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petroleum cracking in ultra-deep
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Diamondoid hydrocarbons have been widely used to assess the extent of

petroleum thermal cracking. In reservoirs subjected to multi-stage petroleum

charges, thermal cracking might not occur in situ and, therefore, complicate the

accurate evaluation of cracking within a petroleum mixture. The Shunbei area in

the Tarim Basin is typical of ultra-deep carbonate reservoirs with multi-stage

tectonic movements and petroleum charges where thermal cracking and

evaporative fractionation are common. This study takes oil samples from the

No.1 and No.5 fault zones in the Shunbei carbonate reservoirs as a case study to

investigate the limitations of using diamondoid hydrocarbons for evaluating

petroleum thermal cracking in reservoirs where diamondoid-rich gas has

intruded. Organic geochemical data reveal that the abundant diamondoids in

the No.1 fault zone were allochthonous, while the less abundant diamondoids in

the No.5 fault zone are from in situ thermal cracking. These findings suggest that

diamondoids may provide misleading indications of oil cracking, as they can be

contaminated by allochthonous cracked oils. Therefore, caution should be taken

when diamondoid hydrocarbons are applied to evaluate thermal cracking. Novel

indicators remain to be proposed to more accurately assess the degrees of in-

reservoir oil cracking with petroleum mixing from a secondary, diamondoid-

rich charge.
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1 Introduction

Diamondoids are saturated cage-like hydrocarbons commonly

found in petroleum, coal, and sedimentary rocks. The simplest

diamondoid, i.e., adamantane, was first reported by Landa and

Machacek (1933), and afterward, more homologous diamondoids,

including diamantanes, triamantanes, tetramantanes, pentamantanes,

and hexamantanes, have been identified (Landa and Machacek, 1933;

Wingert, 1992; Dahl et al., 1999, Dahl et al., 2003; Springer et al., 2010;

Wei et al., 2011). Rigid, three-dimensionally fused rings endow

diamondoids with high thermal stability and thus are more resistant

to thermal cracking, oxidation, or biodegradation than other

hydrocarbon components. Therefore, diamondoids have been

widely used for the thermal maturity assessment of highly matured

crude oils (Chen et al., 1996; Li et al., 2000; Zhang et al., 2005; Wei

et al., 2007a; Fang et al., 2012; Jiang et al., 2021), the evaluation of

petroleum thermal cracking (Dahl et al., 1999; Waples, 2000; Zhang

et al., 2011; Qi et al., 2023), and the study of petroleum secondary

alterations including biodegradation and thermochemical sulfate

reduction (TSR) (Grice et al., 2000; Wei et al., 2007b; Wei et al.,

2012; Cai et al., 2016; Zhu et al., 2018a).

Maturity parameters derived from diamondoids are based on the

isomerization of diamondoid components in crude oils and source

rocks (Chen et al., 1996; Li et al., 2000; Wei et al., 2007a). The

methyladamantane (MAD) index [MAI=1-MAD/(1-MAD+2-

MAD)] and methyldiamantane (MD) index [MDI=4-MD/(1-MD+3-

MD+4-MD)] are commonly used thermal maturity indicators

(Chen et al., 1996). TSR has concentrated diamondoids through

cracking, as diamondoids are more resistant to destruction by TSR,

while other hydrocarbons are destroyed under severe conditions

(Zhu et al., 2018b). Cai et al. (2016) further proposed that TSR may

have newly generated diamondoids and thiadiamondoids, leading to

higher concentrations of diamondoids in TSR-altered oils.

As documented, diamondoids exhibit various resistances to

microbial attack. In Peters and Moldowan (1993), numerical

values were assigned to describe the degree of biodegradation,

known as PM ranks. Wei et al. (2007b) noticed a significant

decrease in the concentration of adamantanes with increasing

biodegradation, particularly in oils with PM ranks 3−6. This

suggests that adamantanes are moderately susceptible to

biodegradation, while diamantanes and triamantanes undergo

little or no alteration even up to PM rank 8. Severely biodegraded

oils from San Joaquin Valley oilfields also show diamondoid

concentrations within the expected diamondoid baseline range

(Wei et al., 2007b). Hence, diamondoids still seem valid for the

assessment of the extent of cracking in biodegraded oils.

