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ABSTRACT

The conventional biomarkers are limited due to the extremely high thermal stresses in ultra-deep hy-
drocarbon reservoirs. The diamondoid with cage structure has excellent thermal stability and is an
effective tool for characterizing the ultra-deep hydrocarbon and linking its source. We investigated the
distribution of diamondoids in ultra-deep reservoirs including black oils, volatile oils, and condensates.
The source-related diamondoids indicate that crude oils are mainly sourced from marine siliceous shale.
The bulk characteristics (e.g. color, density, Sat/Aro) of crude oils reveal the variations of thermal
maturity: low maturity for black oils, moderate maturity for volatile oils, and high maturity for con-
densates. Based on regular variations in the thermal maturity of crude oils, the thermal evolution of
diamondoids is characterized. The abundance of C;- and Cy-alkylated diamantanes increases with
increasing maturity, and hydrothermal activity may lead to an abnormal increase in the percentage of Cs3-
alkylated adamantanes. Despite the higher thermal stability of 4-methyldiamantane (4-MD), a more
sensitive change in relative abundance with maturity for 1-methyldiamantane (1-MD) among all
methyldiamantanes (MDs) is observed. Ethyl diamondoids are thermally less stable and their derived
indices can effectively indicate the thermal maturity of ultra-deep hydrocarbons. The applications of
commonly maturity-related indices should be cautious (e.g. MDI), whereas the novel methyl-ethyl
diamantane index (MEDI) is highly recommended. The combination of high MAI values and low MEDI
values most likely reflects the influence of late-charged light hydrocarbons. Overall, multiple charging
and in-reservoir mixing of light hydrocarbons and oils with various maturities constrained the present
phase states of ultra-deep oil reservoirs. This study gives a new perspective to understanding the fate of
molecular evolution and phase states of hydrocarbons in the ultra-deep basins.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

1. Introduction

conventional biomarkers in ultra-deep hydrocarbon petroleum
exploration is constrained. For example, there has been an ongoing

Unraveling the origins of ultra-deep hydrocarbons through
molecular markers poses a significant challenge, primarily stem-
ming from their susceptibility to degradation under extreme tem-
peratures and pressures. Huang et al. (2016) concurred that
biomarker characteristics within the Tarim Basin predominantly
arise from extensive secondary alteration processes rather than
directly reflecting source facies. Hence, the application of

* Corresponding author.
E-mail addresses: liuqy@pku.edu.cn, qyouliu@sohu.com (Q.-Y. Liu).

https://doi.org/10.1016/j.petsci.2025.02.017

debate for decades regarding the sources of crude oils in the Tarim
Basin. The controversy mainly revolves around whether the
Middle-Upper Ordovician source rocks or the Cambrian source
rocks constitute the primary source kitchen in Tarim Basin (Hanson
et al., 2000; Zhang et al. 2000, 2005; Jia et al., 2010; Cai et al., 2015;
Chen et al., 2018; He et al. 2022, 2023b; Bian et al., 2023).
Diamondoids, renowned for their remarkable resistance to
thermal stress and biodegradation (Dahl et al., 2003; Azevedo et al.,
2008; Li et al., 2014), are frequently found in crude oils and can be
notably abundant in condensates which typically lack hopanoid
and steroid biomarkers. Diamondoids are extensively utilized in
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elucidating the geochemical characteristics of petroleum through
quantitative diamondoid analysis (QDA) and quantitative extended
diamondoid analysis (QEDA), particularly in light oils and con-
densates, thereby shedding light on the hydrocarbon origins (Wei
et al.,, 2006¢; Moldowan et al., 2015; Gentzis and Carvajal-Ortiz,
2018; Scarlett et al., 2019; Boente et al., 2020; Esegbue et al,,
2020; Atwah et al., 2021; Forkner et al., 2021; Walters et al.,
2023). Currently, diamondoid-associated indices are extensively
employed in investigating the genesis of ultra-deep hydrocarbons
within the Tarim Basin. For example, Li et al. (2018) suggested that
crude oils from the Tabei and Tazhong areas can be divided into
three groups: Group I oils represent late-charged hydrocarbons
originating from Middle-Upper Ordovician source rocks with high
thermal maturity; Group Il oils are early formed hydrocarbons from
Cambrian and Lower Ordovician source rocks; Group III oils are
sourced from Jurassic or possibly Triassic source rocks. Chai et al.
(2020) reported that diamondoid indices reveal significant evapo-
rative fractionation in the oils from the No.1 fault zone, whereas the
oil from the No.5 fault zone does not exhibit such fractionation.
Similarly, Ma et al. (2021a) suggested that the high concentration of
adamantanes in the No.1 fault zone is attributed to late gas
charging, while the low concentration of diamantanes in certain
reservoirs of the No. 5 fault zone is due to poor preservation con-
ditions. Based on the diamondoid concentration, Zhou et al. (2021)
concluded that the Tabei and Tazhong areas experienced at least
four episodes of hydrocarbon charging.

Thermal stress intricately correlates with the phase states of
ultra-deep hydrocarbons. Elevated thermal stress induces diverse
phase states of hydrocarbons (e.g. heavy oil, normal oil, conden-
sates, etc.) directly from kerogen maturation. In addition, the high
thermal stress-induced cracking of heavy hydrocarbons can pro-
duce light hydrocarbons (C;—Cj2), leading to variations of phase
states in both original and newly formed pools. Hence, it is
imperative to understand the maturity variance of ultra-deep hy-
drocarbons in Paleozoic strata. However, %R, cannot be used in the
study of the early Paleozoic thermal history because of a lack of
vitrinite macerals (Hanson et al., 2007; Qiu et al., 2012). Measuring
the maturity of highly-mature hydrocarbons is also challenging.
Given the close association between the distribution of diamond-
oids and thermal maturity (Chen et al., 1996; Fang et al. 2013, 2015;
Jiang et al., 2021; Fu et al., 2023; van der Ploeg et al., 2023; Walters
et al., 2023), the thermal transformation of diamondoids offers
valuable insights into the maturity variations within highly mature
hydrocarbons, and their derived maturity indices are complement
to biomarkers. For example, based on the agreement that alkyl-
substitutions on bridgehead are more thermally stable than sec-
ondary carbon (Clark et al., 1979), several isomerization indices
have been proposed to determine the maturity of hydrocarbons
(Chen et al., 1996; Zhang et al., 2005). The commonly used indices,
including methyl adamantane index (MAI), methyl diamantane
Index (MDI), ethyl adamantane index (EAI), dimethyl diamantane
index 1 (DMDI-1), dimethyl adamantane index 1 and index 2
(DMAI-1 and DMAI-2), and trimethyl adamantane index 1 and in-
dex 2 (TMAI-1 and TMAI-2), have been widely employed for the
assessment of maturity in highly-mature hydrocarbons (>1.0%R,)
(Li et al., 2000; Zhang et al., 2005; Fang et al., 2012; Jiang et al.,
2018; Mei et al.,, 2018; Huang et al., 2022; Peng et al., 2022).
Nevertheless, maturity-related indices are subject to multifaceted
influences. (1) Distinct sedimentary environments and source
facies can exert notable effects on maturity indices (e.g. Li et al,,
2000; Schulz et al., 2001; Wei et al., 2006a, 2006b, 2006c; de
Araujo et al.,, 2012; Pytlak et al., 2017; Jiang et al., 2018; Jiang
et al., 2021), potentially surpassing the influence of thermal stress
itself. Walters et al. (2023) also reported that diamondoid maturity
indices of lower Eagle Ford oils/condensates are not well-correlated
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and appear to be significantly influenced by source facies. (2) The
applicability range varies among different maturity indices. Ac-
cording to anhydrous pyrolysis of crude oils, Fang et al. (2012)
proposed that MAI, DMAI-1, DMAI-2, TMAI-1, TMAI-2, and EAI are
effective for assessment of maturity in a certain range. Fang et al.
(2013) subsequently reported that some isomerization ratios of
diamondoids (e.g. MAI, DMAI-1, TMAI-1) increase with maturity at
<2.0% EasyR,, while others (e.g. A/D, MA/MD, DMA/DMD) keep
constant. In the hydrothermal pyrolysis of crude oils, Peng et al.
(2022) proposed that MDI, EAl, DMAI-1, and DMDI-2 may serve
as reliable maturity proxies at>1.0% EasyR,, and other isomeriza-
tion indices (TMAI-1, TMAI-2, and DMAI-2) are effective for the
highly mature hydrocarbons at > 2.0% EasyR,. (3) Various second-
ary processes, including evaporation fractionation, biodegradation,
in-reservoir mixing, and thermochemical sulfate reduction (TSR),
can also impact diamondoid indices (Grice et al., 2000; Wei et al.,
2007a, 2007b; Gentzis and Carvajal-Ortiz, 2018; Zhu et al. 2019b,
2019c, 2021; Spaak et al., 2020; Jiang et al., 2021; Wang et al., 2021;
Chang et al., 2022; Qi et al., 2022; Fu et al., 2023; He et al., 2023b;
Walters et al., 2023). Furthermore, Wei et al. (2006b) and Wang
et al. (2023c) both demonstrated that diamondoids could be des-
tructed under high temperatures, leading to the formation of
polycyclic aromatic hydrocarbons. Xu et al. (2022) reported that oils
in the Shuntuoguole (STGL) area might be altered by hydrothermal
activity. As a result, a reversal in the distribution and concentration
of diamondoids may likely occur in the context of high thermal
stress, as evidenced by some pyrolysis experiments (Fang et al.,
2012; Peng et al., 2022).

