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ABSTRACT

This study presents new data for the identification of the source
and assessment of the thermal maturity of oils based on the di-
amondoid indices of oils from the Tazhong and Luntai uplifts in
the Tarim Basin in northwest China. The oil samples were divided
into three groups according to biomarker characteristics and the
abundance and distribution of diamondoids. Group I oils are
located along the Tazhong No. 1 fault zone, which contained
abundant diamondoids and are of high thermal maturity, sug-
gesting they are late-charged hydrocarbons that were derived
from a Middle–Upper Ordovician source. Group II oils are
mainly located in blocks close to the TazhongNo. 1 fault zone and
are dominated by early formed hydrocarbons from Cambrian–
LowerOrdovician source rocks. Group III lacustrine oils comprise
relatively low concentrations of diamondoids comparedwith group
I and group II oils. Group III oils were sourced from Jurassic or
possibly Triassic units and are hosted by the low-relief Yingmaili
section of the Luntai uplift. The thermal maturity of the oils in
each group was evaluated using diamondoid parameters; a few
group I oils exhibit intense thermal cracking. To estimate the
extent of oil cracking using the concentrations of diamondoids in
oils, this study proposes a practical approach that facilitates the
determination of baseline 4- and 3-methyldiamantane concen-
trations. Application of thismethod indicates that the TarimBasin
marine oils contain a baseline concentration of approximately
69 ppm.

INTRODUCTION

The Tarim Basin is a large petroliferous basin in northwest China
and covers an area of 560,000 km2 (216,217 mi2) (Figure 1A)
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(Hanson et al., 2000). It is a Paleozoic cratonic basin that has been
overprinted by the formation of Mesozoic–Cenozoic foreland
depressions. The Tabei and Tazhong uplifts within the basin
contain multiple hydrocarbon reservoirs that are complicated by
multiple potential source rock suites and multiple phases of hy-
drocarbon charging, as well as secondary alteration (e.g., thermal
cracking, biodegradation, mixing, and gas washing) of hydrocar-
bon accumulations (Hanson et al., 2000; Xiao et al., 2000; Zhang
et al., 2000, 2005, 2011; Tian et al., 2008; Jia et al., 2010, 2013).
Consequently, oil–oil and oil–source rock correlations are difficult
to establish (Huang et al., 1999; Zhang et al., 2000, 2011).

The oils within the Tarim Basin display a wide range of API
gravity and wax content (Hanson et al., 2000; Xiao et al., 2000).
Previous studies have focused on using various organic geo-
chemical methods to investigate the origin and evolution of
hydrocarbons within this basin (Hanson et al., 2000; Sun et al.,
2003; Zhang andHuang, 2005; Pan and Liu, 2009; Jia et al., 2010,
2013; Li et al., 2010). At least seven genetic groups of oils have
been identified in the Tarim Basin (Hanson et al., 2000); the two
largest oil groups are marine oils within the Tazhong and Tabei
uplifts and lacustrine oils within theYaha andYingmaili oilfields of
the Luntai uplift. The former is thought to be derived from
Middle–Upper Ordovician anoxic marls within the Manjiaer
depression, whereas the latter is derived from Jurassic or possibly
Triassic lacustrine source rocks within the Kuche depression
(Hanson et al., 2000). Oils in the Tadong area are thought to
represent another type of marine oil sourced from Cambrian–
Lower Ordovician units (Zhang and Huang, 2005).

However, recent research suggests that the majority of the
oils within the Tabei and Tazhong uplifts have a mixed origin
(Li et al., 2010; Yu et al., 2012; Jia et al., 2013). Two possible end-
member oils were defined using geochemical variations: one
derived from Middle–Upper Ordovician source rocks such as the
Yingmai 2 (YM2) oils and the other derived from Cambrian–
Lower Ordovician source rocks, such as oils in the Tadong area
(Zhang andHuang, 2005; Li et al., 2010). As indicated byYu et al.
(2012), presently, only a fewoils (i.e., theTadong 2 [TD2], Fang1,
and Tazhong 62 [Silurian] [TZ62(S)] oils) within this regionwere
derived from Cambrian–Lower Ordovician source rocks.

At present, there is no consensus on the maturity levels of
marine oils in the Tarim Basin. For example, Chen et al. (1996)
proposed that the equivalent vitrinite values of the oils from the
Lunnan and Tazhong areas are 1.4%–1.7% vitrinite reflectance
(Ro) based on diamondoid parameters. Based on the meth-
ylphenanthrene index 1 (MPI-1), methyldibenzothiophene
(MDBT) ratio (MDR), and the methyldiamantane (MD) in-
dex (MDI; 4-MD/[1-MD + 3-MD + 4-MD]), Zhang et al.
(2005) obtained three different equivalent vitrinite ranges of
marine oils from the cratonic region of the Tarim Basin, which
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are 0.66%–0.97%, 1.11%–1.64%, and 0.89%–1.74% Ro, and
suggested that the difference might be caused by multiple
petroleum accumulations. However, the common knowledge is
that the Tarim marine oils from Middle–Upper Ordovician and
Cambrian–Lower Ordovician sources are generally of high ma-
turity (Chen et al., 1996; Li et al., 2010). The relatively high
thermal maturity of these oils means that majority of biomarker
maturity indices are in equilibriumand cannot be used to determine
the maturity of the marine oils in the study area, especially the
condensates (Chen et al., 1996; Peters et al., 2005). In comparison,
the higher resistance to thermal destruction and biodegradation of
diamondoids relative to most other crude oil constituents means
that they are ideal for determining the thermal maturity of highly
mature crude oils (Chen et al., 1996; Li et al., 2000; Zhang et al.,
2005). The diamondoid isomer with methyl substitution at
a bridgehead position is more stable than that at a secondary
carbon position because the latter is characterized by additional
skew-butane repulsion that increases the activity (Wingert, 1992).
With increasing thermal stress, the abundance of stable hydro-
carbons will increase relative to that of the less stable ones, as
shown in previous geochemical studies. Thus, thematurity indices
based on diamondoid isomerization reflect the maturity variation
(Chen et al., 1996; Dahl et al., 1999; Zhang et al., 2005;Wei et al.,
2007). The abundance and distribution of diamondoids has pre-
viously been used to investigate the thermalmaturity of oils within
the Tarim Basin (Zhang et al., 2005; Li et al., 2010; Su et al.,
2016), as exemplified by Ordovician oils associated with the
Tazhong No. 1 fault zone. The oils from the Tazhong No. 1 fault
zone contain much higher concentrations of diamondoids than
other oils in this area, and the concentrations increase from
west to east (Li et al., 2010). Recently, diamondoid maturity
indices have been reexamined using thermal simulations of oil
cracking and quantitative determination of diamondoids by gas
chromatography–triple quadrupole mass spectrometry (GC–

MS–MS; Fang et al., 2012, 2013).
Several diamondoid indices have been established based on

systematic simulation experiments in the laboratory (Fang et al.,
2012, 2013) or studies on field samples (Wei et al., 2006);
however, field applications are limited (Zhang et al., 2005; Li et al.,
2010). We use diamondoid indices in combination with bio-
markers in this study to investigate the origin and maturity of crude
oils in the Tazhong area of the Tarim Basin, China. The objectives
are to (1) evaluate the applicability of diamondoid indices in pe-
troleum geochemistry; (2) provide new insights into the origin and
evolution of oils in the Tarim Basin using the diamondoids; and (3)
present a method for the estimation of the methyldiamantane
baseline of marine oils in the Tarim Basin, which is essential for oil
cracking measurements. Traditional biomarker methods are more
effective in investigating low to moderately mature oils. However,

area of biogeochemistry associated with the
source rocks of the oil reservoirs.
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most of these methods are not feasible for highly mature
oils. Diamondoid indices are considered to be a power-
ful tool to study highly mature oils. The combination
of traditional biomarkers and diamondoid research
might provide a more comprehensive understanding of
mixed oils that occur within the Tazhong uplift.

