/MDs, and As/Ds) show no obvious
changes in the low-mature stage (Fang et al., 2012, 2013; Li
et al., 2015). This indicates that some diamondoid parameters
might be source-dependent rather than maturity-dependent
within certain maturity stages. Therefore, diamondoid indices
might be useful for oil-oil correlations in relatively low maturity
oils. Oils from the northwestern Junggar Basin are in the low-
mature to mature stages, and thus we now explore using
diamondoid indices for oil-oil correlations and compare these with
previous biomarker studies.

Common diamondoid concentration ratios (e.g., A/D,
MAs/MDs, DMAs/DMDs, DMAs/MDs, and As/Ds) could not be
obtained in this study, as some diamantanes were present in con-
centrations that were below our detection limits. However,
according to the experiments of Fang et al. (2013), the relative
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percentages of alkylated adamantanes in the oil window
(0.8%-1.5% EasyRo) are nearly constant, suggesting that ratios of
alkyl adamantanes do not change with maturity in this thermal
stage. Thus, we attempted to use some diamondoid pairs
based on adamantane concentration ratios (e.g., A/1-MA vs
1,3-DMA/1,3,5-TMA and A/MAs vs DMAs/TMAs) to differentiate
the sources of the northwestern oils (Fig. 3a and b).

Oils from the northwestern basin can be divided into three
groups (Table 1; Fig. 3a and b). Group I oils are located mainly in
the Wuxia zone, which have relatively high diamondoid concentra-
tion ratios (e.g., A/1-MA, A/MAs, and DMAs/TMAs values of >0.6,
>0.3, and >1.1, respectively; Fig. 3a and b). Group II oils are from
the southwestern slope of the Mahu Depression, Kebai zone, and
parts of the Zhongguai zone. Group III oils are from the northern
Mahu Depression and parts of the Zhongguai zone, and have lower
diamondoid concentration ratios (e.g., A/1-MA, A/MAs, and
DMAs/TMAs values of <0.43, <0.23, and <1.1, respectively; Fig. 3a
and b).
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Fig. 4. Chromatograms for m/z 191 and m/z 217 showing terpane and sterane distributions, respectively, for typical oils from the northwestern Junggar Basin. C;9—Cag Tt: C19-
Cyo tricyclic terpanes; Cp4 Tet: Cpq tetracyclic terpane; Tm: 17x(H)-22,29,30-trisnorhopane; Ts: 18a(H)-22,29,30-trisnorneohopane; Cy9 H: Co9 170/(H),21p(H)-30-norhopane;
CyoTs: Cy9 180(H)-30-norneohopane; Cso DiaH: C3o 17a(H)-diahopane; C3o H: C30 170(H),21B(H)-hopane; C3o M: C3¢ 17p(H),210(H)-moretane; C3;-Css H: C31-C35 170

(H),21B(H)-homohopanes.
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The division is consistent with the biomarker data. As shown in
Fig. 4: (a) The relative concentrations of tricyclic terpanes and
gammacerane in Group I oils are higher than that in the other
two groups, whereas the relative concentrations of Ts, C9Ts, and
C3p diahopane are distinctly lower, which is the characteristic of
oils from the Py formation (Chen et al., 2016a, 2016b; Huang,
2017). (b) Tricyclic terpanes and gammacerane in Group II oils
occur at lower concentrations than in the Group I oils, while the
Ts content is obviously higher than that in the Group I oils, which
is consistent with oils sourced from the P,,, formation (Chen et al.,
20164, 2016b; Huang, 2017). (c) Group III oils have a high abun-
dance of tricyclic terpanes, but an obviously lower content of
hopanes, indicating another source for these oils. According to
the higher diamondoid concentrations of the Group III oils than
those of Group I and II oils (Table 2), we propose that Group III oils
were derived from a relatively mature source rock (Py; or Py¢) in the
deep Mahu Depression. The groupings found in the present study
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are also consistent with previous work based on biomarker distri-
butions (Chen et al., 2016a, 2016b).

Unlike the diamondoid concentration ratios, the diamondoid
isomerization ratios of all of these oils are similar. For example,
DMAI-1 and TMAI-1 values of the three oil groups are 0.4-0.6
and 0.1-0.3, respectively (Fig. 3c), indicating that although the dia-
mondoid isomerization ratios are independent of maturity in the
low-mature to mature stages, they are also not useful for source
tracing in the case of these Junggar oils.