The current challenge lies in the significant disparities between
simulated laboratory experiments and actual geological processes,
prompting the inquiry into the thermal transformation of various
diamondoid compounds in practical reservoirs. Despite the large
amounts of diamondoid maturity indices, the challenge persists in
selecting the most suitable ones. This emphasizes the imperative of
identifying maturity-dependent diamondoids tailored to the
geological context of individual basins. To give insights into these
problems, we systematically collected more than 20 oil samples of
various phase states from ultra-deep reservoirs in the STGL area,
Tarim basin. Based on the comprehensive analysis of diamondoids
in petroleum, the purposes of this study are to (1) investigate the
geochemical characteristics of hydrocarbons in ultra-deep reser-
voirs, (2) identify the impacts of thermal stress on the distribution
of diamondoids and (3) reveal the origin for the multiple phase
states (e.g. black oils, volatile oils, condensates) of ultra-deep
hydrocarbons.

2. Geological setting

The Tarim Basin, which developed on an Archean and Protero-
zoic metamorphosed basement (Qiu et al., 2012), is a complex
superimposed basin with an area of about 56 x 10* km?. The basin
is overlain by a well-developed Neoproterozoic-Quaternary sedi-
mentary sequence, with a maximum thickness of 16,000 m. The
Cambrian—Lower Ordovician strata comprise shallow marine to
lagoonal carbonates with a depth of 3 km, while the Middle-Upper
Ordovician strata were deposited during a marine transgression
event (Zhang et al., 2005). The marine strata, marine-continental
transitional strata, and terrestrial strata were developed during
the Sinian-Devonian, Carboniferous-Permian, and Triassic-
Quaternary, respectively. The Basin has experienced six major
regional tectonic orogenesis: late Caledonian, early Hercynian, end
Hercynian, Indosinian, end Yanshan, and late Himalayan (Pang
et al,, 2018). Among these, The three main oil and gas charging
periods consist of middle-late Caledonian (463.2—414.9 Ma), late
Hercynian (312.9—268.8 Ma), and Himalayan (22.0—4.8 Ma)(Yang
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et al., 2021). The late Hercynian, which almost coincides with the
timing of the early Permian Tarim Large Igneous Province (TLIP)
(Yang et al., 2013), is considered to be the key period for oil and gas
charging (Chang et al., 2013; Zhang et al., 2018).

The STGL area is located in the desert-covered area of the central
Tarim Basin, which is adjacent to the Manjar Depression and Awati
Depression, respectively (Fig. 1(a) and (b)). The Ordovician-
Cambrian strata in the STGL area of the Tarim Basin in NW China
are typical sites for ultra-deep petroleum exploration, with an
average depth of exceeding 7300 m, of which Shunbei (SB) oil and
gas field and Fuman (FM) Qilfield are the most productive. By the
end of 2021, the Shunbei oil and gas field has submitted a cumu-
lative total of more than 2 x 10% t of proven oil and gas reserves,
with approximately 17 x 10% t of oil and gas equivalents distributed
along 18 main faults (Ma et al., 2022). As of June 2022, nine wells
producing 1000 t of crude oil per day had been discovered in the
Fuman Oilfield, with oil and gas reserves of approximately
10 x 10% t (Han et al.,, 2023). The exploration prospect of the STGL
area is vast, and the deep oil and gas resources are expected to
become the replacement field for increasing oil and gas reserves in
the future. The Fuman oil field covers an area of approximately
7000 km? and can be subdivided into Yueman (YM), Fuyuan (FY),
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Hade (HD), Yuke (YK), Manshen (MS), and Guole (GL) areas (Wang
et al.,, 2023b). The SB oil and gas field is mainly named according to
the number of major faults. For example, the wells in SB1 and SB4
correspond to the No.1 and No.4 Faults, respectively. The STGL was
formed in the middle Caledonian, and the Lower Palaeozoic strata
comprise a complete source-reservoir-cap assemblage. Multi-stage
faults were developed during the Caledonian-Hercynian period,
which favored fracture development and fluid modification to form
multiple types of reservoirs, and the giant mudstones deposited
during the Late Ordovician can be a regional cap layer. From top to
bottom, the Ordovician strata consists of Sangtamu Formation
(03s), Lianglitage Formation (Os3l), and Tumuxiuke Formation (Ost)
in the Upper Ordovician, Yijianfang Formation (Oy) in the Middle
Ordovician, Yingshan Formation (Oq.y) in the Lower—Middle
Ordovician, Penglaiba Formation (O1p) in the Lower Ordovician,
respectively (Fig. 1(c)) (Zhu et al, 2019c). Among them, the
Yijianfang Formation (O,y) and Yingshan Formation (O1.,y) are the
main targets for petroleum exploration (Chen et al., 2021). A set of
source rocks in Yuertusi formation (€,y) was developed under the
early tension background of the Early Cambrian, with the sedi-
mentary facies of continental shelf to slope. Siliceous black shales
with high TOC (2%—6%) are developed within the Yuertusi
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Formation (€41y), which is widely distributed in the STGL area with
an area of approximately 260,000 km? and is considered to be the
most important source of hydrocarbons (Chen et al., 2018; Wang
et al., 2021). Due to the low geothermal gradient, the Yuertusi
source rock is still in the wet gas stage during the Himalayan period,
as well as the potential to form giant oil and gas fields in the late
stage (Qi, 2016).

Reservoir pressures are between 70 and 85 MPa at depths
greater than 6500—7500 m, with pressure coefficients between 1.2
and 1.7 and temperatures ranging between 140 and 172 °C (Zhu
et al, 2019a). In the SB area, temperatures in Ordovician reser-
voirs do not exceed 180 °C even beyond 8000 m (Ma et al., 2021b).
Tian et al. (2006) reported that the crude oil in a separate phase is
stable before 1.70%~1.75% EasyR,. This suggested that the oil has
barely cracked despite high temperatures (i.e., >170 °C). At
geological heating rates in Tarim basins, the initial temperature for
oil cracking is about 148—162 °C and reached the endpoint at
245-276 °C (Wang et al., 2006). Specifically, the preservation
threshold of a discrete oil phase extends from approximately 178 °C
under slow geological heating conditions to 206 °C with rapid
geological heating rates (Ma, 2016). Zhu et al. (2020) concluded that
the threshold temperature for intense oil cracking until its extinc-
tion is calculated as 210 °C. The mixtures of heavy hydrocarbons
and hydrogen become more stable than pure methane between
1000 and 2000 K and P > 4 GPa, as evidenced by simulations ex-
periments conducted by (Spanu et al., 2011). The preservation of
heavy hydrocarbons is indeed promising in ultra-deep reservoirs in
the Tarim basin due to the low current geothermal gradient and
initial continuously slow burial followed by rapid late burial.