Diamondoids are widely used for petroleum thermal cracking

as diamondoids follow a three-phase evolution, i.e., generation

during catagenesis up to ca. 1.1%Ro, generation and enrichment

at 1.1−4.0%Ro, and destruction at %Ro>4.0 (Wei et al., 2006; Huang

et al., 2022). The extent of thermal cracking can be assessed by

comparing biomarker and diamondoid concentrations in oils (Dahl

et al., 1999), a method now formalized as quantitative diamondoid
Frontiers in Marine Science 02
analysis (QDA) (Walters et al., 2023). In experiments by Dahl et al.

(1999), a proportional relationship was found between

methyldiamantane concentrations and the extent of liquid

hydrocarbon conversion to gas and pyrobitumen, indicating that

diamondoids can serve as an internal standard to evaluate the

degree of thermal cracking. However, current critiques of QDA for

determining oil-to-gas conversion largely stem from fluctuations in

the baseline concentrations of 3-+4-MDs, which are mainly

influenced by organic facies, mineralogy, thermal maturity, and

expulsion efficiency (Walters et al., 2023). The natural variance in

the baseline concentrations of 3-+4-MDs limits the accuracy of

QDA at maturities ⪅1.35%Ro (Walters et al., 2023).

Thermal cracking evaluation by QDA reflects the petroleum

property of in situ cracking. However, diamondoids might be

transferred allochthonously via vapor during evaporative

fractionation and concentrated when the vapor phase migrates to

shallower reservoirs, leading to a drop in pressure and temperature. In

these circumstances, diamondoid hydrocarbons may not accurately

reflect the extent of petroleum cracking. This study will examine

Ordovician oils from the Shunbei carbonate reservoirs, which have

undergone a complicated charging history, to unravel the limitations

of using diamondoid hydrocarbons to evaluate petroleum cracking.
2 Geological settings

The Tarim Basin is the largest inland petroliferous basin in

northwest China (Li et al., 1996). Paleozoic reservoirs in the Tarim

Basin have witnessed multi-stage tectonic adjustment with multi-

stage hydrocarbon accumulations (e.g., Caledonian, Hercynian,

Yanshanian, and/or Himalayan periods) (Wu et al., 2023a; Yang

et al., 2024), resulting in complicated hydrocarbon accumulation

processes. The sedimentary strata in the basin primarily consist of

Cambrian-Ordovician shallow marine to lagoon carbonates,

Silurian–Devonian marine clastic rocks, Carboniferous–Permian

marine to terrestrial transitional sandstones and mudstones, and

Mesozoic–Cenozoic terrestrial sediments (Zhang and Huang, 2005;

Yang et al., 2024).

Recently, the Shunbei area has garnered attention due to its high

industrial production from ultra-deep carbonate reservoirs. The

Shunbei area is located in the Shuntuoguole Low Uplift with the

Awati Depression to the west, the Mangar Depression to the east,

the Tabei Uplift to the north, and the Tazhong Uplift to the south

(Figure 1a). Numerous studies have confirmed that Cambrian

Yuertusi Formation (Є1y) mudstone is the primary petroleum

source rock in the basin (Zhu et al., 2018b, Zhu et al., 2021a; Gao

et al., 2022; Qiao et al., 2024). The Shunbei carbonate reservoirs,

which are mainly developed in Ordovician formations, e.g., the

Yingshan Formation (O1-2y) and Yijianfang Formation (O2yj), are

mainly dominated by calcarenite and dolomitic grain limestone

(Figure 1c). The current formation temperatures and estimated

geothermal gradients of the Shunbei carbonate reservoirs range

from 148°C−167°C and 19.6°C−22.8°C/km, respectively (Yang
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et al., 2021). Mudstone and/or limestone of the Sangtamu

Formation (O3s) in the Upper Ordovician has been identified as

the typical cap rock.

