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ABSTRACT: A substantial reserve of highly mature light oil has been Re=1.48%
discovered in the Ordovician reservoir of the Shunbei oilfield, Tarim | &0 MNR
Basin, Northwest China. This study aims to provide an objective
assessment of oil maturity in the Shunbei oilfield and establish a reliable
maturity evaluation index for oil in the high thermal evolution stage.

Rc=1.53%

Eighteen crude oil samples from the no. 4 fault zone (F4) of the Shunbei Re=1.48%
oilfield were systematically analyzed. Aromatic hydrocarbon, light :\,}
hydrocarbon components, and diamondoid compositions were analyzed “reversed"

by gas chromatography—mass spectrometry. The depositional environ-
ment and the organic matter input of their related source rocks were
determined by the corresponding geochemical indicators. The results
indicate that the F4 oils have been derived from the same source kitchen
and belong to the same oil population. The oil maturity in the study area
was evaluated by the maturity parameters relative to aromatics, light hydrocarbons, and diamondoids. The analysis indicates that the
results of aromatic parameters for identifying oil maturity contradict those of light hydrocarbon and diamondoid parameters. The
equivalent vitrinite reflectance of the oil samples ranges from 1.43% to 1.54%. It is concluded that light hydrocarbon and
diamondoid parameters can reliably be used to evaluate the maturity of oil in the high thermal evolution stage. However, most of the
aromatic maturity parameters exhibit significant limitations during the high-temperature evolution stage. The maturity parameters of
phenanthrene and dibenzothiophene were “reversed” in the high thermal evolution stage due to demethylation and thermal
alteration, respectively. Additionally, most naphthalene maturity parameters are affected by thermally induced condensation,
rendering them unsuitable for maturity evaluation of the high-temperature evolution stage. Notably, pentamethylnaphthalene ratio
[PMNr, PMNr = 1,2, 4,6, 7-/(1,2,4,6,7 + 1,2, 3, S, 6)-pentamethylnaphthalene] exhibits a strong positive correlation with gas—
oil ratio, n-heptane/methylcyclohexane (nC,/MCH) ratio, and (3 + 4)-methyldiamantane concentrations, indicating their reliability
as maturity indicators for highly to overmature oils and source rocks.

1. INTRODUCTION maturation levels of organic matter in most source rocks since
Maturity serves as a crucial parameter in characterizing the the late Paleozoic era.”’

availability of source rocks and elucidating petroleum proper- The stability and configuration evolution of biomarkers and
ties." Throughout various stages of thermal evolution, oil hydrocarbons within oil undergo notable transformations
exhibits distinct physical and geochemical characteristics. during thermal evolution. To effectively assess crude oil
Accurate identification of maturity levels not only enables the maturity, researchers have developed the concept of equivalent

prediction of petroleum conversion degrees and the stage of oil
formation but also provides invaluable guidance for petroleum
exploration efforts.”

The concept of vitrinite reflectance (Ro) originally emerged

vitrinite reflectance (% Rc), which considers the variation
patterns of various parameters in thermal evolution and their
coupling relationship with vitrinite reflectance (Ro).*”'" This

in coal petrology as a means to assess coal rank.”~> It quantifies approach provides a new “window” for evaluating crude oil’s
the ratio of reflected light to vertical incident light intensity on a

polished surface of homogeneous vitrinite or matrix vitrinite in Received: May 8, 2024

coal under oil immersion conditions. Teichmuller (1950) later Revised:  August 30, 2024

extended the application of vitrinite reflectance (Ro) to assess Accepted:  September S, 2024

the maturity of dispersed organic matter in sedimentary rocks. Published: September 18, 2024

Over time, Ro has evolved into the most widely used and reliable
indicator of maturity, offering objective insights into the

© 2024 American Chemical Society https://doi.org/10.1021/acs.energyfuels.4c02159

v ACS Publications 18413 Energy Fuels 2024, 38, 18413—18430


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Donglin+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Meijun+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rongzhen+Qiao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hong+Xiao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.energyfuels.4c02159&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c02159?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c02159?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c02159?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c02159?fig=abs1&ref=pdf
https://pubs.acs.org/toc/enfuem/38/19?ref=pdf
https://pubs.acs.org/toc/enfuem/38/19?ref=pdf
https://pubs.acs.org/toc/enfuem/38/19?ref=pdf
https://pubs.acs.org/toc/enfuem/38/19?ref=pdf
pubs.acs.org/EF?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.energyfuels.4c02159?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/EF?ref=pdf
https://pubs.acs.org/EF?ref=pdf

Energy & Fuels pubs.acs.org/EF
in N 2N .
2) ot ess\ON - Tleb N 7S b) Strata . Time
\\a(\N\ e AePTES -7 | Tarim Basin Lithology
< ans KUCT” — -~ Tabei uplift_ PR . . (Ma)
,- the No. 4 fault zone \M{Jﬂ 5 _||Era] Period |Formation
’ 44 ¥ o |2
Awatt <7 : A > Quaternary Xiyu 2
«depression; . ' Manjla‘cr & -7 ) o =
‘ e R i oePression g 1 'g KEhe %
V2, N e RN ¢ Neogen 33
K ‘\/%7/ ‘. Bachu uplifl\»" d 8 R Kangcun 5 Sandstone
[ \\(0,/-/_\ ’ »f"’L X 3 8 e~ Jidike 23.03
U N g, Nl 7 Suwelyi
.*"/ Tangguzibasi Paleogene 1fl
> ssi > = umugeliemu
der)Fe>smn o K 1 65.50
ll/@ T ‘3% N Yugi ’ Mudstone
/]7&/ > ‘\ Cretaceous Bashijiqike
% A Kapushaliang 145.50
. 2 [ Kalazha | - E
0 100 "7200 km| 3 ] Qigu
na N =) Jurassic Qlak8|nake Gypsum
‘ o 3 s Kezilenuer
C) B e s Yangixa
~ .- 3
N the No. 4 fault zone o Halahatang
Iriassic /}(kCIkUIL‘ Volcanic rocks
eluer
e —~ 251.00
0 A 20 km Shajingzi
— Permian Kaipaizileike
/ R Y ==
X“mhm/". Marlstone
Carboniferous Kalashayi
Bachu
~ 1 onshshng | 359.00 -
Devonian Keziertage 11600
L = .
183 Yimugantawu ’ Argillaceous
’ Silurian Tataaiertage dolomite
Ms1 ol | Kepingtage 443.70
Ms4 2 Sangtamu o %
HB4-10H X =2~
SHB4-14H &S 344X =} Lianglitage . g
SHB4-5H = Qiaerbake Bioclastic
- oc-s Ordovici N\?/vf\/m 461.00 dolomite
4-9H rdovician ijianfang
SHB4-11H@SHB4-6H Yingshan
SHB4-4H Penglaiba %
SHB4-2H 1 Xiaqiulitage :(S)T;g Arf,illli?:::us
SHB4-7H | Awatage -
SHB4-8H : c . Shayilike
SHB46X ambrian Wusonggeer B
- - 513.00
SHB4-12H Structure Normal or Xlaoerbula_ke Stratigraphic
borderline  reverse fault Yuertusi 542.00 unconformity
o
SHB4-31 — ||8E| Sinian
B . Strike-slip | [© 2
Well : e
fault -5