3. Samples and methods
3.1. Samples

This study collected 21 oil samples from typical production wells
with depths exceeding 7000 m in STGL area, Tarim basin. Four
samples of black oils from the FY area, three samples of black oils
from the HD area, four samples of volatile oils/condensates from
the MS area, and ten samples of condensates from the SB4 area
(Fig. 1(d), Table 1). The phase states of crude oils have also been
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evidenced by previous studies (Bian et al., 2023; Ma and Qi, 2023;
Wang et al.,, 2023b; Peng et al., 2024). The detailed information of
all samples is shown in Table 1. To reflect regional variations, the
discussion will follow the order of the FY to HD to MS to SB4
(hereafter referred to as the FHMSB profiles), corresponding with
the changing trends of oil colors (Fig. 1(d)).

3.2. SARA fractionation

SARA (Saturate, Aromatics, Resins, Asphaltenes) fractionation
was performed to characterize the bulk geochemistry of crude oils.
The crude oils (about 30 mg) were deasphaltened with excess n-
hexane. Subsequently, the separation was performed on a liquid
chromatographic column (3 g of silica gel and 1 g of alumina). The
de-asphaltene fractions were separated into saturated hydrocar-
bons, aromatic hydrocarbons, and resins by using successive n-
hexane, dichloromethane (DCM)/n-hexane (2:1, v:v), and
dichloromethane/methanol (1:1, v:v) as eluting solvents, respec-
tively (Xu et al., 2022). Finally, the asphaltenes were dissolved in
DCM for weighing. Under the same conditions, the bottle con-
taining saturated hydrocarbon, aromatic hydrocarbon, resin, and
asphaltene components was weighed at 30-min intervals after the
solvent had evaporated and dried up. The constant weight was
documented when the difference between the two measurements
was not greater than 0.3 mg. However, due to the extreme volatility
and loss of light oil/condensate, the sum of SARA fraction is less
than 100% (Table 1). Finally, the eluted saturated hydrocarbons
were prepared for GC-MS analysis.

3.3. Gas chromatography-mass spectrometry (GC-MS)

The analysis of gas chromatography-mass spectrometry (GC-
MS) was performed using Agilent 6890 GC with an Agilent 5975B
MS. The gas chromatograph was equipped with a J&W HP-5ms
fused silica capillary column (60 m x 0.25 mm x 0.25 pm). The
inlet temperature was 300 °C. Helium (99.995%) was used as the
carrier gas, with a constant flow rate of 1.0 mL/min. The oven
temperature was initially held at 50 °C for 1 min, then was pro-
grammed to 100 °C at 20 °C/min, finally was programmed to 310 °C
at 3 °C/min, and was held for 10 min. The ion source of the mass

Table 1
Bulk geochemical characteristics for oils in STGL area.
Location Code Well Formation Depth, m Density, g/lcm®> Wax, % Viscosity, mPa-s GOR, m>/m> Fraction groups, % Sat/Aro
Sat Aro Resin  Asphalt

FY F1 FY103-H3 O 7295~7582 0.81 1090 271 160.84 60.36 8.77 272 227 6.88
F2 FY201-H6 O 7126~7363 0.84 1470  3.12 110.76 53.17 11.75 139 093 4,53
F3 FY210H (0] 7446~7693.9 0.81 1120 1.79 194.16 5946 819 141 198 7.26
F4 FY216H (025% 7492~7862 0.80 11.10 157 268.21 56.25 555 1.63 0.96 10.13

HD H1 HD32-H9  Oyy 7256~7634 0.82 10.80  2.08 156.08 59.82 8.15 141 092 7.34
H2 HD302H 0y 7066~7225.66 0.82 1140 2.25 162.13 65.87 971 164 022 6.79
H3 HD32-H1 (025% 7219.36~7703 / / / 197.03 66.37 944 241 0.60 7.03

MS M1 ManS4 Oy 7573~8208 0.79 1050 1.26 604.84 61.50 348 0.80 0.00 17.69
M2  ManS3-H5 Oyy 7485~8410 0.79 1480 1.25 607.02 64.74 369 076 0.00 17.56
M3  ManS502H Oy 7370.5~7820.00 0.79 1040 1.22 398.69 65.57 352 044 0.00 18.65
M4  ManS5-H9 Oyy 7459~7935 0.80 10.60  1.56 358.05 60.89 3.77 085 0.00 16.15

SB4 S1 SHB4-1H Oyyj + 012y 7394~7925.59 0.76 4.00 / 1866.00 5955 2.89 1.13 0.00 20.61
S2 SHB44X Oyyj + O12y  7493.49~7882.55 0.79 3.60 2.04 795.00 6454 410 067 0.00 15.72
S3 SHB4-8H 0.yj + 012y 7532~8378 0.74 1.60 / 2256.00 5896 198 099 0.00 29.75
S4 SHB46X 010y 8590~8670 0.78 / / 2074.00 5527 1.61 249 0.00 3435
S5 SHB4-5H 012y 7729~8850.34 0.79 / / 1060.00 66.86 2.71 041 0.00 24.70
S6 SHB41X Oyyj + 012y 7531.00~7984.10 0.76 1.74 1.90 2888.00 49.01 166 040 0.00 29.52
S7 SHB43X 0yyj + 012y 7566~7995 0.79 2.70 / 1040.00 62.67 2.13 082 0.00 29.38
S8 SHB4-9H Oyyj + 012y 7597~8110.17 0.79 3.50 / 1263.00 65.09 242 081 0.00 26.93
S9 SHB4-6H 012y 7571.75~8356.02 0.78 / / 1350.00 5644 2.61 1.66 0.00 21.64
S10  SHB45X 0.yj + 012y 7668~8845 0.79 2.10 / 1443.00 5541 2.11 185 0.00 26.25
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spectrometer was operated in El mode at 70 eV with a temperature
of 230 °C; Saturated hydrocarbons of all samples (1.5 pL) were
injected at a splitless mode (20:1). The full scan (50—570 amu) and
selected ion monitoring (SIM) mode were used to acquire MS data.
The identification of diamondoid hydrocarbons was based on
retention times, and references (Wei et al., 2007c; Liang et al., 2012;
Walters et al., 2023). The relative abundance of the diamondoid
hydrocarbons was determined from peak area (using selected mass
chromatograms for the integration of the compounds) by Agilent
Masshunter Qualitative Analysis 10.0 software. The identification
results are shown in Fig. 2. The formulas and abbreviations of in-
dividual diamondoid compounds are shown in Table 2. It is note-
worthy that the peak before 2-MA is identified as 1,2,3,4-
alkylbenzene (1,2,3,4-TeMB) by comparing the mass chromato-
grams and spectrums with previous studies (Jia et al., 2007; Zhang
et al,, 2014; Cheng et al., 2015; Zhan et al., 2023; Meng et al., 2024).