GEOLOGICAL BACKGROUND

The Tarim Basin is a Paleozoic cratonic basin, which
was divided into several uplifts and depressions
by crustal tectonism (Figure 1A, C). Each tectonic
entity has different structural, stratigraphic, and

Figure 1. (A) Map of the Tarim
Basin showing sampling loca-
tions. Modified from Hanson
et al. (2000) and used with per-
mission of AAPG. (B) Enlarged
map of the sampling locations in
the Tazhong uplift. (C) Schematic
structural cross section AA9
across the central part of the
Tarim Basin. Modified from Li
et al. (1996) and used with per-
mission of AAPG. Circled num-
bers 1–6 refer to six
unconformities recognized from
the Sinian to the Cenozoic. (1)
Tarim orogeny occurred in the
bottom of the Sinian. (2) Cale-
donian orogeny occurred in the
bottom of the Silurian. (3) Early
Hercynian orogeny occurred in
the bottom of the Carboniferous.
(4) Late Hercynian orogeny oc-
curred between the Upper
Permian and the Lower Permian.
(5) Indo-China orogeny occurred
in the bottom of the Jurassic. (6)
Late Yanshanian orogeny oc-
curred in the bottom of the
Tertiary. AnZ = Presinian; Є =
Cambrian; C = Carboniferous;
Cz = Cenozoic; D = Devonian;
J = Jurassic; K = Cretaceous;
Mz = Mesozoic; O = Ordovician;
P1 = Lower Permian; P2 = Upper
Permian; Pt = Proterozoic; Pz =
Paleozoic; S = Silurian; T = Tri-
assic; TD = Tadong; TZ = Taz-
hong; YM = Yingmai; Z2 = Upper
Sinian; ZG = Zhonggu.
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petrological characteristics. The Tazhong and Tabei
uplifts are the major hydrocarbon-rich areas in the
region; most oil fields were discovered in these two
areas. However, the origin of the oils in the Tazhong
uplift is controversial. The Tazhong No. 1 fault is an
important factor in the oil migration and accumu-
lation of the Tazhong area (Li et al., 2010; Pang
et al., 2013). Therefore, we mainly focused on the
oils located along the Tazhong No. 1 fault and in
nearby blocks; the oils collected from the Luntai
uplift were used for comparison.

The Tazhong uplift is one of the most important
regions of petroleum accumulation in the Tarim
Basin, with an exploration area of approximately
22,000 km2 (8494 mi2) (Pang et al., 2013). It is
adjacent to the southern part of the Manjiaer de-
pression, northern part of the Tangguziba depression,
eastern part of the Bachu uplift, and western part of
the Tadong low uplift (Figure 1A). Based on drilling
data, nearly all sedimentary strata from Sinian to
Quaternary are preserved in this area (Figure 2) (Li
et al., 2010). The Cambrian section is composed of
platform carbonates and evaporites. The Upper Or-
dovician Sangtamu Formation is mainly composed of
siliciclastic rocks, whereas the other Ordovician for-
mationsmainly comprise carbonate rocks.The sediments
deposited during the Silurian and Devonian are sand-
stones and red mudstones, whereas marine clastic rocks
accumulated during the Carboniferous. A sedimentary
hiatus occurred during the late Permian; the renewed
subsidence led to the accumulation of Mesozoic–
Cenozoic terrestrial sandstones and mudstones.

The marine oils discovered in the Tazhong
uplift are considered to primarily originate from
Cambrian–Lower Ordovician and Middle–Upper
Ordovician strata; however, what stratum is the
main hydrocarbon contributor is controversial
(Hanson et al., 2000; Zhang et al., 2000; Zhang and
Huang, 2005; Li et al., 2010). The Lower and
Middle Cambrian source rocks in the Tarim Basin
consist of marls, mudstones, and dolomites. The
total organic carbon (TOC) values range from 1.24
to 5.52 wt. % (Hanson et al., 2000). Cambrian
source rocks are highly mature to overmature; the
vitrinite reflectance equivalence (VRE; derived
from Liu et al., 1994) exceeds 3.0% in the Manjiaer
depression. The purported source rocks distributed
in the central horst belt in the Tazhong, Tabei,
and part of the Bachu uplifts have a relatively lower

maturity, withVRE values in the range of 1.6%–2.0%
(Wang et al., 2003). The Lower Ordovician rocks in
the Tarim Basin are similar to the Cambrian strata
with respect to the marine facies, mature to over-
mature thermal stress, and hydrocarbon generation
history (Hanson et al., 2000; Zhang et al., 2000). The
Middle–Upper Ordovician source rocks in the Tarim
Basin are controlled by the depositional facies. Shelf
edge and slope facies widely occur at the northern
slope and crest of the Tazhong uplift. The lithologies
mainly include muddy limestones and marls, with an
averageTOCof 0.43wt.% and amaximumTOCof 6
wt. % (Zhang et al., 2000). Thematurity of the source
rocks ranges from 0.81% to 1.30% VRE (Liang et al.,
2000). Open bay or gulf facies occur in the Kalpin
area and the Awati depression. The source rocks
include the Sargan and Yingan shales, with TOC
concentrations ranging from 0.05 to 2.25 wt. %
(Zhang et al., 2000). The Ro values suggest that
most of the source rocks in the Kalpin area are in the
highly mature stage (1.10%–1.30% VRE), whereas
the source rocks in the Awati depression exceed 2%
VRE (Liang et al., 2000).

The reservoir formations in the Tazhong uplift
are mainly present in the Ordovician strata, in-
cluding the Lower Ordovician Penglaiba Formation
dolomite, Lower Ordovician Yingshan Formation
weathered crust, and Upper Ordovician Lianglitage
Formation reef (Pang et al., 2013) (Figure 2). Ad-
ditionally, oil and gas have been discovered in the
Cambrian, Silurian, and Carboniferous strata of the
Tazhong uplift.

The Tazhong uplift experienced several tectonic
events from the Caledonian to the Himalayan orog-
enies, which are illustrated in detail in Lu et al. (2004)
and Li et al. (2010). Briefly, the tectonic setting was
relatively stable in the early Paleozoic–Devonian,
with a relatively complete stratigraphic develop-
ment until the end of the Devonian when erosion
occurred. During this phase, the middle–late Cale-
donian orogeny has given rise to the development
of faults and fractures in the Tazhong uplift such as
the No. 1 fault (Early to Late Ordovician). The de-
nudation of the Silurian–Devonian sedimentary succes-
sion occurred as a result of late Caledonian and early
Hercynian events. The Tazhong uplift was stable in the
late Paleozoic–Cenozoic. The uplift fluctuated during
the Indosinian–Himalayan; however, this had little effect
on thePaleozoic structures since theMesozoic.The faults
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Figure 2. General stratigraphic
column of the Tazhong uplift.
Modified from Li et al. (2010).
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and associated fractures that developed in the uplift as
well as unconformities provided the main pathways for
hydrocarbon migration in the Tazhong area.

The Luntai uplift is a subtectonic unit of the
Tabei uplift (Figure S1, supplementary material
available as AAPG Datashare 90 at www.aapg.org/
datashare). It is a fault horst that formed because of
the structural activities of theYingmai 7 andYangtake
fault belts (Figure S1, supplementary material avail-
able as AAPG Datashare 90 at www.aapg.org/
datashare) (Liang et al., 1998). Regionally, it is
located between the Tabei uplift and the Kuche
depression (Figure 1A). Sinianmetamorphic rocks are
exposed on the surface in the core positions of the
Luntai uplift. Cambrian to Permian strata successively
occur in the southern, northern, and western areas,
whereas Triassic and Jurassic strata are only present on
the northern and southern sides of the Luntai uplift
(Liang et al., 1998). The nonmarine oils discovered in
the Luntai area are thought to have been derived from
Jurassic or Triassic lacustrine source rocks of theKuche
depression (Hanson et al., 2000).

SAMPLES AND METHODS

Samples and Preparation

The oil samples examined in this studywere collected
from the Tazhong and Luntai uplifts, including a total
of 17 oil samples from the Tazhong No. 1 fault zone;
15 samples from nearby blocks, such as the Tazhong
452-111 and 12-15 blocks; and 9 samples from the
Yingmaili area of the Luntai uplift (Figure 1A,
Table 1). These oils cover a wide range of properties
(e.g., API gravity andwax content), including normal,
heavy, and waxy oils and condensates (Table 1).

The oil samples were deasphaltened using hexane
in excess of crude oils (40 times the volume of oil). The
deasphaltened samples were then separated into sat-
urated, aromatic, and resin fractions in a silica gel
column using hexane, hexane and dichloromethane
with a ratio of 3:2 (volume/volume), and methanol,
respectively. The saturated fractions were then con-
centrated and filled into a 4-ml sample vial for gas
chromatography–mass spectrometric (GC–MS) analysis.

The samples for diamondoid determination were
prepared using a simple solvent dilution. Approxi-
mately 50 mg of oil sample was added to a 4-ml glass

vial; this vial was filled with isooctane and ultrason-
ically treated for 10 min to improve sample dissolu-
tion. After precipitating asphaltenes by centrifugation
for 10min, a volumeof supernatantwas transferred to
a 2-ml sample vial used for autosampling. The su-
pernatant was directly injected into the GC–MS–MS
system without any further sample preparation after
the addition of 100 ml of an internal standard solution.