Strike-slip faults serve as migration pathways for fluids, and

carbonate dissolution is commonly observed along strike-slip faults

(Deng et al., 2022; Liu et al., 2023, Liu et al., 2024). At present, more

than 20 main strike-slip faults have been identified, and economic

oilfields are primarily distributed along strike-slip faults in the area

(Jia et al., 2023). Among the strike-slip fault systems in the Shunbei

area, No.1 and No.5 are two major strike-slip faults (Cong et al.,

2024a). However, the Shunbei No.1 and No.5 faults exhibit

noteworthy differences in geometric styles and kinematic

histories. Generally, the No.1 fault zone is much smaller in scale

than the No.5 fault zone, and the stepover structures of the No.1

and No.5 faults are characterized by pull-apart basins and push-up

structures (Deng et al., 2022). In contrast to the No.1 fault zone,

reservoirs show greater heterogeneity but poorer connectivity with

more independent reservoir systems in the No.5 fault zone

(Liu, 2020).
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3 Samples and methods

3.1 Samples

Eight Ordovician oil samples from the No.1 fault zone were

obtained at depths of 7,255.7−7,630.0 m. In comparison, two

Ordovician oil samples from wells SHB51X and SHB5-2 in the

No.5 fault zone were collected at depths of 7,526.1−7,876.0 m in the

Shunbei reservoirs (Figure 1b). The oils have an API gravity ranging

from 44.50 to 47.84° in the No.1 fault zone whereas the API gravity

of SHB51X and SHB5-2 oils are slightly lower, at 44.50° and 38.98°,

respectively (Table 1). The gas-oil ratio (GOR) in the No.1 fault

zone exhibits minor variations (Wu et al., 2021; Wang et al., 2021;

Zhu et al., 2021b), ranging from 332 to 582 m3/m3 of the studied

samples, and is dominated by volatile reservoirs. In contrast, the

GOR in the No.5 fault zone varies significantly, with SHB51X and

SHB5-2 oils exhibiting GOR values of approximately 65 and 262

m3/m3, respectively (Wang et al., 2021; Bian et al., 2023; Qiao et al.,

2024). All oil samples exhibit low wax (<10%) and sulfur (<0.5%)
FIGURE 1

Geological settings. (a) Geological map of the Tarim Basin. (b) Well locations. (c) The general Paleozoic stratigraphy of the Shunbei area, Tarim Basin
(modified from Deng et al., 2022).
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contents. To avoid light hydrocarbon volatilization, the samples

were sealed in amber airtight vials and stored in a refrigerator before

the experiments.
3.2 Gas chromatography-mass
spectrometry analysis

Oil samples were performed on a polar Florisil solid phase

extraction (SPE) cartridge to remove asphaltenes before

fractionation. The total hydrocarbons were obtained by

fractionating the samples with hexane and dichloromethane.

Petroleum fractionation was carried out in custom-made silica gel

columns, where aromatic and saturated hydrocarbons were

separated by pentane, dichloromethane, and isopropyl alcohol

during fractionation. In order to minimize the impact of potential

volatile loss, a portion of the samples was separated to be weighed

for quantification before the petroleum fractionation process.

Furthermore, none of the fractions, including total hydrocarbons

and aromatic and saturated hydrocarbons, were blow-dried by

nitrogen to avoid further volatile loss during the fractionation

process. Diamondoid hydrocarbons, n-alkanes, and isoprenoids,

biomarkers that were eluted in the saturated hydrocarbon fractions,

were quantified by internal standards of adamantane-d16, squalane,

and cholestane-d4, respectively.

Saturated hydrocarbons were analyzed on an Agilent 7890B gas

chromatograph coupled with an Agilent 5977A MSD system. The

HP-5MS capillary column, with dimensions of 30 m×0.25 mm×0.25

mm, was employed for the separation of saturated hydrocarbons.