Figure 1. (a) Map showing the location of the Tarim Basin; (b) generalized stratigraphic column in the STGL Low Uplift (reproduced with permission
from ref 47. Copyright 2024 Elsevier); (c) map showing locations of the sampled wells in no. 4 fault zone (F4) of the Shunbei oilfield (reproduced with

permission from ref 47. Copyright 2024 Elsevier).

maturity levels, enhancing our understanding of its thermal
history and geochemical characteristics.

During thermal evolution, parameters related to saturated
hydrocarbons undergo changes due to thermal cracking and
stability, typically offering insights into the maturation of crude
oil within the low to mature stages.''~'*> However, in highly
mature samples, aromatic biomarkers exhibit abundant
concentrations.* "¢ Additionally, the thermal stability disparity
between @- and f-substituent isomers is significant during the
high thermal evolution stage,g’17 making them valuable for
evaluating crude oil maturity in advanced evolutionary
stages.lg’19

Light hydrocarbons, constituting a significant portion of oil,
often exceed 90% of the total components in light oils, including
volatile oils and condensate.”® Consequently, the geochemical
information embedded within light hydrocarbons holds
particular significance for understanding light oils.”"** Maturity
parameters associated with light hydrocarbons have been

extensively employed in basins worldwide. Thompson (1979)
observed a strong correlation between n-heptane/methylcyclo-
hexane (nC,/MCH) and maturity.”® Subsequently, heptane
value (H) and isoheptane value (I) were proposed in 1983 as
indicators for evaluating petroleum maturity stages. Mango
(1987) established a significant correlation between 2, 4-/2, 3-
dimethylpentane (2, 4-/2, 3-DMP) and formation temperature,
suggesting its utility in indicating maturity levels.”* Hou et al.
(1989) identified isobutene/n-butane (iC,/nC,) and isopen-
tane/n-pentane (iC;/nCs) as effective maturity indicators
during the early thermal evolution of organic matter, although
these parameters become ineffective when Ro exceeds 0.8%.”
Additionally, Chen et al. (2009) discovered that 2, 2-
dimethylbutane/n-hexane (2, 2-DMB/nC¢) and (2- + 3-
methylcyclohexane)/n-heptane [(2-MCH + 3-MCH)/nC,]
exhibit corresponding changes with increasing crack temper-
ature during the analysis of light hydrocarbon components in
Tarim oils, thereby serving as effective maturity indicators.”®

https://doi.org/10.1021/acs.energyfuels.4c02159
Energy Fuels 2024, 38, 18413—18430


https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c02159?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c02159?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c02159?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c02159?fig=fig1&ref=pdf
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.4c02159?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Energy & Fuels

pubs.acs.org/EF

Furthermore, diamondoids represent a class of cage-type
hydrocarbon compounds that are characterized by exceptional
thermal stability. Formed from organic parent material through
carbon ion mediation in acidic conditions, diamondoids are
commonly observed in highly mature oil reservoirs.”” Owing to
their unique molecular structure and remarkable thermal
stability, diamondoids hold signiﬁcant potential for evaluating
oils at highly mature stages.”” >° Chen et al. (1996) initially
proposed the methyladamantane index [MAI, MAI = 100 X 1-
MA/(2-MA + 1-MA), MA: methyladamantane] and the
methyldiamantane index [MDI, MDI = 100 X 4-MD/(4-MD
+ 1-MD + 3-MD), MD: methyldiamantane] for assessing the
maturity of oil and condensate in petroleum basins in China.”®
Subsequently, numerous studies have explored the assessment
of crude oil maturity based on diamondoid parameters,
including the ethyladamantane index [EAI, EAI = 1-EA/(2-EA
+ 1-EA), EA: ethyladamantane], dimethyladamantane index 1
[DMAL-1, DMAL1 = 1, 3-DMA/(1, 3-DMA + 1, 2-DMA),
DMA: dimethyladamantane], dimethyldiamantane index 2
[DMDI-2, DMDI-2 = 3, 4-DMD/(4, 9-DMD + 3, 4-DMD),
DMD: dimethyldiamantane], A/D (adamantane/diamantane),
MA/MD (methyladamantane/methyldiamantane), and
others.”' ™%

As the global petroleum industry advances and energy
demands escalate, petroleum exploration has extended to
ultradeep basins.”* However, most of the ultradeep petroleum
is in high thermal evolution, and the conventional maturity
evaluation parameters are limited to different degrees.”'””° For
instance, Radke and Welte (1983) observed an “inversion” of
the MPI-1 [MPI-1 = 1.5 X (2-MP + 3-MP)/(P + 1-MP + 9-
MP), MP: methylphenanthrene] value at Ro > 1.35%.° Wang et
al. (2022) highlighted a similar phenomenon with a series of
methylnaphthalene parameters [including tetramethylnaphtha-
lenes (TeMNs), trimethylnaphthalenes (TMNs), and dime-
thylnaphthalenes (DMNs)] exhibiting a “reverse” trend when
Ro > 1.1% due to the transition from methylation and
rearrangement to demethylation.35 Consequently, the utiliza-
tion of aromatic parameters for evaluating the maturity of
ultradeep petroleum has been controversial.