Gas Chromatography–Mass Spectrometry

The GC–MS analysis of the saturated fraction was
performed on a HP7890 gas chromatograph (GC)
coupled to a mass-selective detector, equipped with
a 30m · 0.32mm (inner diameter) HP-5 columnwith
a film thickness of 0.25 mm.Heliumwas used as carrier
gas, with a constant flow rate of 1.2 ml/min. The GC
oven temperature was initially held at 80°C for 2 min,
ramped to 290°C at 4°C/min, and then held at 290°C
for 20 min. The mass spectrometer was operated in
selected ion monitoring mode (mass-to-charge ratio
[m/z] 191 for hopanes; m/z 217 for steranes).

Gas Chromatography–Triple Quadrupole Mass
Spectrometry

The GC–MS–MS analysis was performed using a
Thermo Fisher TSQ Quantum XLS instrument;
details of the procedures used are given in Liang
et al. (2012). In this approach, a 1-ml aliquot of each
sample was injected into the GC system using an AS
3000 autosampler. TheGC instrumentwas equipped
with a PTV injector, and a DB-1 fused silica capillary
column with a 50 m · 0.32 mm · 0.52 mm thickness
film. These analyses used a PTV splitless mode with
an inlet temperature of 300°C and a split flow at 15
ml/min following 1 min of splitless flow. Helium
(99.999% purity) carrier gas was used during analysis
in constantflowmode at a rate of 1.5ml/min. TheGC
oven temperature was initially set at 50°C for 2 min,
before increasing at 15°C/min to 80°C, 2.5°C/min to
250°C, and a final increase of 15°C/min to 300°C
before being held for 10 min. Quantification of dia-
mondoid compounds (Table 2) was undertaken using
a selected reaction monitoring mode comparison be-
tween peak areas for unknowns and two internal
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Table 1. Basic Data of the Oil Samples Used in This Study

Sample Area Well Tectonic Unit Depth (m [ft]) Reservoir Type
Biomarker
Group*

Diamondoid
Group†

1 Tazhong No. 1
fault zone

TZ26 Tazhong uplift 4300–4360
(14,108–14,304)

O3 Condensate
(darker in
color)

1 1

2 TZ26 Tazhong uplift 4300–4360
(14,108–14,304)

O3 Condensate
(lighter in
color)

1 1

3 TZ261 Tazhong uplift 4348–4560
(14,265–14,961)

O3 Condensate 1 1

4 TZ261 Tazhong uplift 4357–4380
(14,295–14,370)

O3 Condensate 1 1

5 TZ242 Tazhong uplift 4065.15 (13,337.11) S Normal oil 1 1
6 TZ242 Tazhong uplift 4515.56–4546.56

(14,814.83–14,916.54)
O3 Condensate 1 1

7 TZ62 Tazhong uplift 4052.88–4073.58
(13,296.85–13,364.76)

S Normal oil 2 2

8 TZ62-1 Tazhong uplift 4892.07–4973.76
(16,050.10t–16,318.11)

O3 Normal oil 1 1

9 TZ62-2 Tazhong uplift 4773–4825
(15,661–15,830)

O3 Condensate 1 1

10 TZ62-3 Tazhong uplift 5072–5165
(16,640–16,946)

O3 Condensate 1 1

11 TZ621 Tazhong uplift 4851–4885
(15,915–16,027)

O3 Normal oil 1 1

12 TZ622 Tazhong uplift 4914–4925
(16,122–16,158)

O3 Heavy oil 1 1

13 TZ82 Tazhong uplift 5430–5487
(17,815–18,002)

O3 Condensate 1 1

14 TZ821 Tazhong uplift 5212.6–5250.2
(17,101.7–17,225.1)

O3 Condensate 1 1

15 TZ824 Tazhong uplift 5745–5750
(18,848–18,865)

O3 Condensate 1 1

16 TZ826 Tazhong uplift 5472–5668
(17,953–18,596)

O3 Condensate 1 1

17 TZ54 Tazhong uplift 5832–5858
(19,134–19,219)

O3 Condensate 1 1

18 TZ721 Tazhong uplift 5205–5505
(17,077–18,061)

O1 Waxy oil nd 2

19 Nearby blocks TZ721 Tazhong uplift 5355–5505
(17,569–18,061)

O1 Waxy oil nd 2

20 TZ722 Tazhong uplift 4916.1–4980.4
(16,128.9–16,339.9)

O3 Normal oil nd 2

21 TZ83 Tazhong uplift 5433–5441
(17,825–17,851)

O3 Condensate nd 2

22 TZ452 Tazhong uplift 6377–6550
(20,922–21,490)

O1+2 Condensate 2 2

(continued )
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Table 1. Continued

Sample Area Well Tectonic Unit Depth (m [ft]) Reservoir Type
Biomarker
Group*

Diamondoid
Group†

23 TZ451 Tazhong uplift 6050–6298
(19,849–20,663)

O1+2 Condensate 1 2

24 ZG17 Tazhong uplift 6438–6448
(21,122–21,155)

O2+3 Condensate nd 2

25 TZ47 Tazhong uplift 4978–4986
(16,332–16,358)

S Normal oil 1 2

26 TZ111 Tazhong uplift 4357–4364
(14,295–14,318)

S Heavy oil 1 1

27 TZ12 Tazhong uplift 4374.5–4413.5
(14,352–14,480)

S Heavy oil 1 1

28 TZ12 Tazhong uplift 4631.88–4733.92
(15,196.46–15,531.23)

O3 Heavy oil 1 1

29 TZ122 Tazhong uplift 4349–4353
(14,268–14,281)

S Heavy oil 1 1

30 TZ122 Tazhong uplift 4707.07–4733.92
(15,443.14–15,531.23)

O3 Normal oil 1 1

31 TZ50 Tazhong uplift 4378–4385
(14,364–14,386)

S Heavy oil 1 1

32 TZ15 Tazhong uplift 4300–4307
(14,108–14,131)

S Heavy oil 1 1

33 Yingmaili YM7 Tabei uplift 5212.69–5277.19
(17,102.00–17,313.62)

O Normal oil 3 3

34 YM32 Tabei uplift 5408–5413
(17,743–17,759)

2 Normal oil 3 3

35 YM321 Tabei uplift 5239–5244
(17,188–17,205)

K Normal oil 3 3

36 YM321 Tabei uplift 5335.5–5351.3
(17,504.9–17,556.8)

2 Normal oil 3 3

37 YM33 Tabei uplift 5502–5513
(18,051–18,087)

2 Normal oil 3 3

38 YM34 Tabei uplift 5387.08 (17,674.15) S Normal oil 3 3
39 YM35 Tabei uplift 5579–5585

(18,304–18,323)
S Normal oil 3 3

40 YM35 Tabei uplift 5623–5626
(18,448–18,458)

S Normal oil 3 3

41 YM41 Tabei uplift 5287.95 (17,348.92) — Normal oil 3 3
42 Taibei YM2 Tabei uplift 5942–5953

(19,495–19,531)
O1 Normal oil 1 1

43 Tadong TD2 Tadong sag 4561–5040
(14,964–16,535)

2 Heavy oil 2 2

Abbreviations: –5 not known;25 Cambrian; K5 Cretaceous; nd5 not determined; O5 Ordovician; O15 Lower Ordovician; O1+25 Lower–Middle Ordovician; O2+35
Middle–Upper Ordovician; O3 5 Upper Ordovician; S 5 Silurian; TD 5 Tadong; TZ 5 Tazhong; YM 5 Yingmai; ZG 5 Zhonggu.

*Oils are grouped according to the biomarker characteristics.
†Oils are grouped according to the diamondoid characteristics.
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standards, namely, n-dodecane-d26 for adamantanes
and n-hexadecane-d34 for diamantanes.

RESULTS AND DISCUSSION

Source Identification

Previous studies provided two end-members based on
the composition and distribution of alkanes, aromatic

hydrocarbons, and biomarkers and the isotope char-
acteristics of individual n-alkanes. Oils derived
from the TD2 (sample 43) and TZ62 (sample 7)
wells were suggested to be the end-member com-
positions for typical Cambrian–Lower Ordovician
sourced marine oils within the Tarim Basin, whereas
the YM2 oil (sample 42) is a representative example
of an end-member oil derived from Middle–Upper
Ordovician source rocks (Xiao et al., 2005; Tang and
Wang, 2007; Li et al., 2010).