4. Results
4.1. Bulk geochemistry

Along the FHMSB profile, the bulk characteristics of total oils
samples show a regular variation with depth which corresponds to
the increasing thermal stress (Table 1). In particular, the crude oils
exhibit significant variations in colors (Fig. 1(d)). In the FY and HD
areas, crude oils are predominantly characterized as black oils, with
a density ranging from 0.80 to 0.84 g/cm?, wax content ranging
from 10.80% to 14.70%, viscosity ranging from 1.57 to 3.12 mPa s,
gas-oil ratio (GOR) ranging from 110.76 to 268.21 m?/m?, and
Saturate hydrocarbons/Aromatic hydrocarbons (Sat/Aro) ranging

Petroleum Science 22 (2025) 1446—1464

from 2.40 to 10.13. It is noteworthy that well F4 exhibits a tiny
difference due to the high Sat/Aro ratio and GOR. In the MS area, the
yellow-brown crude oils are predominantly characterized as vola-
tile oils/condensates, with a density ranging from 0.79 to 0.80 g/
cm?, wax content ranging from 10.40% to 14.80%, viscosity ranging
from 1.22 to 1.56 mPa s, GOR ranging from 358.05 to 607.02 m?/
m?>, and Sat/Aro ranging from 16.15 to 18.15. In the SB4 area, the
light-yellow crude oils are characterized as condensates, with a
density ranging from 0.76 to 0.79 g/cm?, wax content ranging from
1.6% to 4.0%, viscosity ranging from 1.90 to 2.04 mPa s !, GOR
ranging from 795 to 2888 m>/m?, and Sat/Aro ranging from 15.72 to
34.35.

4.2. Diamondoids

The mass chromatograms of adamantanes and diamantanes of
typical wells are illustrated in Figs. 3 and 4, respectively. All
maturity-related indices calculated in this study are summarized in
Table 3. Ternary distributions of representative compounds are
provided in Supplementary Table S1, while the formulas for all
diamondoid indices are detailed in the Appendix and listed in
Supplementary Table S2.

Notable variations are observed in the methyladamantanes
(MAs) and dimethyladamantane (DMAs) among all adamantanes
(Fig. 3). The concentration of 1-MA shows a gradual increase along
the FHMSB profile, albeit with modest increments. The MAI values
range from 0.59 to 0.65 in FY area, 0.64 to 0.66 in HD area, 0.65 to
0.70 in MS area, and 0.67 to 0.71 in SB4 area. While the variation
range of MAI is not extensive, a discernible pattern of MAI value
fluctuation is still observable. Additionally, the abundance of
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Fig. 2. Identification results of diamondoid compounds of well F1. 1,2,3,4-TeMB: 1,2,3,4-Tetramethylbenzene.
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Table 2
Identification and abbreviations of diamondoid compounds.
No. Name Abbreviation Formula M+ (m/z) Peak
1 1-Methyladamantane 1-MA Cqi1His 150 135
2 2-Methyladamantane 2-MA Cqi1His 150 135
3 1-Ethyladamantane 1-EA Cq2Ho 164 135
4 2-Ethyladamantane 2-EA Cy2Ha0 164 135
5 Adamantane A CioH16 136 136
6 1,3-Dimethyladamantane 1,3-DMA Cq2Hyo 164 149
7 cis1,4-Dimethyladamantane 1,4-DMA (cis) Ci2H20 164 149
8 trans1,4-Dimethyladamantane 1,4-DMA (trans) Ci2Ho0 164 149
9 1,2-Dimethyladamantane 1,2-DMA Ci2Ho 164 149
10 2,4 + 2,6-dimethyladamantane 2,4 + 2,6-DMA Cq2Hyo 164 149
11 1-Ethyl-3-methyladamantane 1-E-3-MD Cy3Han 178 149
12 1,3,5-Trimethyladamantane 1,3,5-TMA Cq3He 182 163
13 1,3,6-Trimethyladamantane 1,3-TMA Ci3Hag 182 163
14 cis1,3,4-Trimethyladamantane 1,3,4-TMA Cy3Ha6 182 163
15 trans1,3,4-Trimethyladamantane 1.3,4-TMA Cq3Hoe 182 163
16 1,2,3-Trimethyladamantane 1,2,3 -TMA Cq3H26 182 163
17 1-Ethyl-3,5-dimethyladamantane 1-E-3,5-TeMA Ci4H24 192 163
18 1,3,5,7-Tetramethyladamantane 1,3,5,7-TeMA Ci4Ho4 192 177
19 1,2,5,7-Tetramethyladamantane 1,2,5,7-TeMA Ci4Ho4 192 177
20 1,3,5,6-Tetramethyladamantane 1,3,5,6-TeMA Ci4H24 192 177
21 1,2,3,5-Tetramethyladamantane 1,2,3,6-TeMA Ci4Ho4 192 177
22 1-Ethyl-3,5,7-Trimethyladamantane 1-E-3,5,7-TMA Cq5Ho6 206 177
23 1,2,3.5,7-Pentamethyladamantane 1,2,3,5,7-PMA Cy5H26 206 191
24 Diamantane D Cq4H20 188 188
25 4-Methyldiamantane 4-MD CisHan 202 187
26 1-Methyldiamantane 1-MD Cq5Hoo 202 187
27 3-Methyldiamantane 3-MD Cq5Hoo 202 187
28 1-Ethyldiamantane 1-ED Ci6Hog 216 187
29 3-Ethyldiamantane 3 -ED CiHo4 216 187
30 4,9-Dimethyldiamantane 4,9-DMD Ci6Haq 216 201
31 1,4-+2,4-Dimethyldiamantane 1,4-+2,4-DMD Ci6Ha4 216 201
32 4,8-Dimethyldiamantane 4,8-DMD CieHo4 216 201
33 3,4-Dimethyldiamantane 3,4-DA Ci6Ho4 216 201
34 1,4,9-Trimethyldimantane 1,4,9-TMD Cy7H26 230 215
35 3,4,9-Trimethyldimantane 3,4,9-TMD Cyi7H26 230 215

compound Z gradually decreases along the FHMSB profile. The
abundance of 1,3-DMA shows a gradual increase, while the relative
abundance of 1,2-DMA decreases gradually. The DMAI-1 values in
FY, HD, MS, and SB4 areas are 0.40—0.48, 0.49—-0.50, 0.54—0.58, and
0.55—0.60, respectively. Conversely, the variation in DMAI-2 values
was not significant. Relative percentages of 1,3-DMA in FY, HD, MS,
and SB4 areas are 25%—28%, 29%—30%, 30%—36%, and 31%—35%,
respectively (Table S1). The trimethyladamantanes (TMAs) and
pentamethyladamantane (PMA) show minimal variations. The
TMAI-1 and TMAI-2 values of all samples are 0.22—0.28 and
0.35—0.42 respectively. The relative percentages of 1,3,5-TMA,
1,3,6-TMA, and 1,3,4-TMA remain consistently within a narrow
range across all samples. However, interesting variations were
observed in the tetramethyladamantanes (TeMAs) (Fig. 4). Along
the FHMSB profile, the newly introduced tetramethyl-ethyl ada-
mantane index (TeMEAI = 1,2,5,7-TeMA/1-E—3,5,7-TMA) evidences
a gradual yet modest rise, with values in FY, HD, MS, and SB4 areas
ranging from 0.95 to 1.20, 1.16 to 1.20, 1.27 to 1.40, and 1.30 to 1.47,
respectively.

Significant changes are observed primarily in the methyl-
diamantanes (MDs) among all diamantanes (Fig. 4). The relative
abundance of 4-MD appears to increase gradually along the FHMSB
profile. However, the MDI values of all samples range between 0.40
and 0.50, showing no significant variations (Table 3). In contrast,
the relative percentages of 4-MD, 1-MD, and 3-MD exhibit sys-
tematic changes along the FHMSB profile. Particularly noteworthy
is the gradual increase in the relative percentage of 1-MD. This
observation suggests that the transformation relationships among
4-MD, 1-MD, and 3-MD may not align precisely with previous as-
sumptions. The abundance changes of MDs relative to
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ethyldiamantanes (EDs) exhibit a progressive linear trend, resulting
in the proposal of methyl-ethyl diamantane index (MEDI = 4-MD/
[4-MD-+1-ED+2-ED]). The MEDI values in oils from FY, HD, MS, and
SB4 areas are 0.50—0.66, 0.53—0.59, 0.71-0.81, and 0.79—0.90,
respectively. Variations in the abundance of dimethyldiamantanes
(DMDs) across all samples are nuanced, with DMDI-1 and DMDI-2
indices ranging from 0.32 to 0.41 and 0.30 to 0.40, respectively. The
relative percentage of 4,9-MD, 4,8-MD and 3,4-MD are 19%—24%,
33%—45% and 36%—45%, respectively (Table S1).