Currently, the ultradeep buried (>7000 m) Ordovician
reservoir within the Shunbei oilfield, situated in the Tarim
Basin (Northwest China), has yielded substantial volumes of
volatile oil and condensate. Previous studies have extensively
examined petroleum maturity evaluation in this region. Wang et
al. (2021) utilized aromatic maturity parameters [Rcl = 0.6 X
MPI-1 + 0.4, Rc2 = 0.036 X (4-/1-MDBT) + 0.56, MDBT:
methyl dibenzothiophene] and determined the Rec of FS and F1
to range from 0.77% to 0.86% and 0.90% to 1.53%,
respectively.”> Chen et al. (2021) employed diamondoid
parameters (Rc3 = 0.0243 X MDI + 0.4389) and calculated
the Rc of F1 oil to be between 1.26% and 1.45%.*® Additionally,
Bian et al. (2023) utilized aromatic maturity parameters [Rc4 =
0.49 + 0.09 X DNR, DNR= (2, 7- + 2, 6-)/1, 5-DMN, DMN:
dimethylnaphthalene] and derived the Rc of FS ranging from
1.03% to 1.60%.”" Overall, the maturity levels of F5 and F1
appear to be low, with various maturity evaluation parameters
demonstrating effective application. However, for the oils in the
no. 4 fault zone (F4 oils) with higher maturity, the suitability of
different maturity evaluation parameters requires further
discussion.

This study focuses on the analysis of 18 oil samples collected
from F4 of the Shunbei oilfield. Analyses using gas
chromatography (GC) were conducted on whole-oil samples,

while gas chromatography—mass spectrometry (GC—MS)
analyses were performed to examine saturated and aromatic
hydrocarbons. Additionally, diamondoid analysis was carried
out to complement the assessment of petroleum maturity. The
study aims to compare and analyze the applicability of aromatic,
light hydrocarbon, and diamondoid parameters in evaluating
maturity levels comprehensively. By delineating the effective
application range of various maturity parameters, this research
aims to provide reliable guidance for selecting parameters for
evaluating the maturity of oil in high-temperature evolution
stages.

2. GEOLOGICAL BACKGROUND

Tarim Basin, located in Northwest China with an area of about
5.6 X 10° km?, is the largest petroleum basin in China (Figure
1).*® The Tarim Basin can be divided into 12 tectonic units,
which are Southeast Depression, Southwestern Depression,
Tangguzibasi Depression, Maigaiti Slope, Bachu Uplift,
Tazhong Uplift, Tadong Uplift, Manjiaer Depression, Shuntuo-
guole Low Uplift (STGL Low Uplift), Awati Depression, Tabei
Uplift, and Kuche Depression form south to north (Figure 1).*
Undergoing multistage tectonic evolution, the Tarim Basin is
characterized as a multicycle superimposed petroleum basin
comprising meso-Cenozoic foreland basins and Paleozoic
craton basins with complex hydrocarbon accumulation and
distribution.””*" The strata mainly include the Sinian—Devon-
ian marine sequence, the Carboniferous—Permian marine—
terrestrial transitional sequence, and the Triassic—Quaternary
terrestrial sequence (Figure 1).>*

The Shunbei oilfield is mainly located in STGL, a low uplift in
the abdomen of the Tarim Basin (Figure 1). The STGL Low
Uplift is adjacent to the Katake Uplift in the south and Shaya
Uplift in the north.*’ Several strike-slip faults developed within
it. Among them, the western fault zone is mostly NW-striking,
while the eastern fault zone is mostly NE-striking.** As an
ultradeep petroleum area with huge exploration potential, major
breakthroughs have been made in the petroleum exploration of
Ordovician marine carbonate rocks in the recent years.”' The
carbonate rocks of Yijianfang Formation (O,yj) and Yingshan
Formation (O;_,y) form a very good reservoir cap combination
with the superthick mudstone cap of Sangtamu Formation
(Oss), which is the main target reservoir for petroleum
exploration evaluation at present.”” The proved oil depth in
the Shunbei oilfield is more than 7200 m, and the reservoir types
are mainly fractures, solution holes, and caves.”

3. SAMPLES AND METHODS

3.1. Samples. Eighteen Ordovician oil samples were collected in the
wellhead, and the samples were evenly distributed in the north, middle,
and south of F4. Samples collected from the wellhead are refrigerated in
sealed vials to prevent the volatilization of light components. After the
samples were transferred to the laboratory, the GC analyses of whole oil
and GC—MS analyses for saturated and aromatic hydrocarbons, light
hydrocarbons, and diamondoid compounds were carried out.

3.2. Methods. 3.2.1. GC Analysis. The analysis of whole oil was
conducted on an Agilent 6890GC instrument fitted with an HP-PONA
quartz capillary column (S0 X 0.2 mm X 0.5 ym). Initially, the oven’s
temperature was set to 35 °C for 10 min, followed by a ramp up to 60 °C
at 0.5 °C/min, and then increased to 200 °C at 2 °C/min, ultimately
held at 300 °C for 10 min.

3.2.2. GC—MS Analysis. The saturated and aromatic fractions of
Shunbei oil were analyzed using GC—MS. The oil was separated by
silica gel and alumina column chromatography with petroleum ether, a
mixture of petroleum ether and dichloromethane (2:1, v—v), and a

https://doi.org/10.1021/acs.energyfuels.4c02159
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Figure 2. Petroleum bulk properties of the no. 4 fault zone (F4) in the Shunbei oilfield: (a) reservoir fluid ternary diagram; (b) relationship between

gas—oil ratios (GORs) and the density of oils.

Table 1. Physical Properties of the Oil Samples in This Study”

well depth (m) strata density (g/cm?)