Table 2. The Detected Diamondoid Compounds in This Study

Compound Molecular Formula Diamondoid Compound Abbreviation

1 C10H16 Adamantane A
2 C11H18 1-Methyladamantane 1-MA
3 C12H20 1,3-Dimethyladamantane 1,3-DMA
4 C13H22 1,3,5-Trimethyladamantane 1,3,5-TMA
5 C14H24 1,3,5,7-Tetramethyladamantane 1,3,5,7-TeMA
6 C11H18 2-Methyladamantane 2-MA
7 C12H20 1,4-Dimethyladamantane(cis) 1,4-DMA(cis)
8 C12H20 1,4-Dimethyladamantane(trans) 1,4-DMA(trans)
9 C13H22 1,3,6-Trimethyladamantane 1,3,6-TMA
10 C12H20 1,2-Dimethyladamantane 1,2-DMA
11 C13H22 1,3,4-Trimethyladamantane(cis) 1,3,4-TMA(cis)
12 C13H22 1,3,4-Trimethyladamantane(trans) 1,3,4-TMA(trans)
13 C14H24 1,2,5,7-Tetramethyladamantane 1,2,5,7-TeMA
14 C12H20 1-Ethyladamantane 1-EA
15 C12H20 2,6-+2,4-Dimethyladamantane 2,6- + 2,4-DMA
16 C13H22 1-Ethyl-3-methyladamantane 1-E-3-MA
17 C13H22 1,2,3-Trimethyladamantane 1,2,3-TMA
18 C14H24 1-Ethyl-3,5-dimethyladamantane 1-E-3,5-DMA
19 C12H20 2-Ethyladamantane 2-EA
20 C14H24 1,3,5,6-Tetramethyladamantane 1,3,5,6-TeMA
21 C14H24 1,2,3,5-Tetramethyladamantane 1,2,3,5-TeMA
22 C15H26 1-Ethyl-3,5,7-trimethyladamantane 1-E-3,5,7-TMA
I.S.-1 C12D26 n-Dodecane-d26 nC12-d26
23 C14H20 Diamantane D
24 C15H22 4-Methyldiamantane 4-MD
25 C16H24 4,9-Dimethyldiamantane 4,9-DMD
26 C15H22 1-Methyldiamantane 1-MD
27 C16H24 1,4-+2,4-Dimethyldiamantane 1,4- + 2,4-DMD
28 C16H24 4,8-Dimethyldiamantane 4,8-DMD
29 C17H26 1,4,9-Trimethyldiamantane 1,4,9-TMD
30 C15H22 3-Methyldiamantane 3-MD
31 C16H24 3,4-Dimethyldiamantane 3,4-DMD
32 C17H26 3,4,9-Trimethyldiamantane 3,4,9-TMD
I.S.-2 C16D34 n-Hexadecane-d34 nC16-d34

Abbreviation: I.S. = internal standard.
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Table 3. Values of Some Relevant Parameters Used in This Study

Sample Well Pr/Ph Ts/(Ts + Tm) T/(T + H) T/P 20S bb MPI-1 MDR MDI Rc1-1 (%) Rc1-2 (%) Rc2 (%) Rc3 (%)

1 TZ26 0.82 0.48 0.22 0.34 0.51 0.50 0.65 5.60 0.49 0.79 1.91 1.36 1.63
2 TZ26 0.85 0.48 0.28 0.48 0.50 0.51 0.66 5.38 0.49 0.79 1.91 1.35 1.64
3 TZ261 0.78 0.47 0.37 0.73 0.52 0.52 0.66 4.21 0.65 0.80 1.90 1.28 2.03
4 TZ261 0.73 0.56 0.62 2.65 nd nd 0.66 4.43 0.67 0.79 1.91 1.29 2.06
5 TZ242 0.98 0.48 0.57 1.48 0.54 0.52 0.70 4.11 0.45 0.82 1.88 1.27 1.52
6 TZ242 0.76 0.49 0.48 0.99 0.52 0.54 0.66 5.03 0.43 0.80 1.90 1.33 1.49
7 TZ62 0.89 0.36 0.49 1.39 0.50 0.43 1.28 3.03 0.37 1.17 1.53 1.19 1.35
8 TZ62-1 0.68 0.52 0.52 1.04 0.53 0.55 0.68 4.61 0.42 0.81 1.89 1.30 1.46
9 TZ62-2 0.76 0.53 0.72 2.67 0.58 0.55 0.70 5.19 0.42 0.82 1.88 1.34 1.46
10 TZ62-3 0.74 0.52 0.60 1.29 0.53 0.54 0.61 4.16 0.42 0.76 1.94 1.28 1.47
11 TZ621 0.70 0.51 0.54 1.16 0.53 0.54 0.69 4.71 0.41 0.82 1.88 1.31 1.43
12 TZ622 0.73 0.54 0.57 1.25 0.54 0.54 0.64 4.47 0.42 0.79 1.91 1.30 1.46
13 TZ82 0.77 0.53 0.43 1.00 0.52 0.52 0.76 8.24 0.42 0.86 1.84 1.46 1.46
14 TZ821 0.71 1.00 0.86 7.61 0.58 0.61 0.66 5.23 0.44 0.80 1.90 1.34 1.52
15 TZ824 0.69 0.49 0.21 0.49 0.48 0.40 0.74 16.47 0.39 0.84 1.86 1.64 1.38
16 TZ826 0.75 0.51 0.36 0.88 0.46 0.42 0.76 7.26 0.48 0.85 1.85 1.42 1.61
17 TZ54 0.74 0.54 0.36 0.93 0.49 0.45 0.67 11.32 0.41 0.80 1.90 1.54 1.43
18 TZ721 0.76 — — 1.15 — — 0.67 3.53 0.46 0.80 1.90 1.23 1.56
19 TZ721 0.76 — — 8.25 — — 0.57 3.47 0.46 0.74 1.96 1.23 1.55
20 TZ722 — — — — — — — — 0.42 — nd nd 1.47
21 TZ83 0.78 — — — — — 0.77 8.35 0.42 0.86 1.84 1.46 1.46
22 TZ452 0.81 0.57 0.43 1.11 0.48 0.40 0.45 4.42 0.42 0.67 2.03 1.29 1.46
23 TZ451 0.75 0.83 0.79 2.82 0.58 0.56 0.71 6.22 0.40 0.83 1.87 1.38 1.42
24 ZG17 — — — — — — — — 0.44 — nd nd 1.51
25 TZ47 0.76 0.42 0.41 0.69 0.50 0.53 0.87 6.49 0.40 0.92 1.78 1.40 1.41
26 TZ111 0.72 0.36 0.51 0.97 0.49 0.52 0.63 3.69 0.43 0.78 1.92 1.25 1.50
27 TZ12 0.85 0.41 0.26 0.40 0.48 0.47 0.91 3.46 0.40 0.94 1.76 1.23 1.42
28 TZ12 0.78 0.47 0.59 1.53 0.51 0.53 0.68 2.86 0.42 0.81 1.89 1.18 1.47
29 TZ122 0.65 0.46 0.29 0.48 0.49 0.50 0.81 6.51 0.43 0.89 1.81 1.40 1.49
30 TZ122 0.60 0.48 0.24 0.40 0.50 0.52 0.75 5.21 0.42 0.85 1.85 1.34 1.45
31 TZ50 0.72 0.43 0.47 0.97 0.51 0.51 0.73 6.63 0.39 0.84 1.86 1.40 1.39
32 TZ15 0.87 0.56 0.70 2.09 0.54 0.50 1.24 4.96 0.41 1.15 1.55 1.32 1.44
33 YM7 1.44 0.60 0.06 0.13 0.39 0.42 0.66 3.55 0.30 0.80 1.90 1.24 1.18
34 YM32 1.50 0.58 0.07 0.13 0.39 0.42 0.64 7.83 0.31 0.79 1.91 1.44 1.20
35 YM321 1.42 0.54 0.06 0.15 0.39 0.37 0.70 6.72 0.31 0.82 1.88 1.40 1.20
36 YM321 1.52 0.59 0.06 0.13 0.39 0.43 0.62 5.08 0.32 0.77 1.93 1.33 1.21
37 YM33 1.47 0.59 0.07 0.13 0.40 0.42 0.60 7.54 0.30 0.76 1.94 1.43 1.17
38 YM34 1.41 0.56 0.06 0.13 0.40 0.41 0.75 8.02 0.27 0.85 1.85 1.45 1.10
39 YM35 1.45 0.57 0.08 0.15 0.41 0.44 0.62 7.29 0.27 0.77 1.93 1.43 1.10
40 YM35 1.45 0.59 0.07 0.14 0.40 0.43 0.60 5.67 0.36 0.76 1.94 1.36 1.31
41 YM41 1.53 0.57 0.09 0.17 0.42 0.46 0.81 8.75 0.31 0.88 1.82 1.47 1.19
42 YM2 0.77 0.35 0.35 0.54 0.49 0.53 0.69 3.71 0.44 0.82 1.88 1.25 1.50
43 TD2 1.00 0.40 0.26 0.51 0.41 0.36 0.61 4.87 0.28 0.77 1.93 1.32 1.11