5. Discussions
5.1. Marine-sourced diamondoids

Gordadze (2008) observed that crude oils sourced from clay-
poor and algal organic matter (OM) sources tend to exhibit
higher MAI values and lower concentrations of A+1-MA+2-MA,
whereas crude oil derived from clay-rich and higher plant sources
tends to show relatively lower MAI values and higher concentra-
tions of A+1-MA+2-MA. Hence, the MAI values of all the samples in
STGL area range from 0.6 to 0.8, indicative of marine sources.
Additionally, the relative percentage of > Cys, > Ci2s, and Y Cy3s
(Table S1) can serve as indicators of source facies. Compared to
marine sources, terrestrial source rocks exhibit a higher relative
percentage of > Cy3s (Gordadze, 2008). It can be observed that all
samples in this study fall between marine and terrigenous sources
(Fig. 5(a)), overlapping with the distribution range of marine sili-
calites. The well F1, which is located at the termination of the No.1
Fault in STGL area, exhibits an exceptionally high proportion of
>°Ci3s. We speculate that this could be attributed to the
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Fig. 3. The mass chromatograms of adamantanes from typical wells in STGL area.

hydrothermal alteration (Xu et al., 2022). Due to the enhanced
thermal stability, the distribution of dimethyldiamantanes (DMDs)
could serve as source-dependent indices. Previous studies have
shown that the distribution of 4,9-DMD, 4,8-DMD, and 3,4-DMD
can distinguish source facies including marine carbonate, marine
shale, and coal (Schulz et al.,, 2001; Walters et al., 2023). Corre-
spondingly, the ternary plot of 4,9-DMD, 4,8-DMD, and 3,4-DMD
indicates that all samples originate mainly from marine shale
(Fig. 5(b)). In summary, the crude oils in STGL area are most likely
derived from the marine siliceous shales of the Cambrian Yuertusi
Formation.

5.2. Thermal maturity

5.2.1. Maturity based on bulk geochemistry

Under conditions of high thermal stress, biomarker degradation
can be severe, complicating the assessment of maturity in ultra-
deep hydrocarbons. The classical theory of kerogen maturation
suggests that the general properties of oil, such as density and the
ratio of Sat/Aro, are indicative of thermal maturity (Tissot et al.,
1984; Killops and Killops, 2004). Typically, oils and condensates
of higher maturity exhibit lower densities and elevated Sat/Aro
values. For instance, Hackley et al. (2021) demonstrated a robust
correlation between Sat/Aro and %Ryp; (R? = 0.88) in oils from the
Upper Devonian Berea Sandstone in northeastern Kentucky. Fu
et al. (2023) identified that black and volatile oils predominantly
originate during the peak oil window, whereas gas condensates are
products of the late oil stage. Claypool and Mancini (1989) noted
that GOR is well correlated with the extent of oil cracking (EOC)
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which results mostly from thermal maturity, although usually
affected by fractionation and diffusion processes within reservoirs,
and gas washing during migration (Dahl et al., 1999).

This study unveils a coherent pattern in the bulk geochemical
characteristics (e.g. color, density, Sat/Aro, GOR) of crude oils cor-
responding to maturity progression (Fig. 6). Along the FHMSB
profile, there is a gradual escalation in reservoir burial depths
alongside increasing thermal stress. Oils from the FY and HD areas
are characterized by high density and high wax content, accom-
panied by low GOR and low Sat/Aro values. In contrast, well F4
displays low density, high GOR, and elevated Sat/Aro values,
indicative of advanced maturity, consistent with its proximity to
the MS area. Oils in MS area exhibit low density, high wax content,
and moderate GOR and Sat/Aro values. In contrast, oils in the SB4
area exhibit low density and wax content, along with high GOR and
Sat/Aro values. These consistent bulk characteristics suggest low
maturity for oils in FY and HD areas, moderate maturity for oils in
the MS area, and high maturity for oils in the SB4 area. Notably, the
high wax content in FY, HD, and MS areas suggests light hydro-
carbon charging, with oil reservoirs experiencing mixed charging
by early oil with low maturity and late light hydrocarbons with high
maturity, leading to wax precipitation. Conversely, the low wax
content in the SB4 area indicates the high maturity of crude oils.

5.2.2. Alkylated diamondoids

The distribution of Cy~Cs alkylated diamondoids provides a
robust proxy for hydrocarbon maturity. Pyrolysis studies reveal that
the relative abundance of C;-, C;-, C3-, and Cy-alkylated ada-
mantanes increases with increasing maturity, whereas the
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Fig. 4. The mass chromatograms of diamantanes from typical wells in STGL area.

Table 3

Maturity-related indices of diamondoids.

Type Indices Well No.

F1 F2 F3 F4 H1 H2 H3 M1 M2 M3 M4 S1 S2 S3 S4 S5 S6 S7 S8 S9 S10

Adamantanes-associated MAI 0.65 0.59 0.59 0.60 0.64 0.66 0.65 0.70 0.66 0.65 0.66 0.68 0.70 0.68 0.68 0.71 0.67 0.69 0.69 0.69 0.67
EAI 043 039 041 043 040 039 040 053 049 046 046 0.55 0.53 0.55 0.56 0.54 0.61 0.54 0.54 0.56 0.51
DMAI-1 048 0.40 043 047 050 0.50 049 058 0.57 0.55 054 0.59 0.60 0.59 0.57 0.60 0.55 0.59 0.58 0.56 0.55
DMAI-2 040 0.40 0.38 0.38 0.42 043 043 049 043 042 041 045 046 044 042 044 041 044 043 042 041
TMAI-1 022 022 022 022 024 028 0.27 024 0.25 0.25 025 0.25 0.26 0.25 025 0.25 0.22 024 0.24 0.23 022
TMAI-2 0.37 036 035 035 037 040 039 0.39 039 041 040 042 041 042 041 041 0.38 041 040 0.39 037
TeMEAI 120 095 1.12 1.16 1.16 120 1.20 140 127 127 128 130 141 138 141 139 147 133 136 135 146

B/(B+S)A 024 030 0.30 031 034 036 035 038 036 035 035 038 0.39 037 036 038 034 037 037 035 034
MAs/DMAs 046 041 040 037 045 047 048 047 045 041 046 046 045 042 040 043 034 042 043 041 038
MAs/TMAs  0.10 042 040 037 048 0.61 056 045 048 043 049 047 046 042 041 044 032 041 042 039 0.35
DMAs/TMAs 0.22 1.02 1.00 1.01 1.08 1.31 1.17 095 1.06 1.05 1.08 1.04 1.02 1.00 1.02 1.03 094 0.99 0.99 096 0.93

Diamantanes-associated MDI 040 046 046 045 047 043 048 050 044 046 045 045 044 047 047 045 048 046 046 045 0.46
MEDI 050 0.66 0.58 0.66 0.59 0.53 0.58 0.81 0.71 0.74 0.73 0.83 0.79 0.86 0.86 0.81 0.90 0.83 0.82 0.83 0.5
DMDI-1 0.32 041 037 036 036 035 037 032 033 038 037 034 034 035 036 034 036 035 033 033 033
DMDI-2 035 040 035 035 031 030 036 037 037 039 038 034 039 039 039 039 040 040 038 0.39 040
TMDI 085 0.68 0.72 0.84 0.78 0.75 0.76 0.82 0.81 0.81 0.87 0.81 0.81 0.84 0.85 0.82 0.82 0.80 0.85 0.83 0.82
MDs/DMDs  5.84 0.22 1.32 1.20 127 131 134 132 120 126 120 124 1.13 115 119 115 1.14 126 1.15 1.10 1.08
A/D 0.21 0.08 0.14 0.15 0.17 0.21 024 0.09 0.28 035 031 045 0.57 045 047 059 024 052 047 044 036