MS3 7550.00—8083.00  O,yj—O,_py 0.80
MS1 7535.00—8050.00  O,yj—O,_sy 0.79
MS4 7573.00—8202.00  O,yj—O,_py 0.79
SHB4-10H 7487.00—-8126.57  O,yj—0,_oy 0.79
SHB44X 7499.00—8261.69  O,yj—0,_py 0.80
SHB4-14H 7551.50—7932.80  O,yj—O,_py

SHB4-SH 7729.00—8850.34  O,yj—0,_py 0.78
SHB4-9H 7600.00—8110.17 0,yj—0,yy 0.74
SHB4-6H 7571.75-8356.02  O,yj—0,_oy 0.78
SHB4-11H 7794.98—9057.45  O,yj—O,_py

SHB4-4H 7607.00—8483.70  O,yj—O,_py

SHB4-2H 7552.00—8587.04  Oyj—O,_py

SHB4-7H 7877.00—8145.10 0,yj—0,yy 0.77
SHB4-8H 7950.00-8378.00  O,yj—0,_oy 0.79
SHB46X 8600.00-8670.00  O,yj—=0,_y 0.78
SHB4—12H  7601.50—863024  O,yj—O,_oy 0.78
SHB42X 7392.00 0,5j—01_oy 0.77
SHB4-3H 7386.00—8179.64  O,yj—O,_py 0.79

“GOR = gas-to-oil ratio, “/” = no data.

viscosity (mm?/s)  sulfur (%) wax (%) GOR (m’/m’) type
1.39 0.0870 10.70 393 volatile oil
1.37 0.1180 11.85 496
0.93 0.2330 7.86 702 condensate
2.09 0.0895 2.20 82§
2.03 0.0936 5.40 1044
1449
1.80 0.0764 1147
0.89 0.0531 4.40 1539
1.76 0.0576 2.40 1220
243 0.0079 1.00 2441
5.01 0.0704 4.60 3500
1.20 0.0693 3.20 3387
1.24 0.0962 4182
1.77 0.0566 4.00 29SS
1.84 0.0727 4.70 1702
1.77 0.2190 3.20 3841
1.43 0.1760 8.66 3526
1.95 0.1660 5.00 3002

mixture of dichloromethane and methyl alcohol (93:7, v—v). The
saturated hydrocarbon, aromatic hydrocarbon, and nonhydrocarbon
components are obtained sequentially. Analysis of saturated and
aromatic hydrocarbons utilized Agilent 6890GC/5975iMSD and
7890GC/5977MS instruments, respectively, coupled with an HP-
SMS (60 m X 0.25 mm X 0.25 um) fused silica capillary column.
Saturated hydrocarbon GC—MS analysis conditions: the GC oven
temperature was set to 50 °C for 1 min, subsequently increasing to 100
°C at 20 °C/min, followed by a ramp to 310 °C at 3 °C/min, finally held
at 310 °C for 10 min. Aromatic hydrocarbon GC—MS analysis
conditions: the GC oven temperature was set to 80 °C for 1 min, then
gradually raised to 310 °C at 3 °C/min, and maintained at 310 °C for 20
min.

Analysis for diamondoids utilized an Agilent 6890GC/5975MS
instrument. Diamondoid GC—MS analysis conditions: initially set at 50
°C for 1 min, then ramped up to 250 °C at 3 °C/min, and further
increased to 310 °C with a heating rate of 20 °C/min before being held
for 10 min. D16-adamantane was added to the Shunbei oil samples as

an internal standard.

4. RESULTS

4.1. Bulk Properties. Based on the ternary diagram of
reservoir fluid analysis, it was determined that the F4 reservoir
primarily constitutes a condensate reservoir, with only two
volatile oil reservoirs (e.g, MS1 and MS3) identified at the
northernmost end of the fault zone (Figure 2). The physical
properties of F4 oils are in alignment with those of the reservoir
type (Figure 2). Volatile oil exhibits a high density (0.79—0.80
g/cm?), elevated wax content (10.70—11.85%), and a relatively
low GOR (393-496 m*/m?) (Table 1). Conversely, the
condensate displays a lower wax content (1.00—8.66%) and
density (0.74—0.80 g/cm?), alongside a higher GOR (702—
4182 m*/m?) (Table 1).

4.2. Normal Alkanes and Biomarkers. The GC analysis of
whole oil revealed an intact n-alkane series (nCg to nC,,) within
the F4 oil samples. Moreover, there was no notable presence of
“hump” (unresolved complex mixture, UCM), suggesting little
significant biodegradation effects on the samples in this area
(Figure 3)."° The n-alkane series exhibited a unimodal

https://doi.org/10.1021/acs.energyfuels.4c02159
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Figure 4. Gas chromatograms showing the distribution of C;—C, light hydrocarbons.

distribution, predominantly comprising short-chain n-alkanes.
The dominant peak carbon numbers ranged from C, to C,,
indicating the input of organic matter derived from marine
algae.46

Furthermore, the mass spectrograms of m/z 191 and m/z 217
revealed that the concentrations of conventional steranes and
terpenes in the saturated hydrocarbons of F4 oils were
significantly lower than the detected values. This indicates that
the F4 oils are at a high level of thermal maturity or have suffered
secondary alteration processes such as thermal alteration
(Figure 3).47

4.3. Light Hydrocarbons and Diamondoids. Despite
their low content of saturated hydrocarbons, F4 oils contain
abundant light hydrocarbons and diamondoid compounds.
Light hydrocarbon compounds of the C;—C, range can be
detected in F4 oils (Figure 4). Among these, C, emerged as the
most abundant light hydrocarbon compound, constituting
17.32% to 27.76% of the total light hydrocarbon content. The
composition of C, light hydrocarbons primarily comprised
alkanes, cycloalkanes, and aromatics, with normalized percen-
tages ranging from $4.20% to 60.08%, 16.85% to 29.20%, and
12.29% to 27.87%, respectively (Table 2). Notably, Figure 5
illustrates significant variations in the content of cycloalkanes

and aromatics between the oils from the southern and northern
regions of F4, suggesting potential differences in maturity levels.

Additionally, mass chromatograms (Figure 6) revealed the
presence of adamantanes and diamantanes at m/z 136, 135, 149,
163, 188, 187, and 201. The total diamondoid concentrations
ranged from 806.83 to 5479.55 ug/g oil, with adamantane
concentrations ranging from 703.25 to 4963.67 ug/g oil and
diamantane concentrations ranging from 80.15 to 462.25 ug/g
oil (Table 3). The elevated concentration of diamondoids in oil
suggests a potentially higher stage of thermal evolution for the
oils.

5. DISCUSSION

5.1. Oil Family Classification. F4 oils had a range of
pristane/phytane (Pr/Ph) ratios from 0.91 to 1.30, with an
average ratio of 1.14, indicating characteristics typical of a
reduced depositional environment (Table 2)."" Analysis of the
Pr/nC,, versus Ph/nC g cross-plot suggests that the organic
matter source for the F4 oils is predominantly type II organic
matter (Figure 7). The samples exhibit a linear distribution on
the chart, suggesting similar depositional environments.