Abbreviations: – = no detection; 20S = 20S/(S + R) ratio for C29-aaa steranes; bb =abb/(aaa+ abb) ratio for C29 steranes; MDBT =methyldibenzothiophene; MDI =
methyldiamantane index (4-MD/[4- + 1- + 3-MD]); MDR =methyldibenzothiophene ratio (4- MDBT/1- MDBT); MPI-1 =methylphenanthrene index 1 (1.5 · [2-MP +
3-MP]/[P + 1-MP + 9-MP]); nd = not determined; Pr/Ph = pristine/phytane; Rc1-1 = calculated equivalent vitrinite reflectance (0.6 ·MPI-1 + 0.4) (Radke and Welte,
1983); Rc1-2 = -0.6 ·MPI-1 + 2.30 (Radke and Welte, 1983); Rc2 = 0.263 · Ln (MDR) + 0.9034 (Dzou et al., 1995); Rc3 = 2.4389 ·MDI + 0.4363 (Chen et al., 1996);
TD = Tadong; T/P = tricyclic/pentacyclic terpane; T/(T + H) = C23 tricyclic terpane/(C23 tricyclic terpane + C30 17a,21b(H)-hopane); Tm = 18a(H)-22,29,30-
Trisnorhopane; Ts = 17a(H)-22,29,30-Trisnorhopane; TZ = Tazhong; YM = Yingmai; ZG = Zhonggu.
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The oils from the Tazhong uplift in this study can
be broadly divided into two groups based on the
distribution of C27, C28, and C29 regular steranes and
the abundance of gammacerane (Figures 3, 4, Table
1, Figures S2, S3, supplementary material available as
AAPG Datashare 90 at www.aapg.org/datashare).
Group I oils are mainly associated with the Tazhong
No. 1 fault zone in the northern part of the Tazhong
uplift and the TZ111, TZ122, TZ12, TZ50, TZ15,
TZ451, and TZ47 wells of the nearby blocks. Their
C27, C28, and C29 regular sterane distribution has a V
shape, and they containminor gammacerane (Figures
3, 4, Figures S2, S3, supplementary material available
as AAPG Datashare 90 at www.aapg.org/datashare).
These are typical characteristics of source rocks col-
lected from the Middle–Upper Ordovician strata
(Zhang et al., 2000), suggesting that group I oils are
predominantly derived from the Middle–Upper Or-
dovician source rocks. The group II oils, including
those from the TZ452-47 block close to the Tazhong
No. 1 fault zone, are characterized by a linear or
anti-L shape of the C27, C28, and C29 regular sterane
distribution and a relatively high abundance of
gammacerane, typical for oils that originated from the
Cambrian–Lower Ordovician (Zhang et al., 2000; Li
et al., 2010). This suggests that group II oils were
produced by Cambrian–Lower Ordovician sources.
No biomarkers have been detected for oils from the
TZ721 (samples 18 and 19), TZ722 (sample 20),
TZ83 (sample 21), and ZG1 (sample 24) wells in
this work. The origin of these oils could not be
established based on their biomarkers. In com-
parison to oils of groups I and II, oils within the
Yingmaili section of the Luntai uplift have a higher
Ph/Pr ratio, lower C23 tricyclic/(C23 tricyclic + C30

hopane) ratio, and lower ratio of tricyclic to penta-
cyclic terpanes (Table 3), which is characteristic for
oils from Luntai that are thought to be derived from
Jurassic or possibly Triassic lacustrine source rocks
within the Kuche depression (Hanson et al., 2000).
Therefore, the oils of the Luntai area in this study are
classified as group III oils for source identification of
diamondoids.

The concentrations of individual diamondoid
compounds within the oil samples analyzed during
this study are given in Table S1 (supplementary
material available as AAPG Datashare 90 at www.
aapg.org/datashare). Figure 5 shows that the ana-
lyzed oils are characterized by different concen-
trations of adamantanes and diamantanes. For example,
oils from the Tazhong No. 1 fault zone contain rela-
tively high concentrations of adamantanes and di-
amantanes (887.1–8088 ppm total adamantanes;
147.1–2687 ppm total diamantanes), whereas oils
from the Yingmaili area of the Luntai uplift contain
lower concentrations of diamondoids (311.7–669.5
ppm total adamantanes; 29.5–60.0 ppm total dia-
mantanes). All other oils have concentrations between
these two. In general, condensates have higher con-
centrations of diamondoids than the normal and heavy
oils in the Tazhong uplift; the lacustrine oils from
the Yingmaili area have relatively lower concentra-
tions of diamondoids than the normal marine oils
from the Tazhong area. Therefore, the abundance of
diamondoids within oils is controlled by both thermal
maturity and the source of the oil, with the latter being
especially important for oils within the oil window.

It is known that the quantity of the matrix (equal
to the oil or soluble extraction of the source rock)
changes during the thermal evolution of an oil or
a source rock. Consequently, the diamondoid con-
centration of the oil or source rock is associated
not only to the absolute quantity of diamondoid
hydrocarbons but also to the quantity of the matrix.
However, the concentration ratios of diamondoids do
not correlate with the quantity of the matrix (Fang
et al., 2013). The comparison of the concentration
ratios of diamondoid pairs can thus eliminate the
effect of matrix changes during the identification of
oil sources. Variations in ratios for a few diamondoid
pairs (adamantane[A]/methyladamantanes [MAs]versus
MAs/dimethyladamantanes [DMAs], A/diamantane
[D] versus MAs/MDs, and A/D versus 1-MA/4-MD)
within oils in the Tarim Basin are shown in Figure 6

Figure 5. Cross plot of concentrations of adamantanes and
diamantanes for Tarim oils. The label numbers refer to the sample
numbers listed in Table 1. TD2 = Tadong 2; YM2 = Yingmai 2.
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Figure 6. Cross plots of con-
centration ratios of adamantanes
(As) and diamantanes (Ds) for
Tarim oils: (A) A/methyl-
adamantanes (MAs) versus MAs/
dimethyladamantanes (DMAs),
(B) A/D versus MAs/methyl-
diamantanes (MDs), and (C) A/D
versus 1-MA/4-MD. The label
numbers refer to the sample
numbers listed in Table 1. TD2 =
Tadong 2; YM2 = Yingmai 2.
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(corresponding data are shown in Table S2, supple-
mentary material available as AAPG Datashare 90 at
www.aapg.org/datashare). Notably, except the normal
and heavy oils with relatively lower concentration
ratios, different group oils can be easily identified
in Figure 6, plotting along different trend lines. Both
normal and heavy oils within groups I and II plot in
a relatively concentrated area with low concentration
ratios of diamondoids in Figure 6 (dashed circle), with
YM2 (group I) and TD2 (group II) oils also plotting in
this area. Lacustrine oils from the Yingmaili area of
the Luntai uplift define a third group of oils that show
a different distribution in Figure 6 compared with the
group I and II oils. It is notable that oils from the
TZ721 (samples 18 and 19), TZ722 (sample 20),
TZ83 (sample 21), and ZG17 (sample 24) wells,
which cannot be grouped based on the biomarker
compositions, as we stated earlier, can be classified
according to the cross plots in Figure 6; they plot along
the trend line of group II. Oils from TZ451 (sample
23) and TZ47 (sample 25) also plot on the line
of group II, which is inconsistent with the biomarker
characteristics indicating that those two oils are as-
sociated with group I (Table 1). This might be be-
cause of themixing of oils from the Cambrian–Lower
Ordovician strata with Middle–Upper Ordovician
source rocks. Taking into consideration that bio-
markers are minor compounds of the oils and that
they are prone to be contaminated by oils with rel-
atively higher biomarker contents from other source
rocks, we suggest that those two oils are dominated by
oils generated from the Cambrian–Lower Ordovician
strata and were contaminated by Middle–Upper
Ordovician oils.