3.3. Application of diamondoid indices to determine oil thermal
maturity

As noted earlier, crude oils in the Junggar Basin can be broadly
classified into three maturity stages: low-mature, mature (normal
oil), and highly mature (condensate oil) based on diamondoid con-
centrations and so it is preferable to have more parameters to
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Fig. 5. Specific diamondoid concentration ratios reflecting maturity of oils from the central Junggar Basin. (a) MAs/MDs vs DMAs/DMDs, (b) MAs/MDs vs DMAs/MDs,
(c) MAs/MDs vs total diamondoids, (d) DMAI-2 vs TMAI-2, (e) MDI vs DMDI-1, and (f) DMDI-1 vs total diamondoids. See Appendix A for abbreviations of compound names.
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accurately ascertain oil maturity. For low-mature oils, conven-
tional biomarker ratios, such as 20S/(20S +20R) and oBB/(aBp
+aoat) for the Cyg steranes, 22S/(22S + 22R) for C3; hopanes, and
Ts/(Ts + Tm), are effective and readily acquired. However, for some
mature oils and condensates, most biomarker maturity indicators
are not useful or cannot be obtained. Our previous pyrolysis exper-
imental studies (Fang et al., 2012, 2013; Li et al., 2015; Jiang et al.,
2018) have demonstrated that diamondoid indices are potential
maturity indicators for mature and highly mature oils and/or
source rocks. Recently, diamondoid indices have been used suc-
cessfully for the maturity assessment of Tarim Basin oils (Li
et al., 2018). Thus, in the following section we consider how dia-
mondoid indices can be used to assess the thermal maturity of
the different crude oil types in the Junggar Basin.

3.3.1. Mature oils

The crude oils from the central Junggar Basin are mainly
mature oils, which plot in area B in Fig. 2a. Table 2 shows that
the Cyg9 20S/(20S +20R) and Cy9 ofB/(oBp + ctoior) sterane ratios
for most of these oils are around 0.48 and 0.60, respectively, and
hence conventional sterane and hopane biomarker maturity indi-
cators are close to equilibrated and therefore not very useful.

We have found that from 1.0% to 1.5% EasyRo (i.e., the oil gen-
eration stage) some diamondoid concentration ratios (MAs/MDs,
DMAs/MDs, DMAs/DMDs, and As/Ds) can rapidly increase with
maturity, whereas diamondoid isomerization ratios exhibit little
variation in this stage (Fang et al., 2013, 2015; Jiang et al., 2018).
As such, diamondoid concentration ratios (MAs/MDs, DMAs/MDs,
DMAs/DMDs, and As/Ds) are useful for assessing the thermal
maturities of source rocks or oils in the oil window.
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For our samples, there appears to be a positive linear correlation
in our oils between MAs/MDs and DMAs/DMDs ratios (Fig. 5a).
Higher diamondoid concentration ratios reflect higher oil maturi-
ties. Based on the indices shown in Fig. 5a, we conclude that the
thermal maturity of these oils displays a generally increasing trend
from north to south in the central Junggar Basin (the sample num-
ber of these oils decreases from north to south). This might be the
result of oil migration, given that oil migrated from north to south
along the south-dipping slope in the central basin, thus causing the
change of maturities of the oils (Cai and Liu, 2005). A plot of
MAs/MDs vs DMAs/MDs (Fig. 5b) shows a similar trend to that in
Fig. 5a. The potential of maturity assessment by diamondoid con-
centration ratios is also highlighted by Fig. 5c, in which the total
diamondoid concentration positively correlates with MAs/MDs.
Therefore, some diamondoid concentration ratios (e.g., MAs/MDs,
DMAs/MDs, and DMAs/DMDs) can be used to determine oil matu-
rity in the oil window, at least for the Junggar Basin.

Diamondoid isomerization ratios of oils in the central basin
exhibit little variability (Fig. 5d and e), with DMAI-2, TMAI-2,
and MDI values that are mainly in the range 0.3-0.5 and DMDI-1
values of 0.2-0.3. Fig. 5f also shows that DMDI-1 does not obvi-
ously change with total diamondoid concentrations, suggesting
that isomerization ratios are ineffective for maturity assessment
in the oil window, which is consistent with laboratory experiments
(Fang et al., 2012, 2013; Li et al., 2015).