Previous research has established that methylcyclohexane
(MCH) primarily originates from lignin in higher plants,
dimethylcyclopentane (DMCP) is derived from lipid com-
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Table 2. Biomarkers and Hydrocarbon Components for Identification of the Organic Input and Depositional Environment of the

Shunbei Qil”
well Pr/Ph Pr/nC,; Ph/nCg alkanes cycloalkanes aromatics 4, 8-DMD 4, 9-DMD 3, 4-DMD
C, % %
MS3 1.07 0.29 0.32 59.73 27.85 12.42 0.34 0.23 0.44
MS1 0.91 0.29 0.22 58.51 29.20 12.29 0.34 0.23 0.43
MS4 1.04 0.27 0.31 60.08 26.52 13.40 0.34 0.23 0.43
SHB4-10H 1.06 0.28 0.30 57.94 27.09 14.97 0.34 0.23 0.42
SHB44X 1.08 0.26 0.29 57.72 25.57 16.71 0.33 0.23 0.44
SHB4-14H 1.10 0.26 0.27 59.64 23.99 16.37 0.31 0.23 0.46
SHB4-5H 1.17 0.27 0.26 §7.23 24.89 17.88 0.33 0.23 0.44
SHB4-9H 1.12 0.25 0.26 58.74 24.16 17.10 0.33 0.24 0.43
SHB4-6H 1.16 0.24 0.24 57.84 23.69 18.47 0.33 0.23 0.43
SHB4-11H 1.16 0.21 0.21 56.98 25.22 17.81 0.31 0.22 0.47
SHB4-4H 1.14 0.17 0.17 57.69 19.43 22.88 0.33 0.23 0.44
SHB4-2H 1.12 0.15 0.16 55.28 16.85 27.87 0.35 0.24 0.42
SHB4-7H 1.27 0.15 0.15 55.44 17.94 26.62 0.36 0.24 0.40
SHB4-8H 1.24 0.18 0.16 56.77 20.03 23.20 0.36 0.24 0.40
SHB46X 1.30 0.10 0.10 59.40 20.69 19.92 0.34 0.23 0.42
SHB4-12H 1.28 0.13 0.13 54.20 18.10 27.70 0.35 0.24 0.41
SHB42X 1.17 0.24 0.25 58.21 19.49 22.30 0.37 0.24 0.39
SHB4-3H 1.11 0.25 0.26 56.82 19.58 23.59 0.37 0.24 0.39
“DMD: dimethyldiamantane.
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Figure S. Relative abundance of alkanes, cycloalkanes, and aromatics among C, light hydrocarbons.

pounds in aquatic organisms, and nC, is predominantly
contributed by algae and bacteria.** Consequently, the nC.-
YXDMCP-MCH triangle diagram is commonly employed to
differentiate the organic matter source of oil and source rock.**
As shown in Figure 8, F4 oils exhibit a pronounced
predominance of nC, and share similar distribution character-
istics, suggesting that the sapropel type primarily constitutes the
organic matter source in the Shunbei oilfield.

Furthermore, studies indicate that diamondoid parameters
predominantly represent products synthesized by source rocks
during high thermal evolution stages, serving to distinguish
organic input and depositional environments.”’ As demon-
strated in Figure 8, oils from the study area exhibit good
aggregation and a consistent distribution range, indicating a
common organic matter source. According to the regional
template outlined by Schulz et al. (2001), the organic input of F4
samples is identified as marine type II sapropelic organic
matter.*!

Through the study of sulfur isotope values and the
characteristics of aryl isoprene compounds, researchers

concluded that the Tarim oil originates from the Cambrian
Yuertusi Formation source rocks.*”*’ Based on the above
analysis, we argue that the F4 oils in the Shunbei oilfield belong
to the same oil population and were derived from a common
source bed, which is also a prerequisite of our discussion of
maturity parameters.

5.2. Maturity Assessment of Oil. 5.2.1. Maturity Assess-
ment Based on Light Hydrocarbons. As the thermal maturity
increases, the alkylation degree of oil increases gradually. Based
on this, Thompson (1983) proposed that using the heptane
value (H) and the isoheptane value (I) could serve as indicators
to identify the maturity of oil.>' Subsequently, Walters et al.
(2003) further improved this chart and gave the distribution
interval corresponding to the % Rc.*” The distribution ranges of
H and I values of F4 oils are 37.26—48.12% and 2.57—3.64%,
respectively, with an average of 42.23% and 3.02% (Table 3).
The oil samples are at a high maturity stage with a Rc range of
1.3—1.6% (Figure 9).

Thompson (1987) analyzed in detail the distribution of
paraffin index (F, F = nC,/MCH) and H value in 76 oil samples
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Figure 6. Representative mass chromatograms showing the distributions of some diamondoid compounds.

from the north of the United States and found that the two
showed an obvious positive correlation.*® Therefore, the B—F
(B = Tol/nC,, Tol: toluene) chart proves to be a valuable tool
for assessing oil maturity. Figure 9 shows that there are some
differences in the maturity of oil samples in the Shunbei oilfield.
Notably, the oil maturity in the southern region of F4 was
markedly higher than that in the northern region, as depicted in
Figure 9. Therefore, we divide the F4 oils into two parts (north
and south) for the following discussion.

5.2.2. Maturity Assessment Based on Diamondoids. Due to
their high thermal maturity, diamondoid compounds with high
thermal stability were used for further maturity analysis.*” F4 oils
contain abundant diamondoid compounds, with total diamond-
oid concentrations all exceeding 800.00 yg/g of oil and reaching
up to 5479.55 pg/g of oil. Previous studies have shown that
diamondoid maturity parameters apply across a wide range of
thermal evolutions. Secondary processes in the reservoir have
little influence on diamondoid compounds, which strongly resist
thermal cracking and biodegradation. Only under strong
evaporative fractionation conditions can a significant amount
of diamondoid compounds be lost.”*** The low degree of oil
cracking in the Shunbei oilfield has no effect on the diamondoid
compounds.”” Analysis of adamantane concentration versus
diamantane concentration and (1- + 2-) MA (MA: methyl-
adamantanes) versus (3- + 4-) MD (MD: methyldiamantanes)
concentration in F4 oils reveals robust linear relationships, with
correlation coeflicients of 0.9939 and 0.9910, respectively
(Figure 10). This observation suggests that diamondoid
parameters within the F4 oils remain unaffected by evaporative
fractionation, affirming their reliability in oil maturity evaluation.