Several diamondoid isomerization ratios, in-
cluding the ethyladamantane (EA) index (EAI [1-
EA/{1-EA + 2-EA}]) and the dimethyldiamantane
indices (DMDI-1 [4,9-DMD/{4,9-DMD + 3,4-DMD}]
and DMDI-2 [4,9-DMD/{4,9-DMD + 4,8-DMD}]),
are also indicative of the sourcing of oils, and
thermal maturity and biodegradation have no effect
on DMDI-1 and DMDI-2 values (Schulz et al.,
2001). The data presented in Fang et al. (2013) show
that diamondoid isomerization ratios (e.g., methyl-
adamantane index [MAI; 1-MA/{1-MA + 2-MA}],
dimethyladamantane index 1 [DMAI-1; 1,3-DMA/
{1,2-DMA + 1,3-DMA}], dimethyladamantane index
2 [DMAI-2; 1,3-DMA/{1,3-DMA + 1,4-DMA}],
trimethyladamantane index 1 [TMAI-1; 1,3,5-TMA/

{1,3,5-TMA + 1,3,4-TMA}], and trimethyladamantane
index 2 [TMAI-2; 1,3,5-TMA/{1,3,5-TMA + 1,3,6-
TMA}]) in oils are also unaffected by thermal maturity
levels with EasyRo (Sweeney and Burnham, 1990)
values less than 2.0%, suggesting that oils from the
same source with relatively low maturities should
have a small range of isomerization ratios. However,
significant differences in isomerization ratio values
might be caused by changes in source rock facies.
Figure 7 (corresponding data are shown in Table S2,
supplementarymaterial available asAAPGDatashare
90 at www.aapg.org/datashare) clearly separates the
normal and heavy oils within the three oil groups
defined above, demonstrating that oils with relatively
low maturity have diamondoid isomerization ratios
that are source dependent and therefore can be used
for oil–oil correlation of normal and even heavy oils.
Thus, awide range of oils, including heavy oils, normal
oils, and condensates, can be grouped based on the
combination of the diamondoid concentration indices
in Figure 6 and the isomerization ratios in Figure 7.
And the classification result based on Figures 6 and
7 further supports the fact that group I oils were
predominantly derived from the Middle–Upper
Ordovician source rocks, whereas group II oils were
produced by Cambrian–Lower Ordovician sources
because the group I oils were grouped with the end-
member oil (YM2) derived from the Middle–Upper
Ordovician rocks, whereas group II oils were grouped
with the end-member oil (TD2) produced from the
Cambrian–Lower Ordovician rocks (Figure 7).

Maturity Determination

Biomarker and aromatic hydrocarbon ratios related to
the oil maturity have been measured in the present
study, such as 20S/(S + R) and abb/(aaa + abb) for
the C29 steranes, Ts/(Ts + Tm), MPI-1, and MDR. The
C29 20S/(S + R) sterane ratios of group I and group II
oils range from 0.46 to 0.58 (Table 3), suggesting that
these oils are mature (Ro > 0.7%) because this ratio
reaches its equilibrium point of 0.52–0.55 (Seifert and
Moldowan, 1986; Peters et al., 2005). The C29

abb/(aaa + abb) sterane ratio ranges from 0.40 to
0.61 but does not reach its equilibrium (0.67–0.71;
Seifert and Moldowan, 1986; Peters et al., 2005).
Thus,most of the biomarkermaturity indicators of the
steranes and hopanes may have lost their effectiveness.
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However, the values of theC29 20S/(S +R) sterane and
the C29 abb/(aaa + abb) sterane ratios of the group
III oils are in the ranges of 0.39–0.49 and 0.36–0.53,
respectively, suggesting that the oils of this group
have a relatively lower maturity than those of groups I
and II oils. The Ts/(Tm + Ts) ratio is applicable over a
wide range, from immature to mature to postmature;
however, it strongly depends on the source (Peters
et al., 2005). Table 3 shows that most of the oils in
groups I and II range from 0.41 to 0.57, except for
some exceptionally high or low values, whereas the
oils in group III all approach 0.6, and it is hard to
distinguish their maturity. Table 3 shows that MPI-1
[1.5 · (2-MP + 3-MP)/(P + 1-MP + 9-MP)] proposed
by Radke and Welte (1983) ranges from 0.45 to
1.28. Because the MPI-1 shows a good positive linear
correlation with the Ro in the oil window (0.65%–

1.35% Ro) but a negative trend at higher maturity
(1.35%–2.0% Ro) (Radke and Welte, 1983), two
sequences of calculated equivalent Ro values (Rc1-1
and Rc1-2) have been determined based on MPI-1.
The Rc1-1 values are mainly in the range of 0.70%–

0.90% for all the three groups of oils, whereas the
Rc1-2 values of most oils are close to 2.0% (Table 3).
Thematurity parameter ofMDR (4-MDBT/1-MDBT)
was proposed by Radke et al. (1986) and is con-
sidered to be particularly useful for the measure-
ment of high-level maturities (Dzou et al., 1995).
Another equivalent Ro (Rc2) can be derived based
on the formula Rc2 (%) = 0.26338 · ln (MDR) +
0.9034 (Dzou et al., 1995). The Rc2 values suggest
that these oils are highly mature (1.18%–1.64% for
group I and group II oils and 1.24%–1.47% for group
III oils; Table 3).

We also calculated the equivalent Ro (Rc3) based
on the diamondoid index MDI (Table 3), which was
proposed by Chen et al. (1996). The Rc3 values of
group I and II oils range from 1.35% to 1.64%,
except for the two TZ261 oils (2.03% and 2.06%),
whereas those of group III oils are in the range of
1.10%–1.50%, similar to the result for Rc2. The
difference of Rc1, Rc2, and Rc3 might be caused by
several factors. The inconsistencies might be related
to problems with respect to the calculation of the
indices because the equations we used are the
empirical relationships based on data for individual
basins or regions, which might change in different
areas. For example, the type of organic matter and
migration could affect the methylphenanthrene

ratios (Peters et al., 2005), which in turn affects the
empirical relationship. However, multiple hydrocar-
bon charges to petroleum accumulations could also
cause the discrepancy because different compound
classes may be generated at different maturation
stages. For example, diamondoid hydrocarbons are
probably generated at later maturation stages than
most aromatic hydrocarbons (Zhang et al., 2005).
Additionally, oil mixtures frommore than one source
or different maturity stages of a source rock can lead
to inconsistencies (Zhang et al., 2005). We suggest
that the sterane parameters are more effective in
investigating relatively low mature oils, whereas the
methyldibenzothiophene and diamondoid indices are
probably more reliable for the evaluation of the ma-
turity of highly mature oils such as that of group I and II.

It is widely accepted that diamondoid indices
(e.g., MAI and MDI) can be used to determine the
thermal maturity of highly mature crude oils (Ro >
1.1%; Chen et al., 1996) and that higher diamondoid
concentrations are indicative of higher thermal ma-
turities (Chen et al., 1996; Dahl et al., 1999). Chen
et al. (1996) first proposed the relationship between
MDI and the Ro and inferred that the maturity of the
crude oils in the Tarim Basin is generally greater than
1.1% Ro, whereas gases and condensates from the
Yinggehai and Qiongdongnan basins in China have
maturities equivalent to 1.6%–2.0% Ro. The MDI
index has also been used as a maturity parameter
for highly mature and overmature carbonate source
rocks in the Shangangning Basin in China; it has
been suggested that the MDI index cannot be used to
measure the maturities of source rocks with a matu-
rity greater than 2.0% Ro (Li et al., 2000). However,
Figures 5–7 reveal that diamondoid abundances and
ratios within oils are also related to hydrocarbon
sources. Wei et al. (2006) reported that diamondoid
abundances in various source rocks (including types I
and II of organic matter of terrestrial or marine input)
are generally an order of magnitude higher than the
abundances of diamondoids within coals under the
same thermal maturity conditions. The present study
indicates that group III lacustrine oils contain lower
concentrations of diamondoids than group I and II
marine oils (Figure 5), with distinct diamondoid ratio
trends (Figures 6, 7). This finding suggests that the
evaluationof oilmaturity usingdiamondoid abundance
and ratios should only be performedon oilswith similar
sources.
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Figure 8. Cross plots of di-
methyladamantane index 1
(DMAI-1; 1,3-DMA/[1,2-DMA +
1,3-DMA]) versus dimethylada-
mantanes (DMAs)/methyl-
diamantanes (MDs) for Tarim
Basin oils. (A) Distribution of
group I, group II, and group III
oils in the cross plot. (B) Distri-
bution of group I oils in the
cross plot. (C) Distribution of
group II and group III oils in
the cross plot. TD2 = Tadong 2;
YM2 = Yingmai 2.
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Different diamondoid indices are suitable for
different maturity ranges (Fang et al., 2013) be-
cause diamondoid concentration ratios show a posi-
tive correlation with thermal maturity during the
early stages of oil cracking (corresponding to EasyRo

1.0%–2.0%) but a negative correlation with EasyRo

values of greater than 2.0%. Diamondoid isomeri-
zation ratios show a positive correlation with thermal
maturity during the later stages of oil cracking (cor-
responding to EasyRo > 2.0%). This result of Fang
et al. (2013) shows that diamondoid concentration
ratios can be used to assess the maturity of oils with
EasyRo 1.0%–2.0% and diamondoid isomerization
ratios can be used for the assessment of highly ma-
ture condensates (EasyRo > 2.0%). Oils within the
oil window (EasyRo 0.5%–1.0%) have diamondoid
concentrations and distributions that are dependent
on the source instead of maturity, suggesting that
diamondoid analysis cannot be used to determine
thematurity of oils within the oil window; however,
traditional biomarker methods can be used at this
stage of thermal maturity.