3.3.2. Condensates

Most of the samples from the eastern and southern margins of
the Junggar Basin are condensates with high maturities (Fig. 2a). In
this stage, most conventional biomarker maturity indicators are
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Fig. 6. Diamondoid isomerization ratios reflecting maturity of condensates from Kelameili zone (Eastern Part) and South Margin in the Junggar Basin. (a) MAI vs MD], (b)
DMAI-2 vs TMAI-2, (¢) MDI vs total diamondoids, and (d) DMAI-2 vs total diamondoids. See Appendix A for abbreviations of compound names.
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invalid, and only a few indices may be effective, such as MPI-1,
which exhibits a good negative linear correlation with %Ro in the
highly mature range (1.35-2.00 %Ro; Radke and Welte, 1983).
The equivalent vitrinite reflectance (Rc; calculated from its rela-
tionship with MPI-1) of oils in the eastern and southern margin
of the Junggar Basin ranges from 1.88% to 2.27% (Table 2), indicat-
ing that these oils have entered the high- to over-mature stages.
However, in some cases, aromatic maturity indices cannot be
determined accurately due to the low concentrations of aromatic
hydrocarbons in condensate oils. For example, in some oils in the
eastern and southern margin of the Junggar Basin, methylphenan-
threnes (MPI-1) are not measurable because of low compound con-
centrations (Table 2). Diamondoid isomerization ratios have
proven to be useful maturity indicators at a maturity of over
1.5% EasyRo (i.e., the oil cracking stage; Chen et al., 1996; Li
et al., 2000, 2015; Zhang et al., 2005; Wei et al., 2007b; Fang
et al,, 2012, 2013; Jiang et al., 2018). Thus, in this range it might
be possible to assess the maturity of condensates using diamon-
doid isomerization ratios.

There is a good positive correlation between different diamon-
doid isomerization ratios for the oil samples from the Kelameili
zone in the eastern part of the basin and along its southern margin
(both plot in area C in Fig. 2a). These include plots of MAI vs MDI
and DMAI-2 vs TMAI-2 (Fig. 6a and b). According to our experi-
ments (Fang et al., 2013; Jiang et al., 2018), diamondoid isomeriza-
tion ratios are useful at higher thermal maturities. Hence, it could
be inferred that the maturity of source rocks for the oils in the
Kelameili zone increases from east to west. This is consistent with
source rock data, which show that the source rocks in the western
Kelameili zone have %Ro > 1.5, decreasing to the east (Xu, 2005; Da
et al,, 2010; Long et al.,, 2014; Xiang et al., 2016). Similarly, oils
from the middle section of the southern margin are more mature
than those from the western section (the number of samples
increases from middle to west). This is consistent with the study
of Chen et al. (2015a, 2015b), which showed that oil maturity from
the middle section of the southern margin had a %Ro(eq) of 1.4 and
decreases to the west.

There is a positive relationship between the total diamondoid
concentrations and diamondoid isomerization ratios (e.g., MDI
and DMAI-2; Fig. 6¢ and d) in oils from the Kelameili zone and
the southern margin, reflecting the applicability of maturity evalu-
ation using these parameters (Fig. 2a). In general, at the same dia-
mondoid isomerization ratio, the corresponding diamondoid
concentrations of oils from the Kelameili zone are significantly
lower than those of oils from the southern margin. We attribute
this to different source rock types. Oils in the Kelameili zone and
southern margin of the basin were generated from coal measures
and lacustrine sapropel-type source rocks, respectively. Our previ-
ous work has revealed that the yield of diamondoids from types I
and II organic matter is higher than that from Type Il organic mat-
ter at the same maturity level, particularly in higher maturity
stages (Jiang et al., 2018). However, the organic matter type of
source rocks has little effect on diamondoid isomerization ratios
(Jiang et al., 2018), indicating again that diamondoid isomerization

Appendix A

ratios can be used to assess the maturity of highly mature oils
independent of the organic matter type of their source.

4. Conclusions

Oils from the Junggar Basin can be broadly divided into three
maturity stages according to diamondoid concentrations,
which are low-mature (0-100 ppm adamantanes; 0-5 ppm
diamantanes), mature (100-1000 ppm adamantanes; 5-50 ppm
diamantanes), and highly mature (>1000 ppm adamantanes;
>50 ppm diamantanes). Thermal maturity of the source rock for
these oils increases from the northwestern basin, to the central
basin, and to the eastern and southern margin of the basin.