MAI and MD], proposed by Chen et al. (1996), serve as
reliable indices for evaluating highly mature oil.*® In the study
area, oil exhibited MAI and MDI values ranging from 73.19% to
79.13% and from 40.97% to 45.29%, respectively, averaging at
76.53% and 43.54% (Table 3). These values signify that the F4
oils have reached a high maturity stage and have an Rc range
between 1.3% and 1.6% (Figure 11). This finding aligns with the

results obtained from the parameters of light hydrocarbon
maturity.

Subsequent integration of diamondoid maturity parameters,
including EAI, DMAI-1, A/D, and MA/MD,*' ™% reveals
discernible differences in oil maturity between the southern
and northern regions of F4 (Figure 11). The Rc of F4 oils was
calculated based on the formula Rc = 0.0243 MDI + 0.4389, and
the results show that the Rc is 1.43%—1.50% in the north and
1.51%—1.54% in the south.”® Consequently, it is inferred that
diamondoid parameters, particularly MDI, accurately calculate
the oil maturity.

5.2.3. Maturity Assessment Based on Aromatic Hydro-
carbon Parameters. The biomarkers related to saturated
hydrocarbons have poor stability and tend to crack at the high
maturity stage.'' "’ Aromatic hydrocarbons exhibit higher
thermal stability compared to saturated hydrocarbons, and
their associated parameters can be utilized to evaluate the
maturity level during high thermal evolution stages.*”"*

In this paper, MPI-1; MPI-2 [MPI-2 = (2-MP)/(P + 9-MP +
1-MP) X 3]; 4-/1-MDBT (MDBT: methyl dibenzothiophene);
2,4-/(1, 6- + 1, 4-)DMDBT (DMDBT: dimethyl dibenzothio-
phene); 4, 6-/(1, 6- + 1, 4-)DMDBT; TMNr [TMNr = 1,3, 7-/
(1,2,5 +1,3,7-)TMN]; TeMNr [TeMNr = 1, 3, 6, 7-/(1, 2, 3,
5-+1,3,6,7-+1,2,5,6-)TeMN], and other aromatics maturity
parameters were selected to assess the maturity of F4 oils. The
results show that there are differences in oil maturity between
the north and south subsection of the F4 (Figure 12 and Table
4). Interestingly, the aromatic hydrocarbon parameters showed
the opposite result to the light hydrocarbon and diamondoid
maturity parameters. The oil in the Shunbei oilfield belongs to
the same oil population, so the organic input and depositional
environment are not the reasons for this difference. Moreover,
migration and mixed charging have no significant impact on
aromatic maturity parameters in the Shunbei oilfield, according
to previous studies, and the FS with relatively low maturity has
effectively applied the relevant parameters.'”*® Oil properties
(such as GOR, oil density, and viscosity) also indicate that the
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Figure 7. Cross-plots of phytane (Ph)/nC,g versus pristane (Pr)/nC,
to identify depositional environments (modified with permission from
ref 73. Copyright 2018 American Chemical Society).

oil maturity of F4 south is higher than that of the north (Table
1).

Previous studies have suggested that as aromatic parameters
approach the thermal evolution threshold, demethylation
processes become dominant, resulting in parameter inversions.®
This study utilizes the % Rc calculated by MDI as a standard to
evaluate the application and limitation of various aromatic
parameters in high-maturity oil from ultradeep reservoirs.

5.3. Application and Limitation of Aromatic Maturity
Parameters. 5.3.1. Phenanthrene Homologues. Figure 13
illustrates the relationship among MPI-1, MPI-2, F1 [F1 = (2-
MP + 3-MP)/(2-MP + 3-MP + 9-MP + 1-MP)], F2 [F2 = 2-
MP/(3-MP + 2-MP + 1-MP + 9-MP)], and Rc, revealing
consistent trends. A strong positive correlation between Rc and
these parameters occurs when Rc < 1.48%. Moreover, the
correlation coeflicient reaches as high as 0.92 between MPI-1
and Rc (Figure 13 and Table 4). But when Rc > 1.48%, all
parameters began to have a certain negative correlation with Rc
(Figure 13). Previous studies indicate that methylation,
isomerization, and demethylation processes assume different
dominant roles at various thermal maturity levels.”> Isomer-
ization and methylation dominate during stages of compara-
tively low thermal maturity. Demethylation was dominant in the

highly mature stage, and as maturity increased, the relevant
maturity parameters decreased.

In combination with the F4 oils, it was observed that when Rc
< 1.48%, methylation and methyl rearrangement play dominant
roles among phenanthrene homologues. Methylation leads to
the formation of 2-MP and 3-MP from phenanthrene, while
unstable a-substituent isomers (9-MP and 1-MP) gradually
transform into stable S-substituent isomers (3-MP and 2-MP)
(Figure 14). There was a positive correlation between the
maturity parameters of phenanthrene homologues and Rec.
When Rc > 1.48%, the demethylation process was dominant. At
this time, the content of phenanthrene compounds gradually
increased, resulting in the relative maturity parameters
beginning to decrease and reverse (Figure 14). Radke and
Welte (1983) concluded that when Ro > 1.35%, the MPI-1 value
would “reverse”.® This is inconsistent with the results observed
in samples from the study area (Rc > 1.48%). This difference
may be primarily due to regional geological factors (e.g,
sedimentary facies, geothermal gradient, and organic matter
source). Therefore, when the oil maturity in the Shunbei oilfield
is below 1.48%, methylphenanthrene maturity parameters such
as MPI-1, MPI-2, F1, and F2 can reliably assess oil maturity.

5.3.2. Dibenzothiophene Homologues. Dibenzothiophene
compounds can be formed by secondary processes, such as TSR,
in addition to sulfur incorporation during deposition and
diagenetic sulfurization at low temperatures.”” Studies have
shown that the Ordovician strata in the Shunbei oilfield lack salt-
rock layers, making them unsuitable for TSR.*” Moreover, the
concentration of dibenzothiophene compounds in the Shunbei
oilfield is significantly lower compared to TSR oil in the Tarim
Basin.”® Consequently, TSR does not significantly affect the
dibenzothiophene compounds in the F4 oil.