MAs/MDs 023 084 0.74 087 1.11 132 135 174 160 126 144 149 185 150 142 173 096 155 1.55 148 132
DMAs/MDs 0.50 2.06 1.86 235 248 2.83 281 3.69 3.57 3.08 3.16 3.26 4.09 3.58 3.54 399 283 3.70 3.62 3.65 347
DMAs/DMDs 3.14 0.52 2.64 3.07 3.41 3.96 4.07 524 4.60 4.18 4.06 4.39 495 447 4.52 492 344 5.04 449 429 411
As/Ds 212 097 203 2.68 246 250 274 3.05 418 3.69 3.62 423 5.01 452 451 495 3.68 490 4.60 4.59 442

1453



B.-Q. Zhu, Q.-Y. Liu, H.-Y. Xu et al. Petroleum Science 22 (2025) 1446—1464

(a) % 400 (b) % 100
mFY W Marine clays

@ MS A Terrigenous clays
A HD @ Marine carbonates

% Marine silicalites

&e
Q
<
©

7

w

50

Type 11
Marine shale

)

Type 11
Coal

Type I
Marine carbonates

100

0 25 50 75 100 0 25 50 75 100

Ci3S, % 3,4-MD, %
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abundance of Cy and Cs-alkylated adamantanes declines. Notably,
C,- and Cs-alkylated adamantanes dominate, with Cs-alkylated
adamantanes exhibiting significant proportions. Increasing thermal
stress correlates with heightened percentages of C,- and Csz-alky-
lated diamantanes (Fang et al., 2013). Extracts from source rocks,
particularly at >1.7% EasyR,, show elevated levels of C3- and Cy4-
alkylated adamantanes, highlighting their enhanced thermal sta-
bility (Fang et al.,, 2015). Consequently, the presence of highly
alkylated diamondoids (C,., alkylation) significantly varies with
advancing maturity, underscoring their potential as indicators of
thermal maturity.

From wells F2 to H3, C,-alkylated adamantanes exhibit relative
percentages between 32% and 36%, whereas Cs-alkylated ada-
mantanes range from 24% to 27% (Fig. 7). In contrast, in MS and SB4
areas, these figures adjust to 29%—32% for Cy-alkylated and 26%—
29% for Cz-alkylated adamantanes. Alkylated diamantanes in STGL
oils show marked differentiation: for wells F3, H1, H2, and H3,
percentages span 29%—33% for Cp-unalkylated, 33%—36% for C;-
alkylated, and 25%—28% for Cj-alkylated diamantanes. In a
comparative analysis, wells M2 to S10 report 16%—23%, 38%—41%,
and 31%—37% for the same groups, respectively. These patterns
underscore minimal variation in adamantane compounds yet a
notable increase in Ci- and Cy-alkylated diamantanes correlating
with maturity.

However, deviations exist. Well F1 shows a distinctive distri-
bution with 53% Cs-alkylated adamantanes, alongside notable
quantities of C- and C4-alkylated adamantanes, indicative of hy-
drothermal alterations. Here, Cp adamantane are at a mere 11%,
while C;-alkyladamantanes reach 73%. Conversely, well F2 reveals
17% Cy diamantane and 65% Cy-alkylated diamantanes, hinting at
early losses of light hydrocarbons without subsequent recharging,
reflected in the predominance of Cj-alkylated forms. The distri-
bution of both adamantanes and diamantanes in well F4 mirrors
those observed in MS and SB4 areas, suggesting comparably higher
maturity. Remarkably, well F1 registers an exceptional 52% of Cp-
unalkylated diamantane, pointing to intense charging by light hy-
drocarbons. Collectively, these findings illustrate a complex sce-
nario of multiple charging in ultra-deep reservoirs within the STGL
area.

In the STGL area, thermal stress predominantly affects the per-
centages of C;- and Cp-alkylated adamantanes, whereas Cs-
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alkylated adamantanes are either unaffected or only slightly
influenced. In contrast, the abundances of Ds and MDs compounds
exhibit significant alterations. Ternary distributions of alkyl ada-
mantanes and alkyl diamantanes display marked variability with
maturity (Zheng et al., 2023). Notably, the relative percentages of 4-
MD, 1-MD, and 3-MD demonstrate significant maturity variations
(Fig. 8(a) and (b)), suggesting a %R, range between 1.5 and 2.5 for all
samples (Zheng et al., 2023). However, the changes in the relative
percentages of 1,4-DMA, 1,2-DMA, and 1,3-DMA present more
subtle variations (Fig. 8(c)), while the TMAs compounds show
minimal impact, maintaining a narrow range in their derived
indices (Fig. 8(d)). Consequently, the crude oils in FY and HD areas
exhibit low maturity, followed by the MS area with moderate
maturity, and the SB4 area with high maturity.

5.2.3. Methyl-ethyl diamantane index (MEDI)

This part focuses on four indices including MAI, EAI, MDI, and
MEDI (Table 3). The MEDI aims to reflect the differential thermal
stability of methyl and ethyl diamantanes. MAI and MDI are
commonly used indices to indicate maturity, with previous studies
suggesting a strong correlation between MAI, MDI, and maturity
(Chen et al., 1996; Zhang et al. 2000, 2019; Wei et al., 2007c; Fang
et al., 2013; Jiang et al., 2019; Chai et al., 2020; Fu et al., 2023).
However, Li et al. (2000) proposed MDI can be effective within the
range of 0.9—2.0%R,. Walters et al. (2023) concluded that maturity
indicators based on the ratio of alkyl substitutions at bridgehead
versus secondary carbons are unreliable for the Eagle Ford
condensate, as these indices show an inverse relationship at %
R, < 1.1 and demonstrate limited correlation at %R, > 1.3. Similarly,
we found a prevalent contradiction among many samples, charac-
terized by high MAI and low MDI values (e.g. wells F1, S1 to S10)
(Table 3). The values of MAI and MDI seem to deviate from the
previously established notion of exhibiting a robust linear rela-
tionship with maturity.

A poor correlation between MAI and maturity was observed in
the pyrolysis of crude oils (Fig. 9(a) and (b)). The R? values of MAI
with Sat/Aro and GOR for crude oil samples from the STGL area
were 0.46 and 0.28 respectively (Fig. 9(c) and (d)), indicating a
weak correlation between MAI and maturity. In contrast, EAI
consistently demonstrated a strong correlation across all experi-
ments. Schulz et al. (2001) suggested EAI won't be influenced until
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Fig. 7. (a) The relative percentage of Co~Cs-alkylated adamantanes and (b) Co~Cs-alkylated diamantanes.
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the late gas generation stage. Zhang et al. (2005) reported that the
EAI could serve as a maturity indicator. Subsequently, Pytlak et al.
(2017) proposed that EAI is a maturity-dependent index with mi-
nor influence from source facies, as also evidenced by the appli-
cation in Tarim basin (Li et al., 2018). Compared with MAI, the R?
coefficients between EAI and EasyR, in the pyrolysis of crude oils
reached 0.89 and 0.53, respectively (Fig. 9(e) and (f)) (Fang et al.,
2012; Peng et al., 2022). The R? values of EAI with Sat/Aro and
GOR for STGL oils are up to 0.81 and 0.75, respectively (Fig. 9(g) and
(h)). Therefore, EAI is an effective index to reveal the maturity of
STGL crude oils.