The carrier gas of the gas chromatography-mass spectrometry (GC-

MS) system was helium. The injector and MS interface

temperatures were both set to 250°C. The initial GC oven

temperature was set to 40°C and held for 5 minutes. The

temperature was then increased to 325°C at a rate of 4°C/min

and maintained for 15 min. The ion source was electron ionization
Frontiers in Marine Science 04
mode at 70 eV. Selected ion monitoring and full scan mode (SIM/

SCAN) were selected to ensure accurate quantification of petroleum

and a comprehensive scan of hydrocarbons.
4 Results

4.1 Diamondoid hydrocarbons

Diamondoid hydrocarbons are common compositions in oil

samples from Shunbei reservoirs, including adamantane,

diamantine, and their methylated substituents. The summed mass

chromatograms of m/z 136, 135, 149, 163, and 177 show

adamantane and its homologs, including the methyl-, dimethyl-,

trimethyl-, and tetramethyl- isomers (Figure 2), whereas mass

chromatograms of m/z 188, 187, and 201 show diamantane and

its methylated substituents (Figure 3).

Generally, oil samples from the No.1 fault zone are more

abundant in adamantane hydrocarbons but less abundant in

diamantane hydrocarbons compared to those from the No.5 fault

zone (Figure 4). Among the methylated derivatives of the

adamantane species, MADs and DMADs are predominant in oil

samples from the No.1 fault zone, with concentrations reaching up

to 327 ppm. The 1-MAD and 1,3-DMAD exhibit the highest

concentrations among the MADs and DMADs, ranging from

214–327 and 192–289 ppm, respectively. Generally, MADs are

more abundant than MDs in the No.1 fault zone. Hence, the

MAD and MD-related ratios, such as 1-+2-MADs/3-+4-MDs,

reach up to 4.11 with a range of 3.17–4.11 (Table 1).

Furthermore, parameters such as MADs/MDs, DMADs/DMDs,

and C0-2AD/C0-2D exhibit high values in ranges of 2.20–2.79,

5.67–6.68, and 3.33–4.14, respectively (Table 1). The parent

adamantane and diamantane show no significant difference in

concentrations, with AD/D values ranging from 0.71–1.27

(averaged at 1.02).
TABLE 1 Physical properties and related parameters of oil samples derived from organic geochemical data.

Well Depth (m) Strata API°
Density
(g/cm3)

GOR
(m3/m3)

4-
MD

(ppm)

3-
MD

(ppm)
R1 R2 R3 R4 R5 R6 R7 R8

SHB5-2 7526.1-7533.6 O2yj 38.98 0.830 65 93 45 1.33 0.34 0.95 3.05 1.64 2.33 0.31 0.42

SHB51X 7753.6–7876.0 O2yj 44.50 0.804 262 116 64 1.76 0.33 1.26 3.84 1.92 2.60 0.32 0.45

SHB1-2H 7469.0–7569.5 O2yj 46.26 0.796 340 65 34 3.91 1.13 2.68 6.67 3.99 3.00 0.29 0.42

SHB1-
3CH

7255.7–7357.9 O2yj 46.71 0.794 582 72 37 4.11 1.27 2.79 6.68 4.14 2.77 0.32 0.45

SHB1-4H 7459.0–7562.0 O2yj 46.49 0.798 332 59 35 3.22 0.71 2.31 6.19 3.33 2.96 0.32 0.44

SHB1-5H 7474.5–7576.2 O2yj 45.82 0.798 383 68 35 3.20 0.99 2.21 5.67 3.40 2.83 0.33 0.48

SHB1-6H 7288.2–7399.8 O2yj 47.84 0.789 384 76 40 3.64 1.10 2.47 6.14 3.75 2.26 0.32 0.44

SHB1-7H 7339.4–7456.0 O2yj 45.60 0.799 401 69 38 3.17 0.86 2.20 5.73 3.35 2.70 0.31 0.45