For oils in the low-mature to mature stages, some diamondoid
concentration ratios (i.e., A/1-MA, 1,3-DMA/1,3,5-TMA, A/MAs,
and DMAs/TMAs) can be used for oil-oil correlations. Oils from
the northwestern Junggar Basin sourced from different Permian
formations can be differentiated based on these diamondoid con-
centration indices, as Group I, I, and III oils were derived from
the Py, P2y, and relatively more mature Pqj or Pq¢ source rocks in
the Mahu Depression, respectively.

Different diamondoid indices are applicable at different thermal
maturity ranges. Some diamondoid concentration ratios
(MAs/MDs, DMAs/MDs, and DMAs/DMDs) can be used for assess-
ing the maturity of mature oils. Based on these diamondoid con-
centration ratios, it can be concluded that the maturity of the
source rocks for the mature oils in the central Junggar Basin
decreases from south to north. Diamondoid isomerization ratios
(e.g., MAI, MDI, DMAI-2, and TMAI-2) are effective for determining
the maturity of condensates (i.e., oils at the high- to over-mature
stages). According to diamondoid isomerization ratios, the matu-
rity of the source rocks for the condensates from the Kelameili
zone in the eastern Junggar Basin increases from east to west,
and oils from the middle section of the southern margin of the
basin are more mature than those in the western section.

This study shows the limitations of different diamondoid
indices. Because our conclusions are based only on our field study
of the Junggar Basin, more data may need to be analyzed in order
to apply our conclusions to other basins.
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The abbreviations of diamondoids and definitions of diamondoid indices used in this study

Abbreviation Diamondoid compound Abbreviation Formula

A Adamantane MAI 1-MA/(1-MA + 2-MA)

1-MA 1-Methyladamantane EAI 1-EA/(1-EA + 2-EA)

1,3-DMA 1,3-Dimethyladamantane DMAI-1 1,3-DMA/(1,3-DMA + 1,2-DMA)
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Appendix A (continued)

Abbreviation Diamondoid compound Abbreviation Formula

1,3,5-TMA 1,3,5-Trimethyladamantane DMAI-2 1,3-DMA/(1,3-DMA + 1,4-DMA)
2-MA 2-Methyladamantane TMAI-1 1,3,5-TMA/(1,3,5-TMA + 1,3,4-TMA)
1,4-DMA(cis) 1,4-Dimethyladamantane(cis) TMAI-2 1,3,5-TMA/(1,3,5-TMA + 1,3,6-TMA)

1,4-DMA(trans) 1,4-Dimethyladamantane(trans) MDI

1,3,6-TMA 1,3,6-Trimethyladamantane DMDI-1
1,2-DMA 1,2-Dimethyladamantane DMDI-2
1,3,4-TMA(cis) 1,3,4-Trimethyladamantane(cis) As/Ds

1,3,4-TMA(trans) 1,3,4-Trimethyladamantane(trans) A/D

4-MD/(4-MD + 1-MD + 3-MD)
4,9-DMD/(4,9-DMD + 3,4-DMD)
4,9-DMD/(4,9-DMD + 4,8-DMD)
Adamantanes/Diamantanes
Adamantane/Diamantane

1-EA 1-Ethyladamantane MAs/MDs Methyladamantanes/Methyldiamantanes
2,6-+24-DMA  2,6-+24-Dimethyladamantane DMAs/MDs Dimethyladamantanes/Methyldiamantanes
1,2,3-TMA 1,2,3-Trimethyladamantane DMAs/DMDs Dimethyladamantanes/Dimethyldiamantanes
2-EA 2-Ethyladamantane A/1-MA Adamantane/1-Methyladamantane

D Diamantane 1,3-DMA/1,3,5-TMA  1,3-Dimethyladamantane/1,3,5-Trimethyladamantane
4-MD 4-Methyldiamantane A/MAs Adamantane/Methyladamantanes

4,9-DMD 4,9-Dimethyldiamantane DMAs/TMAs Dimethyladamantanes/Trimethyladamantanes
1-MD 1-Methyldiamantane

1,4- + 2,4-DMD 1,4- + 2,4-Dimethyldiamantane

4,8-DMD 4,8-Dimethyldiamantane

3-MD 3-Methyldiamantane

3,4-DMD 3,4-Dimethyldiamantane
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Supplementary data to this article can be found online at
https://doi.org/10.1016/j.orggeochem.2019.01.004.
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