The concentrations of diamondoids vary signifi-
cantly within the oils analyzed during this study,
indicating that oils within the Tarim Basin have
a wide range of thermal maturity; this is especially
true for oils from the Tazhong No. 1 fault zone
(Figure 5). Figure 7 shows that all group III oils have
similar diamondoid isomerization ratios, and the
majority of group II oils also have similar values to
each other, suggesting their thermal maturity is less
than 2.0% (EasyRo) because the diamondoid isom-
erization ratios are almost unaffected by thermal
maturity levels when EasyRo < 2.0% (Fang et al.,
2013). Diamondoid concentration ratios can also be
used to assess thermal maturity levels, and an in-
creasing oil maturity trend is clearly evident for
group II and III oils in Figure 6. Furthermore, Figures
6 and 7 also show that the group I oils have highly
variable thermal maturities. Oils from the TZ261
(samples 3 and 4) and TZ826 (sample 16) wells have
low concentration ratios (Figure 6B, C) but high
concentrations of diamondoids within these oils
(Figure 5), demonstrating that these oils have un-
dergone at least some cracking and suggesting that
they have entered a higher thermal maturity stage
(EasyRo > 2.0%). Figure 7 also shows that oils from
the TZ26 (samples 1 and 2), TZ261 (samples 3 and
4), TZ826 (sample 16), and TZ821 (sample 14)

wells have maturities that can be assessed using di-
amondoid isomerization ratios, although the thermal
maturity of the majority of the group I oils can be
evaluated more accurately using diamondoid con-
centration ratios (Figure 6B, C).

Fang et al. (2013) suggested that more refined
maturity assessments can be obtained by plotting
diamondoid concentrations against diamondoid
isomerization ratios. This is shown in Figure 8, in
which the constant DMAI-1 values of group II and III
oils are indicative of the early stages of oil cracking
(Figure 8C), whereas group I oils have a wide range of
thermal maturities and have diamondoid parameters
that define a thermal evolution trend similar to that
found by Fang et al. (2013) (Figure 8B). In addition,
Figures 6 and 7 indicate that the thermal maturity
of Ordovician oils associated with the Tazhong No. 1
fault zone is independent of burial depth (Table 1)
and increases fromwest to east (Figures 1B, 6, 7).One
possible explanation for this trend is that highly
mature condensates located in the eastern part of
the Tazhong No. 1 fault zone represent a late stage
of hydrocarbon charging, with these condensates
migrating from a deeper, older, and more mature
source.

Factors other than thermal maturation, such as
biodegradation, evaporation, and other reservoir
fractionations such as gas washing (Zhang et al. 2011),
can also affect the concentration and composition
of diamondoids within oils, leading to changes in the
distributions shown in Figures 6–8. This is exem-
plified by waxy TZ721 oils (samples 18 and 19) that
have higher A/MAs ratios (Figure 6A). Jia et al.
(2013) used carbon and hydrogen isotope analysis
of individual n-alkanes to suggest that these waxy
oils are a mix of highly mature oils generated from
Middle–Upper Ordovician and Cambrian–Lower Ordo-
vician sources. However, Figure 6 clearly shows that
these waxy oils are closely related to the group II
oils, but the TZ721 oils have higher MAI, DMAI-1,
and DMAI-2 ratios than group II oils (Figures 7,
8C). These variations could be explained by reservoir
fractionation. In addition, TD2 and TZ62 (sample 7)
oils have relatively low DMAI-1 and DMAs/MDs
ratios (Figure 8C) that may relate to evaporative frac-
tionation because this process causes the preferential
loss of diamondoid compounds with relatively low
boiling points and therefore decreases the DMAs/
MDs and DMAI-1 ratios of residual oils (Li et al., 2014).
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Extent of Oil Cracking

The term “oil cracking” broadly refers to the thermal
breakdown of heavy hydrocarbons to lighter hydro-
carbons during the maturation of crude oil (Dahl
et al., 1999). This process is an important evolu-
tionary step for the formation of condensate oils and
gases in the deeper sections of basins. The dia-
mondoid method of Dahl et al. (1999) has been
widely used to estimate the extent of oil cracking.
However, experiments performed by Fang et al.
(2012) suggest that there are threemain stages of oil
cracking: condensate generation (1.0%–1.5% EasyRo),
wet gas generation (1.5%–2.1% EasyRo), and dry gas
generation (2.1%–4.5% EasyRo). The first stage of oil
cracking is dominated by the thermal breakdown of
C13+hydrocarbons to formC6–C12hydrocarbons,with
a lack of oil mass loss showing that the concentra-
tions of 4- + 3-methyldiamantane in oils are insen-
sitive to this early stage of cracking. However, the
wet gas stage of oil cracking (>1.5% EasyRo) is as-
sociated with the generation of gaseous hydrocar-
bons, a process that is associated with oil mass loss.
This suggests that diamondoid concentrations can
be used to estimate the degree of oil cracking once
the wet gas stage has been entered. Given this, we
use the term oil cracking to describe the thermal
breakdown of liquid to gaseous hydrocarbons.

The extent of oil cracking (EOC; i.e., the per-
centage of liquid hydrocarbons converted to gas and
pyrobitumen) can be calculated using the following
formula (Dahl et al., 1999):

EOCð%Þ = ½1 - ðC0=CcÞ� · 100 (1)

where C0 is the concentration of 4- + 3-methyl-
diamantane in uncracked oils (i.e., the methyl-
diamantanebaseline) andCc is the concentrationof 4-+
3-methyldiamantane in cracked oils derived from the
same source. Oils within the same basin from different
sources probably have their own diamondoid baselines,
indicating that the use of this method to determine
EOC values is reliant on accurately determining these
baseline values (i.e.,C0).However, it is still unclearhow
to determine the methyldiamantane baseline of an oil
source. Assigning too low a baseline value would mean
that a large number of normal oils would be incorrectly
considered to be cracked oils, and the EOC values of
lightly cracked oils would possibly be overestimated.

Dahl et al. (1999) suggested that the diamondoid
baseline can be inferred by analyzing a group of
uncracked, nonbiodegraded, and nonfractionated
oils derived from a single source. However, the fact
that the oils that meet these conditions cover a wide
range of thermal maturity means that the 4- + 3-
methyldiamantane concentrations of these oils
also vary. In general, the values of relatively low-
maturity, nonbiodegraded, and nonfractionated oils
are used as baselines for groups of oils and are
therefore used to estimate EOC values for other
oils. Previous research has shown that substantial
amounts of 4- + 3-methyldiamantane can be gener-
ated both during diagenesis and during oil formation
(Fang et al., 2012, 2013). This demonstrates that the
identification of the onset of oil cracking, and the
related concentration of 4- + 3-methyldiamantanes
within oils at this stage of thermal maturity, is critical

Figure 9. Cross plot of ethyl-
adamantane (EA) index (EAI;
1-EA/[1-EA + 2-EA]) versus con-
centration of 4- + 3-methyl-
diamantanes (MDs) for Tarim
Basin oils. TD2= Tadong 2; YM2 =
Yingmai 2.
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when using the method of Dahl et al. (1999) to assess
the extent of oil cracking in reservoirs.