SHB1-8H 7415.5–7571.6 O1-2y 45.82 0.798 409 71 37 3.54 0.98 2.46 6.01 3.60 2.35 0.31 0.44

SHB1-9 7372.7–7630.0 O1-2y 44.50 0.804 442 74 38 3.72 1.14 2.55 6.49 3.87 2.30 0.32 0.47
fr
ontiers
R1, (1-+2-MADs)/(3-+4-MDs); R2, AD/D; R3, MADs/MDs; R4, DMADs/DMDs; R5, C0-2AD/C0-2D; R6, n-C20-/n-C21+; R7, Pr/n-C17; R8, Ph/n-C18.
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In contrast, SHB51X oil exhibits relatively lower concentrations

of adamantane hydrocarbons but higher concentrations of

diamantane hydrocarbons. The AD/D ratio for SHB51X oil is

0.33. Compared to oil samples from the No.1 fault zone, the

parameters MADs/MDs, DMADs/DMDs, and C0-2AD/C0-2D

exhibit lower values with 1.26, 3.84, 1.92, and 3.05, respectively

(Table 1). The 1-+2-MADs/3-+4-MDs ratio is as low as 1.76. The 4-

MD is the most abundant isomer among the methyldiamantanes

whereas the 3-MD has relatively lower concentrations than both 4-

MD and 1-MD (Table 1).
4.2 n-Alkanes and isoprenoids

n-Alkanes and isoprenoids are essential components of

petroleum, with their carbon distributions and concentrations

serving as key indicators of biodegradation, evaporative

fractionation, thermal maturation, or petroleum cracking.

Biodegradation is a critical way to modify the n-alkane and

isoprenoid distribution as n-alkanes are the most susceptible

species to biodegradation followed by isoprenoids. The full series

of n-alkanes are typical markers to exclude the effects of

biodegradation. The oil samples from both the No.1 and No.5
Frontiers in Marine Science 05
fault zones have a full series of n-alkanes, suggesting no impact

from biodegradation.

The n-alkane and isoprenoid distribution patterns are similar in

the No.1 and No.5 fault zones. Low carbon n-alkanes predominated

over relatively higher carbon n-alkanes (Figure 5), with the n-C20-/n-

C21+ ratios ranging from 2.25 to 3.00 (Table 1). The isoprenoids,

pristane and phytane, are in obviously lower concentrations in

comparison to the adjacent n-alkanes. The Ph/n-C18 and Pr/n-C17

ratios fall within the ranges of 0.42–0.48, and 0.29–0.33, respectively

(Table 1). The distribution of n-alkanes and isoprenoids indicates that

petroleum from the study area is at a relatively high maturity level.
4.3 Steroid biomarkers

Steroids are common biomarkers in crude oils at immature or

low mature stages. Unlike diamondoid hydrocarbons, biomarkers

that are synthesized by oil precursor organisms and inherited from

their biological signatures can be easily cracked during thermal

evolution (Huang et al., 2022). Among the steroid species, a C29

sterane, 5a,14a,17a (H)-24-ethylcholestane 20R, also known as

stigmastane, can be used to recognize “mixed” oils derived from

both a low-maturity, biomarker-rich source and a high-maturity,
FIGURE 2

Typical mass chromatograms (m/z 136, 135, 149, 163, and 177) of alkylated adamantanes in the No.1 fault zone.
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highly cracked, diamondoid-rich source when combined with

methyldiamantane concentrations (Dahl et al., 1999).

Steranes, including both regular steranes and diasteranes, are

generally in trace amounts of less than 5 ppm in oil samples from
Frontiers in Marine Science 06
the No.1 fault zone. The 5a,14a,17a (H)-24-ethylcholestane 20R

(29aaaR) level is merely 1–3 ppm. In contrast, the SHB51X and

SHB5-2 oil samples contain slightly more regular levels of steranes

(Figure 6), with 29aaaR reaching 13 and 5 ppm (Figure 7a),
FIGURE 3

Typical mass chromatograms (m/z 188, 187, and 201) showing the occurrence of alkylated diamantanes in the No.1 fault zone.
FIGURE 4