Based on Rc, we analyzed the application of maturity
parameters of dibenzothiophene series [4-/1-MDBT, 2, 4-/(1,
6- + 1, 4-DMDBT), and 4, 6-/(1, 6- + 1, 4DMDBT)]. It is
found that the variation of these parameters is consistent with
phenanthrene homologues, and “inversion” occurs at Rc
1.48%. When Rc < 1.48%, the dibenzothiophene homologue
parameters exhibit a strong positive correlation with Rc (R* >
0.82) (Figure 15; Table 4). This suggests that the relevant
dibenzothiophene parameters can reliably assess the maturity of
F4 oils at Rc < 1.48%. Conversely, when Rc > 1.48%, the

nC.,%

a)

60

YDMCP,% 20 40 MCH, %

Oil Samples from the No. 4 fault zone

4, 8-DMD,%

b) 4,9-DMD,%

Type -1l “marine -
le/mudstone’

carbonate marl-. -

20 40

Type ﬁI coal/shale

60 80 3,4-DMD,%

Figure 8. Triangle diagram derived from light hydrocarbons and diamondoids indicating the organic input and depositional environment. (a) nC,,
EDMCP, and MCH (modified with permission from ref 74. Copyright 2021 American Chemical Society); (b) 4,9-DMD; 4,8-DMD; and 3,4-DMD

(modified with permission from ref 31. Copyright 2001 Elsevier).
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ref 53. Copyright 1987 Elsevier Ltd.).
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dibenzothiophene homologue parameters showed a consistent
decline.

The mass chromatographic characteristics of m/z 198 showed
that the decrease of the 4-/1-MDBT ratio was mainly caused by
the increase of the relative content of 1-MDBT (Figure 16).
Previous studies have found that 4-MDBT has higher
thermodynamic stability than 1-MDBT through molecular
dynamics analysis. Moreover, 1-MDBT will continuously
transform into 4-MDBT in the process of thermal evolution.””*’
However, most simulation experiments found that the 4-/1-
MDBT ratio would change from monotonically increasing to
monotonically decreasing in the high maturity stage.”’ For
example, Wu et al. (2019) conducted a closed thermal
simulation experiment on methyldibenzothiophene and ob-
served that when the thermal simulation temperature reached
400 °C (easy % Ro = 1.49%), the 4-/1-MDBT ratio began to
monotonically decrease.’’ This may be due to differences in
experimental systems and geological conditions. Specifically, the
traditional simulation experiment is carried out by the principle
of temperature—time compensation. The reaction system under
the control and influence of this thermodynamic property
cannot satisfy the time required to reach kinetic equilibrium.
Therefore, 1-MDBT is generated preferentially rather than 4-
MDBT. Quantitative tests show that the “reversal” of MDR in oil
from the Shunbei oilfield is also caused by the decrease of 4-
MDBT content and the increase of 1-MDBT content (Figure
16). This coincides closely with the results of the laboratory
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simulations. In addition, previous studies have suggested that
large-scale ma§matic activity occurred in the Late Permian in
Shunbei area.’” This transient rapid heating of short aging may
be the specific reason for the “inversion” of 4-/1-MDBT ratio in
the study area.

5.3.3. Naphthalene Homologues. Naphthalene homologues
are often detected and reported in source rocks and crude oil
from various basins in the world.*>~%° Naphthalene, comprising
two benzene rings sharing two carbon atoms, exhibits higher
thermal stability at the 8 position due to greater steric hindrance
and electron cloud density compared to those at the a position.
Consequently, the ratio of f-substituted to a-substituted
naphthalene isomers can serve as a maturity indicator."> For
example, methyl naphthalene (MNR, MNR = 2-/1-MN),
dimethyl naphthalene [DNR, DNR = (2, 7- + 2, 6-)/1, S-
DMN], trimethyl naphthalene (TMNr), tetramethylnaphtha-
lene (TeMNr), and pentamethylnaphthalene [PMNr, PMNr =
1,2,4,6,7-/(1,2,4,6,7-+ 1,2, 3,5, 6-)-PMN] can be used to
assess maturity and widely used in various basins world-
wide, 6668

As shown in Figure 17, the MNR and DNR are negatively
correlated with Rc. Previous studies suggested that under the
influence of thermally induced condensation of aromatic
hydrocarbons, MNR and DNR values were reversed at about
1.1% Ro.” It is worth noting that MNR and DNR enter the
“inversion” threshold significantly earlier than the maturity
index of phenanthrene and dibenzothiophene series com-
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pounds, which may be due to thermally induced condensation of
aromatic hydrocarbons.”> The Rc of oil in the study area
generally exceeded 1.42%, which results in a negative correlation
of both the MNR and DNR with Re, respectively. In addition,
TMNr and TeMNr have no obvious correlation with R,
suggesting their potential unsuitability for maturity evaluation in
the Shunbei oilfield (Figure 17 and Table 4).

Previous studies suggest that methyl rearrangement between
pentamethylnaphthalene series compounds occurs at early
maturation stages.64 However, the low content of this
compound series in maturity stages may not effectively indicate
thermal evolution maturity.”> From this study, we deduce that
methyl rearrangement between pentamethylnaphthalene series
compounds occurs extensively in high thermal evolution stages,
suitable for maturity evaluation only in crude oil or source rock
at this stage.”” PMNr parameters in the oil exhibit a robust
positive correlation with Rc (R* = 0.78) (Figure 18 and Table 4).
Additionally, GOR, nC,/MCH, and (3 + 4)-MD (ug/g) also
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demonstrate a strong positive correlation with PMNr (Figure
18). Based on hydrocarbon property analysis, various maturity
parameters (light hydrocarbons and diamondoids), and the
synthesis mechanism of pentamethylnaphthalene series com-
pounds, PMNr parameters can serve as maturity indices for
highly mature oil. Moreover, Wang et al. (2021) successfully
employed PMNTr to assess the maturity of F1 and FS crude oils in
the Shunbei oilfield, indicating its applicability to maturity
evaluation in this oilfield."”