Based on the definition of oil cracking in the
present study, the concentration of 4- + 3-
methyldiamantanes in oils at a thermal maturity of
approximately 1.5% EasyRo should be a good esti-
mate of themethyldiamantane baseline for a given oil
source. Fang et al. (2013) reported that oil cracking is
associated with an increase in EAI values and that this
increase starts at a thermal maturity of 1.5% EasyRo.
This indicates that a positive correlation between EAI
values and the concentration of 4- + 3-methyl-
diamantane in oil is indicative of the start of the wet
gas stage of oil cracking, and as such, plotting these
values together can yield the methyldiamantane
baseline value. Figure 9 shows that the group I and II
oils of this study have similar trends, with 4- + 3-
methyldiamantane concentrations showing a positive
correlation with EAI values of greater than 0.43. This
shows that the average 4- + 3-methyldiamantane
concentrations of oils with EAI values of 0.41–0.43
can be considered as the methyldiamantane baseline
value for group I and II oils. This calculation yields
a value of approximately 69 ppm, which is used to
assess EOC values for marine oils within the Tarim
Basin. In comparison, group III oils contain low con-
centrations of 4- + 3-methyldiamantane (Figure 9).
Other diamondoid parameters also indicate that
these oils have not undergone cracking, and there-
fore, the methyldiamantane baseline of these oils
cannot be determined. The EOC data of cracked oils
are provided in Table S2 (supplementary material
available as AAPG Datashare 90 at www.aapg.org/
datashare).

The overestimation of EOC values using the
diamondoid method was identified by correlating
mass balance–based cracking estimates with values
determined using diamondoid concentrations and
equation 1, and these overestimates are attributed to
the evaporative loss of lighter hydrocarbons from oils
(Dahl et al., 1999). Here we suggest that selecting low
baseline values can also lead to the overestimation of
EOC values. In addition, the further generation of 4- +
3-methyldiamantanes at EasyRo values of greater than
2.0% (Fang et al., 2013) can lead to the overestimation
of EOC values. This is exemplified by two conden-
sates from the TZ261 well (samples 3 and 4). The EAI
values of these oils (0.64) and the relationship between
EAI values and the thermal maturity of marine oils

within the Tarim Basin established by Fang et al.
(2013) suggest that these two condensates underwent
thermal maturation at EasyRo values of greater than
2.0%. Therefore, some of the diamondoids within
these two oils were generated during late-stage
charging of the reservoir, a process that was ac-
companied by oil cracking. This signifies that
the EOC values calculated using equation 1 (93.3%
for sample 3 oil and 93.1% for sample 4 oil) are
probably overestimates of the extent of cracking of
these oils.

Origin of the Oil Accumulation in the Tazhong
Uplift

The Tazhong uplift comprises multiple types of oils
ranging from condensate to heavy oil and covering
a wide range of maturity, indicating complex pro-
cesses related to hydrocarbon generation, migration,
and accumulation. TheCambrian–LowerOrdovician
source rocks reached the oil window in the Late
Ordovician, whereas the Middle–Upper Ordovician
source rocks were still immature (Tian et al., 2008; Jia
et al., 2013). The Middle–Upper Ordovician strata
were marginally mature from the Permian to Cre-
taceous (Tian et al., 2008). The oil and gas accu-
mulations in the Tazhong uplift were thus initially
charged by hydrocarbons generated from the
Cambrian–LowerOrdovician source rocks during the
Late Ordovician (Tian et al., 2008). The late Cale-
donian orogeny led to the destruction of these early
reservoirs, before this area was recharged by hydro-
carbons from the Middle–Upper Ordovician source
rocks (Tian et al., 2008; Pan and Liu, 2009).
Therefore, the group II oils distributed in the blocks
west of theNo. 1 fault (Figure 1B) probably represent
the residue of these early-formed oils derived from
the Cambrian–Lower Ordovician source rocks. They
have a relatively lower thermal maturity and no re-
lationship with the No. 1 fault, which had already
formed by the LateOrdovician. TheCambrian–Lower
Ordovician source rocks entered into a highly mature
to overmature stage at the end of the Cretaceous and
generated light oils and gases. At the same time, the
Middle–Upper Ordovician source rocks began to
mature; the normal oils in group I represent the
oils generated in this period. The deeply buried
Middle–Upper Ordovician source rocks evolved
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into a highly mature stage in the Tertiary and
produced light oils and gases (Jia et al., 2013).
Faults and unconformities in the Tazhong area were
important factors during the migration and accu-
mulation of the hydrocarbons, as shown by the
TazhongNo. 1 fault. TheTazhongNo. 1 fault, which
formed during the middle–late Caledonian orogeny,
cut the Cambrian, Ordovician, and Sinian strata. It
connected the deep source rocks of the Tazhong uplift
with the adjacent depressions and allowed the migra-
tion of hydrocarbons generated from different source
rocks with various maturities to the Tazhong uplift.

The oil reservoirs distributed along the Tazhong
No. 1 fault zone were recharged by the oils generated
in the later stages through the fault zone. Pang et al.
(2013) proposed that the intersection point of the
northwest-trending faults and the northeast-trending
faults in the Tazhong uplift is the injection point of
the hydrocarbons and that the maturity of the oils
decreases with the increase of the distance from the
injection point. The hydrocarbon supply was in-
sufficient during the later period of oil generation.
The hydrocarbons with higher maturity generated in
the later stage primarily charged the reservoirs in the
areas proximal to the injection points. Consequently,
the oils of this study, which are proximal to the No. 1
fault, will have higher maturities than those rela-
tively far from the fault. This is consistent with the
lower maturity of group I oils in the eastern blocks
(TZ111, sample 26; TZ12, samples 27 and 28;
TZ122, samples 29 and 30; TZ50, sample 31; and
TZ15, sample 32) compared with oils distributed
along the Tazhong No. 1 fault (Figure 8B). This also
explains the presence of heavy oils in group I (TZ111,
sample 26; TZ12, samples 27 and 28; TZ122, sample
29; TZ50, sample 31; and TZ15, sample 32), which
might contribute to less recharge of oils with higher
maturity.

It is notable that group I contains heavy oils. As
stated above, the generation by the marginally ma-
ture Middle–Upper Odovician source rocks from the
Permian to Cretaceous and the lower charge of hy-
drocarbons with higher maturity during the later pe-
riod might be the reasons for the occurrence of heavy
oils. In addition, heavy oils collected from the Silurian
reservoirs (TZ111, sample 26; TZ12, sample 27,
TZ122, sample 29; TZ50, sample 31; and TZ15,
sample 32) might be attributed to the alteration of
bitumen in the Silurian sandstone by the recharged

oils (Xiao et al., 2000; Tian et al., 2008). The
Cambrian–Lower Ordovician source rocks entered
the peak oil generation stage during themiddle Silurian
to Early Devonian (Xiao et al., 2000). The oils gen-
erated during this stage migrated from faults and un-
conformity surfaces into the Silurian sandstone and
accumulated. However, the oil reservoirs in the Silurian
strata were destroyed because of the escape of light
hydrocarbons or biodegradation of hydrocarbons asso-
ciated with the early Hercynian orogeny in the Late
Devonian (Figure 2) (Li et al., 2010), leading to solid
bitumen sandstone reservoirs (Xiao et al., 2000; Tian
et al., 2008). The oils generated from the Middle–
Upper Ordovician source rocks during the later pe-
riod then recharged those bituminous sandstone
reservoirs, and the bitumen was altered to a type of
heavy oil (Xiao et al., 2000). Additionally, thermal
alteration of crude oils might also be one of the
reasons for the formation of heavy oils, which is
typical for the TD2 heavy oil in group II (Zhang and
Huang, 2005; Tang and Wang, 2007).

CONCLUSIONS

Approaches based on the concentration and dis-
tribution of diamondoids in crude oils enabled an
investigation of possible sources and the thermal ma-
turity of oils within the Tazhong and Luntai uplifts.

1. The oils analyzed during this study can be divided
into three groups based on the diamondoid indices
and biomarker characteristics: group I oils are
mainly derived from Middle–Upper Ordovician
units instead of Cambrian–Lower Ordovician
source rocks; group II oils predominantly orig-
inate from Cambrian–Lower Ordovician units;
and group III oils were generated from Jurassic
or possibly Triassic lacustrine sources, which
contain lower concentrations of diamondoids
and have different biomarker and diamondoid
parameters compared with group I and II oils.

2. The oils in group I distributed along the Tazhong
No. 1 fault have highermaturities (>2.0% EasyRo),
whereas heavy oils in the nearby blocks have rel-
atively lower maturities (<2.0% EasyRo). The oils
both in group II and III have a constant diamondoid
isomerization ratio, suggesting that their thermal
maturities are less than 2.0% EasyRo. In combination
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with the oil accumulation history of the Tazhong
uplift, it is suggested that the group I oils were
mainly charged or recharged by late-generated
hydrocarbons derived from Middle–Upper Ordo-
vician sources, whereas group II oils were domi-
nated by early-charged hydrocarbons sourced
from Cambrian–Lower Ordovician units.

3. We also proposed an approach to obtain baseline
4-+3-methyldiamantane concentrations to estimate
the extent of oil cracking. This approach shows that
the Tarim Basin marine oils have a baseline value of
approximately 69 ppm.
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