Concentrations of adamantane and diamantane hydrocarbons in the No.1 and No.5 fault zones.
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respectively. It is noteworthy that the concentrations of 29aaaR
and even the summed steranes, including pregnanes, regular

steranes, and diasteranes (Figure 7b), exhibit a negative

correlation with diamondoid hydrocarbons, particularly the

adamantane species, in the Shunbei reservoirs.
5 Discussion

It is well-known that multi-stage petroleum charges occurred in

the Shunbei reservoirs (Lu et al., 2020; Yang et al., 2021; Li et al.,

2022; Wu et al., 2023a, Wu et al., 2023b; Cong et al., 2024b; Qiao

et al., 2024) although the charging periods and/or time are still

controversial. For example, Yang et al. (2021) proposed two

petroleum charging events in the late Caledonian and Hercynian,

whereas Lu et al. (2020) suggested two episodes in the Shunbei No.1

and No.5 fault zones corresponding to the Silurian and Middle

Ordovician, respectively. Cong et al. (2024b) identified two

charging episodes at ca. 478–424 and 120–0 Ma, respectively.

Three hydrocarbon charging episodes from the late Caledonian to

the late Himalayan periods are also a commonly recognized

accumulation scenario, as indicated by Wu et al. (2023a), Qiao

et al. (2024), and Li et al. (2022). Furthermore, Wu et al. (2023b)

unraveled the hydrocarbon charging history in the No.1 and No.5

fault zones with four charging stages, i.e., the late Caledonian, late

Hercynian, Indosinian to middle Yanshanian, and late Himalayan.

Biomarkers, such as steroids, are usually rich in immature or low

mature petroleum but decrease significantly during thermalmaturation

processes (Wilhelms and Larter, 2004; Huang et al., 2022). However,

diamondoid concentrations above the baseline usually indicate high-

maturity petroleum charge(s) (Dahl et al., 1999; Huang et al., 2022).

Hence, the presence of steroids in the studied samples indicates that a

portion of oils has not been subject to any significant oil cracking,

whereas an increase in diamondoid concentrations above baseline is

attributed to mixing from a secondary, diamondoid-rich charge. An
Frontiers in Marine Science 07
obvious insight is that the No.1 fault zone experienced more charging

episodes than the No.5 fault zone (Li et al., 2022; Qiao et al., 2024). The

late-charged period is the primary charging episode for the No.1 fault

zone, while the earliest charging episode predominates in the No.5 fault

zone (Cong et al., 2024b).

The Shunbei area within the No.1 fault zone witnessed

hydrothermal alteration from 290 to 259 Ma during the Permian

period (Qiao et al., 2024). Hydrocarbon charging occurred both

before and after hydrothermal activity. Notably, the faults were

active during the Late Himalayan period, and therefore, high-

maturity hydrocarbons with relatively high GORs were trapped in

the reservoirs (Wang et al., 2021). Hydrothermal activity during the

Permian era rapidly cracked liquid hydrocarbons into gases and long-

chain hydrocarbons into short-chain hydrocarbons. Diamondoid

hydrocarbons, known for their high thermal stability, serve as

robust indicators of thermal cracking. Diamondoid hydrocarbons

reach up to 327 ppm in the studied area, whereas biomarkers such as

steroids or terpenoids are in trace amounts, indicating the

hydrocarbons have undergone thermal cracking.

However, a key question is raised as to whether thermal

cracking occurred in situ or whether diamondoid hydrocarbons

were carried into reservoirs by gas. Zhu et al. (2012) proposed that

massive cracking of crude oil begins at depths of 9,000–9,500 m,

corresponding to reservoir temperatures of 210°C –220°C in the

Tarim Basin, based on geothermal and burial history modeling.