The MDI exhibits a pronounced U-shaped trend during both
kerogen and crude oil pyrolysis (Wei et al., 2007c; Fang et al., 2012;
Lietal, 2015; Ma et al., 2020; Peng et al., 2022), initially decreasing
and then increasing at <3.5% EasyR, (Fig. 10), as also observed by
Fang et al. (2016). The correlations between %Ryp; and various
maturity indicators such as %Rmpi-1 and %Rypr Were found to be
weak in studies of rock samples from the McArthur River Mine by
Vinnichenko et al. (2021). Notably, MDI values are particularly high
or low below 1.0% EasyR,, with the minimum value generally
occurring around 1.5% EasyR, though an outlier shows this

1456

minimum at 2.0% EasyR, (Fig. 10(f)) (Peng et al., 2022). Above this
level, MDI values rise with increasing EasyR, (up to 3.0%),
decreasing to zero beyond this range due to the decomposition of
diamondoids (Fig. 10(d)). MDI displays minimal correlation with
GOR and Sat/Aro with an R? of 0.06 (Fig. 11(a) and (b)). By com-
parison, MEDI shows a significant difference. In contrast, the MEDI
shows a significantly strong correlation with Sat/Aro and GOR,
achieving R? values of 0.87 and 0.92, respectively, in exponential
fits (Fig. 11(c) and (d)), indicating its potential as a promising in-
dicator of maturity.

The correlation of MAI and MDI with thermal maturity is weaker
than that of the EAI and MEDI due to multiple influencing factors.
MAL is particularly susceptible to geological fractionation processes
such as gas invasion, evaporation fractionation, migration frac-
tionation and phase fractionation (Li et al, 2014; Gentzis and
Carvajal-Ortiz, 2018; Zhu et al. 2019b, 2021; Spaak et al., 2020;
Jiang et al., 2021; Wang et al., 2021; Qi et al. 2022, 2023; Fu et al,,
2023; He et al., 2023b; Walters et al., 2023). Adamantanes, having
a higher solubility in light hydrocarbons than diamantanes (Reiser
et al,, 1996), exhibit differential migration behaviors, significantly
affecting their distribution in ultra-deep hydrocarbons. In open
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Fig. 9. Variations of MAI and EAI with increasing maturity. (a) and (e) show the distribution of diamondoids during anhydrous pyrolysis of crude oils, data from Fang et al. (2012);
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thermal simulation systems, evaporation fractionation notably
shifts MAI values, whereas EAI shows only minor fluctuations, and
diamantane isomerization indices (MDI, DMDI-1, DMDI-2) remain
largely stable. There is also evidence of preferential migration of
adamantanes with the gasoline phase, affecting ratios such as A/
MAs, A/1-MA, A/D, and MAs/DMAs (Li et al., 2014). Conversely, in
closed systems, MAI values are relatively consistent across gas and
liquid phases despite pressure changes, while indices related to
alkylated diamantanes consistently decrease in the gas phase
(Chakhmakhchev et al.,, 2017), indicating that pressure-driven
phase fractionation has a limited impact on MAIL Extended pe-
riods of gas washing can result in higher MAI values in the gas
phase. Additionally, the arrival of late-charged light hydrocarbons
(C1~Cy2) of higher maturity can significantly alter the distribution of
adamantanes in the original oil reservoir. However, alkyldia-
mantanes show limited co-migration with these late-charged light
hydrocarbons, suggesting a minimal impact on their distribution.
For example, well F1 demonstrates elevated MAI and high per-
centages of TMAs and Y Cy3s due to abnormal influence of
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hydrothermal activity, yet maintains a relatively low MED], indic-
ative of the early-charged oils with lower maturity.

Mass chromatograms of representative samples elucidate that
the relative abundance of 4-MD correlates positively with thermal
maturity (Fig. 4). However, observations indicate complex in-
teractions among 4-MD, 3-methyldiamantane (3-MD), and 1-
methyldiamantane (1-MD), which deviate from simple linear cor-
relations. Notably, 4-MD demonstrates enhanced thermal stability,
while fluctuations in 1-MD provide a more sensitive indicator of
incremental maturity changes. We proposed a three-stage model
delineating the evolution of MDs and EDs across varying maturities.
In the initial stage of low maturity, the distribution of diamantanes
is primarily controlled by source facies, typically featuring a pre-
dominant abundance of 4-MD and lower initial concentrations of 1-
MD, 3-MD, and EDs. This configuration results in elevated MDI and
MEDI values. As maturity transitions to the intermediate stage, the
abundance of 1-MD, 3-MD, and EDs progressively increases, lead-
ing to a reduction in both MDI and MEDL. In the final stage, char-
acterized by high maturity, the less thermally stable 3-MD and EDs
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diminish, while 4-MD and 1-MD maintain higher relative abun-
dances. Consequently, MEDI and the relative abundance of 1-MD
notably increase, while the increase in abundance of 4-MD is
comparatively marginal against the combined abundance of 1-MD
and 3-MD.

Overall, The MDI primarily reflects variations in 4-MD,
neglecting the coordinated dynamics among 1-MD, 3-MD, and 4-
MD. In contrast, MEDI emerges as a robust indicator of maturity,
effectively capturing the differential thermal stability between 4-
MD and EDs. For instance, well F2 displays low MAI, EAI, and
scarce 1-MD, collectively signifying minimal maturity consistent
with the initial phase of the proposed model. The high MEDI mir-
rors these low maturity indications analogous to MDI trends
(Fig. 11). Moreover, well F1 illustrates a distinct scenario where EAI
is elevated while MEDI remains low, suggesting a pronounced in-
fluence of hydrothermal activity on EAI compared to MEDIL.

5.2.4. Other indices

This study reveals a specific range of response to maturity for
DMAI-1 (Fig. 11(e) and (f)). DMAI-1 reflects the relatively low
maturity in FY and HD areas, consistent with indicators like MEDI.
However, an overlap in DMAI-1 values occurs in MS and SB4 re-
gions, akin to observations in Fig. 8(c). To refine maturity assess-
ment in hydrocarbon samples, our study utilized baseline metrics
including Sat/Aro and GOR, conducting comprehensive correlation
analysis with various maturity indices. Contrary to previous ex-
pectations, strong correlations were observed only with EAI, MEDI,
TeMEALI, and As/Ds (Fig. 12), with ethyl diamondoid-derived indices
(EAI, TeMEAI, MEDI) showing particularly robust positive correla-
tion with Sat/Aro and GOR. This enhanced sensitivity to maturity
may be attributed to the distinct chemical properties of ethyl
groups compared to methyl groups. Ethyl groups, with their
electron-donating nature and higher hydrogen atom content,
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facilitate a denser electron cloud and lower bond dissociation en-
ergy. Under conditions of high thermal catalysis, this structural
characteristic accelerates the loss of hydrogen atoms from ethyl
groups, thereby diminishing the prevalence of ethyl diamondoids, a
reaction that correlates closely with increased maturity levels.

The weak correlations among other indices could likely stem
from their disparate maturity ranges. For example, although TMAI-
1 and TMAI-2 are supposed to show strong correlations with
maturity, the present maturity level appears to have little influence
on the distribution of TMA, leading to minimal variation across all
samples. The influence of source facies s is also notable. Walters
et al. (2023) proposed that the B/(B+S)A ratio in Eagle Ford shale
samples can exceed 0.4. In contrast, all samples in this study
consistently demonstrate values below 0.4, largely ascribed to
variations in source facies. Due to the development of multiple
deep and large faults in STGL area (Deng et al., 2022; Wang et al.,
2023b), the multiple charging and in-reservoir mixing also signif-
icantly influence the distribution of diamondoids. Furthermore, the
intricate transformation mechanisms of diverse diamondoid com-
pounds remain incompletely elucidated, such as the relative dis-
tribution among 1-MD, 3-MD, and 4-MD. Overall, this underscores
the necessity of establishing the absolute value for indices in
conjunction with specific geological contexts.