5.3.4. Aromatic Maturity Parameters. With increasing
global industrial demand, petroleum exploration is increasingly
focusing on ultradeep reservoirs. The Shunbei oilfield
exemplifies ultradeep petroleum exploration, with a Paleozoic
reservoir depth ranging from 7300 to 10,000 m. Applying
aromatic parameters to evaluate oil maturity in the Shunbei
oilfield offers valuable insights for ultradeep petroleum
exploration globally.
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Table 4. Aromatic Hydrocarbon Maturity Parameters of the Shunbei Oil”

area

south
subsection

north
subsection

well

MS3

MS1

MS4
SHB4-10H
SHB44X
SHB4-14H
SHB4-SH
SHB4-9H
SHB4-6H
SHB4-11H
SHB4-4H

SHB4-2H
SHB4-7H
SHB4-8H
SHB46X
SHB4-12H
SHB42X
SHB4-3H

MNR
2.70

2.50
2.97
2.95
2.46
2.45
2.30
2.20
2.21
3.01
2.49

2.26
2.30
2.36
2.37
2.34
1.93
1.93

DNR
12.88

12.17
14.70
14.58
10.96
11.00
10.29

9.47

9.53
17.14
10.76

8.61
8.88
10.26
10.19
7.92
6.07
6.0S

TMNr
0.86

0.86
0.89
0.89
0.85
0.86
0.88
0.87
0.87
0.92
0.87

0.86
0.87
0.87
0.87
0.80
0.76
0.75

TeMNr
0.85

0.85
0.87
0.86
0.85
0.85
0.88
0.88
0.87
0.90
0.87

0.87
0.88
0.87
0.86
0.82
0.81
0.80

PMNr
0.56

0.61
0.65
0.63
0.57
0.58
0.65
0.62
0.61
0.74
0.66

0.70
0.73
0.67
0.67
0.68
0.65
0.66

MPI-1 MPI-2 4-/1-MDBT

1.32

131
1.36
1.36
1.28
1.25
1.20
1.11
1.12
1.29
1.12

1.04
1.08
1.10
1.07
1.05
1.07
1.04

1.58

1.55
1.59
1.60
1.49
1.46
1.37
1.25
1.26
143
1.20

1.06
1.07
1.16
113
1.05
1.16
113

32.98

37.69
43.60
39.20
13.14
12.67
12.39
11.37
10.68
27.24

S.12

3.65
3.87
5.58
5.47
2.74
3.10
3.17

2,4-/(1, 4+ 1,6-)
DMDBT

7.34

8.00
8.58
8.09
3.68
3.59
3.43
3.18
3.02
S.73
1.54

0.98
1.00
1.57
1.54
0.73
0.88
0.93

4,6-/(1,4+1,6-)
DMDBT

15.41

17.02
17.42
16.54
7.39
7.19
7.18
6.70
6.34
11.78
2.75

1.70
1.74
2.75
2.70
133
1.70
1.83

“MNR = 2-/1-MN; DNR = (2, 6- + 2, 7-)/1, 5-DMN; TMNr = 1, 3, 7-/(1, 3, 7- + 1,2, 5-)TMN; TeMNr =1, 3,6, 7-/(1,3,6,7 + 1,2,5,6 + 1, 2,
3,5)-TeMN; PMNr=1,2,4,6,7-/(1,2,4,6,7 + 1,2, 3,5, 6)-PMN; MPI-1 = 1.5 X (2-MP + 3-MP)/(P + 1-MP + 9-MP); MPI-2 = 3 x (2-MP)/
(P + 1-MP + 9-MP).

The results indicate that most aromatic maturity parameters

have significant limitations in evaluating highly mature oil.

Phenanthrene, dibenzothiophene, and methylnaphthalene
(including MNR and DNR) parameters reach the “inverted”

threshold at Rc values of 1.48%, 1.48%, and 1.10%,

respectively.35 The maturity parameter remains effective for

evaluating oil maturity below the “inversion” threshold. Previous

studies indicate that diamondoid maturity parameters are
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Figure 14. Schematic diagram of methylphenanthrene isomer transformation.

applicable across a wide range of thermal evolutions. However,
most studies believe that it has better applicability in the high
maturity stage (Rc > 1.3%).”°”’* Additionally, the study
indicates that PMNTr effectively characterizes the maturity of
highly mature oil in the Shunbei oilfield. Previous studies have
shown significant limitations in the application of PMNr during
the early thermal evolution stage. However, for highly mature oil
in ultradeep reservoirs, PMNTr remains a reliable maturity index.

Comprehensive analysis indicates that aromatic parameters
remain essential in evaluating the oil maturity at various stages of
thermal evolution.

6. CONCLUSIONS

In summary, our investigation of the no. 4 fault zone (F4) in the
Shunbei oilfield indicates a predominance of condensate
reservoirs with only two volatile reservoirs (MS1 and MS3)
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Figure 16. Mass chromatogram (11/z 198) and content distribution of MDBTs at different maturities (data of thermal simulation experiment from ref

61).

observed in the northernmost part of the fault zone. The oils are
from the same source kitchen, which are formed from a reduced

depositional environment and sourced from marine type II

organic matter.

Analysis using GC and GC—MS revealed significant
saturation hydrocarbon cracking in F4 oils with well-preserved
aromatic hydrocarbons. Moreover, F4 oils contain abundant
light hydrocarbons and diamondoid compounds. Maturation
parameters of light hydrocarbons and diamondoids suggest high
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thermal evolution in F4 oils, with % Rc (% Rc = 0.0243MDI +
0.4389) ranging from 1.43% to 1.54%. Interestingly, aromatic
hydrocarbon parameters exhibited contrasting trends compared
to light hydrocarbon and diamondoid maturity parameters.

The majority of aromatic maturity parameters present
significant limitations at the high thermal evolution stages.
Specifically, phenanthrene (MPI-1, MPI-2, F1, and F2) and
dibenzothiophene [4-/1-MDBT; 2, 4-/(1, 4- + 1, 6-)DMDBT;
and 4, 6-/(1,4- + 1,6-)DMDBT] parameters undergo “reversal”
due to demethylation and thermal alteration, respectively.
Moreover, most naphthalene maturity parameters (MNR and
DNR) are influenced by thermally induced condensation,
making them unsuitable for maturity assessment in highly
mature oil. TMNr and TeMNr exhibit little significant
correlation with Rc and may not be appropriate for maturity
evaluation in the study area. However, PMNr demonstrates a
robust positive correlation with GOR, nC,/MCH, and (3 + 4)-
MD concentrations, suggesting their efficacy as maturity
indicators at high thermal evolution stages.

Caution should be exercised in the application of aromatic
maturity parameters in ultradeep basins such as the Tarim Basin.
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