More recently, laboratory simulations indicated that liquid

petroleum may be preserved as deep as 10,000 m in the Shunbei

carbonate reservoirs (Chen et al., 2023). Since Ordovician reservoirs

are typically found at depths of between 7,000–8,000 m (Table 1), it

seems that large-scale thermal cracking occurred in underlying

paleo-reservoirs or in the residual oil in the Cambrian source

rocks, rather than in situ. Wang (2023) found that natural gases,

which are usually at high temperatures, contribute to the

evaporative fractionation of existing oil, particularly in the oil

from the No.1 fault zone (Chai et al., 2020).
FIGURE 5

Partial mass chromatograms of m/z 85 showing a typical distribution of n-alkanes and isoprenoids. (a) SHB1-5H oil. (b) SHB51X oil.
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Gases generated by petroleum cracking carried diamondoid

hydrocarbons to the shallow strata in the Shunbei carbonate

reservoirs, with strike-slip faults serving as channels for gas

migration (Bian et al., 2023). Diamondoids exhibit a noteworthy

response to evaporative fractionation (Chakhmakhchev et al.,

2017). In highly cracked oils from underlying paleo-reservoirs,

some diamondoid species transfer into the vapor phase. When

this vapor migrates to shallower reservoirs, the reduction in

pressure and temperature leads to condensation of the

diamondoid species into the liquid phase (Chakhmakhchev et al.,

2017). Hence, diamondoid species are enriched in shallow

reservoirs. Adamantane, diamantane, and their homologs are

detected in all the oil samples. For example, oil samples from the

No.1 fault zone show adamantane species, particularly MADs and

DMADs, concentrated in the range of 100–300 ppm.

It is noteworthy that the SHB5-2 and SHB51X oils exhibit

relatively lower concentrations of adamantane hydrocarbons but

higher concentrations of diamantane hydrocarbons, compared to

oil samples from the No.1 fault zone (Figure 4). Moldowan et al.

(2015) proposed that differences in the gas solubility of diamondoid

species can be used to evaluate evaporative fractionation, as

evaporative fractionation would likely enrich the smaller

diamantane over larger adamantane and MADs over MDs
Frontiers in Marine Science 08
(Walters et al., 2023). In the No.1 fault zone, MADs are generally

more abundant than MDs. In addition, 1-+2-MADs are more

volatile than 3-+4-MDs (Moldowan et al., 2015), and therefore

1-+2-MADs/3-+4-MDs was established as an indicator of

evaporative fractionation for a given source (Moldowan et al.,

2015). Zhu et al. (2021c) further proved the indication of 1-+2-

MADs/3-+4-MDs as diamondoids sourced from allochthonous

natural gas. In the No.1 fault zone, 1-+2-MADs show

overwhelming predominance over 3-+4-MDs with 1-+2-MADs/3-

+4-MDs ratios in a range of 3.17–4.11, whereas SHB5-2 and

SHB51X oils exhibit noteworthy lower values (Table 1). A series

of parameters related to adamantane and diamantane hydrocarbons

provide further evidence for this pronounced difference, such as A/

D, MAs/MDs, DMAs/DMDs, and C0-2A/C0-2D (Table 1). These

parameters exhibit higher values in oils from the No.1 fault zone,

indicating a larger allochthonous contribution of adamantane

hydrocarbons. Additionally, the GORs from the No.1 fault zone

are above 300 m3/m3, whereas those from the No.5 fault zone,

particularly the SHB5-2 oil, are lower (Table 1). Hence,

diamondoids, especially adamantane species, were extracted by

gas from cracked oils in underlying paleo-reservoirs during

evaporative fractionation in the No.1 fault zone, similar to the

case in the Halahatang area as reported by Qi et al. (2022).
FIGURE 6

Partial mass chromatograms of m/z 217 showing a typical distribution of steroids. (a) SHB1-3CH oil. (b) SHB5-2 oil.
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Quantitative diamondoid analysis, as illustrated by the formula