5.3. Multiple phase states of hydrocarbons

5.3.1. Deep oil cracking under high thermal stress

The baseline concentration can be established by analyzing oil
samples (uncracked, non-biodegraded, and non-fractionated)
within the maturity window. Based on the determined baseline,
the extent of oil cracking (EOC) can be quantified based on the
concentration of 4-+3-MD (Dahl et al., 1999). However, the baseline
for estimating the EOC is controversial. For example, Moldowan
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Fig. 12. Correlation map of various maturity-related indices. Note: All numbers indicate Pearson's coefficient.

et al. (2015) concluded that the baseline for oil cracking does not
exceed 8 ppm, with a maximum of 10 ppm, while many researchers
have determined that the baseline for oil cracking is far exceeding
10 ppm (e.g. Zhang et al,, 2011; Fang et al., 2013; Ma et al., 2017; Li
etal,, 2018; Cheng et al., 2020; Qi et al., 2022; Chai and Chen, 2023).
In reservoirs located near source rocks, such as shale oil reservoirs

400

where oils are retained within the source rocks themselves (Song
et al., 2024), the continuous hydrocarbon supply from these
source rocks may lead to a baseline that remains near zero.
Conversely, for reservoirs situated far from the source rocks, the
baseline is expected to be higher due to the mixture of low-
maturity oils and high-maturity light hydrocarbons. The ultra-
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deep reservoirs in Tarim Basin, being situated at a considerable
distance from the source rocks, are supposed to exhibit higher
baseline values.

Based on comprehensive data analysis, we propose establishing
the baseline for ultra-deep crude oil cracking in the STGL area at
approximately 20 ppm (Fig. 13). The function suggests that an
estimated EOC of around 50% correlates with a 3-+4-MD concen-
tration of 40 ppm. As the EOC approximates 83%, the peak con-
centration of 3-+4-MD reaches 120 ppm. Crucially, the accuracy of
3-+4-MD as a marker for EOC depends on the ppm of C9R nearing
zero. Concentrations exceeding 120 ppm of 3-+4-MD are likely
indicative of multiple charging events and in-reservoir mixing
rather than straightforward oil cracking.

In FY and HD areas, the concentrations of 3-+4-MD remain
below 50 ppm, signaling a lower EOC. Conversely, in the SB4 area,
concentrations surpass this threshold (Fig. 14), hinting at origins
from deeper reservoir cracking. Wang et al. (2023a) reported a 3-
+4-MD concentration of 31 ppm at well MS1, from which we
speculate a relatively high concentration of 3-+4-MD at wells in MS
area. Ma and Qi (2023) noted lower concentrations ranging from
27.66 to 46.75 pg/g in wells SB44X, SB41X, and SB42X, while
significantly higher concentrations (between 139.09 and 523.21 pg/
g) were observed in wells SB41X-C and SB4, indicating the contri-
bution of light hydrocarbons from deeper oil cracking, particularly
in SB4, where the EOC is markedly higher.

5.3.2. Multiple charging and in-reservoir mixing

Zhang et al. (2005) proposed that the normal oils with a wide
maturity range consist of multiple charges from various carbon
numbers of hydrocarbons and in-reservoir mixing and the heavy
oils with low maturity are considered as the residue oils with light
fraction migrating away. Zhang et al. (2018) reported that the Hade-
Yuke area underwent two stages of hydrocarbon charging, con-
sisting of an early oil charge in the Late Hercynian and a later gas
charge in the Llate Himalayan, respectively. Thus, secondary gas
charging was responsible for the complex fluid character and
multi-phase states of hydrocarbons. Similarly, the Tazhong area has
also experienced multiple charging of oil and gas, which primarily
accounted for the multiple phase states of petroleum reservoirs. In
summary, the normal oils will be transformed into volatiles by
substantial gas charging and subsequent geological fractionation
processes (e.g. migration fractionation, evaporation fractionation,
phase fractionation, TSR)will lead to the occurrence of various
phase states including the black oils, condensates, and gas (Zhang
et al., 2011; Huang et al., 2017; Chen et al., 2023; Fu et al., 2023;
Li et al.,, 2023).

Wax precipitates out of the crude oil after the reservoir receives
strong gas charging (Zhang et al., 2005). The high wax content
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(>10%) observed in STGL area indicates significant gas charging.
MAI is easily affected by light hydrocarbon charging, resulting in an
increase in the original value. Contradictory MAI and MEDI values
are strong indicators of the secondary charging of light hydrocar-
bons. For example, crude oils from the FY and HD areas are char-
acterized by low MED], and high MA]I, indicating the mixing of low-
maturity oils and high-maturity light hydrocarbons. During the
evaporation fractionation process, the A/D ratio of the condensates
is greater than 1.0, while the A/D ratio of the light oil is less than 1.0
(Chakhmakhchev et al., 2017; He et al., 2023a). The A/D of all
samples in this study is less than 1, suggesting the in-reservoir
mixing of oil and gas without secondary fractionation by gas
charging. Based on diamondoids indices, our study suggests that
the arrival of the light hydrocarbon fraction had a significant impact
on phase states of ultra-deep hydrocarbons compared with only
considering the impact of gas. The low wax content in SB4 area
indicates the oil maturity surpasses that of FY, HD, and MS areas,
consistent with the lower wax content typically found in highly
mature crude oil. Combined with the above discussion of maturity
evaluation, the maturity of crude oils is low in FY and HD areas,
moderate in MS area, and high in SB4 area. The in-reservoir mixing
of crude oils and light hydrocarbons generated from source rock
maturation leads to the formation of black oils in FY and HD areas.
The volatile oils/condensate in MS area primarily result from the in-
reservoir mixing of crude oils with moderate maturity and light
hydrocarbons with high maturity, while condensates in SB4 pri-
marily derive from kerogen maturation in late catagenesis, sup-
plemented by light hydrocarbons produced through extensive oil
cracking in deeper reservoirs. It is noteworthy that some of the light
hydrocarbons in MS and SB4 areas originate from oil cracking in
deep reservoirs which may exceed 9000 m.

6. Conclusions

Source-related diamondoids indicate that crude oils mainly
come from marine siliceous shale. The bulk characteristics of Sat/
Aro, GOR, and Density show the relative variation of maturities: low
maturity in FY and HD areas, moderate maturity in MS area, and
high maturity in SB4 area, respectively. We systematically report
the thermal transformation of diamondoids in ultra-deep hydro-
carbons. The percentage of C;- and Cy-alkylated diamantanes will
increase with increasing maturity, and hydrothermal activity may
lead to an abnormal increase in the percentage of Cs-alkylated
adamantanes (e.g. well F1). The applications of commonly used
maturity-related diamondoid indices should be cautious especially
when the evaporation fractionation appears. MAI displays a modest
correlation with maturity, attributed to the influence of late-
charged light hydrocarbons. The MDI appears unreliable due to
observed three-stage transformations with increasing maturity for
both MDs and EDs. Despite the higher thermal stability of 4-MD, a
more sensitive change in relative abundance with maturity for 1-
MD among all MDs is observed. Ethyl diamondoids are less ther-
mally stable and their derived indices can effectively indicate
maturity. Overall, EAI, MEDI, DMAI-1, TeMEAI, and As/Ds exhibit
robust correlations with maturity, with MEDI particularly recom-
mended for high-maturity hydrocarbons.

The black oils in the FY and HD areas comprise mixtures of low-
maturity oils with light hydrocarbons, predominantly sourced from
the initial stages of source rock maturation, indicated by 3-+4-MD
concentrations below 20 ppm. Conversely, in the MS area, volatile
oils and condensates arise from a mixture of early-charged oils of
moderate maturity and late-charged light hydrocarbons, products
of both source rock maturation and deep reservoir oil cracking. In
the SB4 area, condensates mainly stem from kerogen maturation
during late catagenesis, augmented by light hydrocarbons partially
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generated from extensive oil cracking in deeper reservoirs.
Collectively, the phase states of ultra-deep oil reservoirs are
controlled significantly by multiple charging and the in-reservoir
mixing of light hydrocarbons and oils with various maturities.
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