[1-(Co/Cc)]×100 (Dahl et al., 1999), has essential prerequisites that

oils have the same source input and diamondoids are neither

destroyed nor created during the thermal cracking processes. The

assessment accuracy of the degree of petroleum cracking by QDA

depends on the assumption that diamondoids are derived from in

situ petroleum cracking. However, not all cases in the Shunbei

carbonate reservoirs adhere to this principle, as allochthonous

diamondoids made a significant contribution, particularly in the

No.1 fault zone. This contribution impacts the “diamondoid

baseline”, Co in the formula [1-(Co/Cc)]×100, which is the subject

of debate when evaluating the cracking degree in the Shunbei

carbonate reservoirs. For example, Ma et al. (2020) proposed that

Co is 22 mg/g, and thermal cracking has a degree of 0%–23% within

the No.1 fault zone, suggesting large-sale thermal cracking did not

occur in the Shunbei area. In contrast, Bian et al. (2023) proposed
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crude oil cracking degrees ranging from 22.9% to 76.8% with a Co

value of 10 mg/g in the No.4 and No.5 fault zones in the Shunbei

reservoir, whereas Li et al. (2018) determined a baseline of

approximately 69 ppm for Tarim oils in the Tazhong No.1 fault

zone. It is, however, unusual to find a diamondoid baseline greater

than 8 ppm, as advised by Moldowan et al. (2015), since the typical

or world average is in the range of 4–5 ppm based on their

worldwide experience. Although variations in data from different

laboratories may lead to inconsistencies, it may introduce

inaccuracies in resource assessments when relying on diamondoid

concen t ra t ions to e s t ima te the c rack ing degree o f

reservoir petroleum.

Diamondoids derived from thermal cracking in underlying

paleo-reservoirs contribute to the complexity and potential

inaccuracies when assessing the extent of petroleum cracking

while being transported into shallow reservoirs. It is challenging
FIGURE 7

Distribution of dimondoids and steranes in the Shunbei area. (a) Dimondoids (including summed adamantane and diamantane hydrocarbons) and
5a,14a,17a (H)-24-ethylcholestane 20R (29aaaR). Summed adamantane hydrocarbons including components as shown in mass chromatograms
(m/z 136, 135, 149, 163, and 177) in Figure 2 and summed diamantane hydrocarbons in mass chromatograms (m/z 188, 187, and 201) in Figure 3.
(b) Dimondoids (including summed adamantane and diamantane hydrocarbons) and summed steranes (including pregnanes, regular steranes, and
diazetanes, as shown in mass chromatograms of m/z 217).
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to use diamondoid hydrocarbons as quantification indicators for

the thermal cracking degree if the cracking occurs ex situ. Moreover,

although petroleum cracking is generally induced by high paleo-

environmental temperatures, ex situ cracking in the Shunbei area

fails to reveal the depositional temperature of current ultra-deep

carbonate reservoirs, which complicates the concept of

hydrocarbon accumulation and depositional systems in the ultra-

deep carbonate reservoirs of the Tarim Basin. Given the significant

hydrocarbon exploration potential in ultra-deep carbonate

reservoirs, novel indicators remain to be proposed to assess the

degree of allochthonous petroleum cracking in the Shunbei

carbonate reservoirs, which would allow us to unravel the

hydrocarbon accumulation and secondary alteration in

superimposed basins.
6 Conclusions

The Shunbei carbonate reservoirs witnessed multi-stage petroleum

charges, particularly in the No.1 fault zone. The petroleum underwent

thermal cracking, as indicated by diamondoid hydrocarbons, n-alkanes

and isoprenoids. Large-scale thermal cracking likely occurred in

underlying paleo-reservoirs rather than in situ. Gases generated by

petroleum thermal cracking transported diamondoid hydrocarbons to

shallow strata in the Shunbei reservoirs, with strike-slip faults serving as

channels for gas migration. More charging episodes occurred in the

No.1 fault zone compared to the No.5 fault zone, with the late-charged

period being the dominant charging episode for the No.1 fault zone

while the earliest charging episode prevailed in the No.5 fault zone.

Hence, the SHB51X and SHB5-2 oils have relatively lower

concentrations of adamantane hydrocarbons but higher

concentrations of diamantane hydrocarbons in the No.5 fault zone

driven by differences in the gas solubility of diamondoid species. Ex situ

thermal cracking contributed to the debate on the diamondoid baseline

when quantifying the cracking degree in the Shunbei area. Challenges

remain in accurately assessing petroleum cracking in ultra-deep

carbonate reservoirs with multi-stage charges.
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