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Abstract

The petroleum charge history in the Lunnan Low Uplift (Tarim Basin, China) was investigated by comparing the geo-
chemical characteristics of fluid inclusion (FI) oils from Ordovician and Triassic reservoirs with crude oils from strati-
graphically different reservoirs. Quantitative Grain Fluorescence (QGF) and Total Scanning Fluorescence (TSF) were
used to screen the reservoir samples so as to identify suitable samples for Molecular Composition of Inclusion (MCI) anal-
ysis. All of the samples contain C30 n-propylcholestanes, diagnostic of marine source rocks. The Ordovician-hosted FI oils
differ from the Triassic-hosted FI oils, having higher relative abundances of C19 tricyclic terpane, C24 tetracyclic terpane
and rearranged hopanes (Ts and C29 Ts), and higher Pr/Ph ratios, while the Triassic-hosted FI oils have lower Pr/Ph ratios
and higher relative abundances of C23 tricyclic terpane, arylisoprenoids, 25-norhopanes and C35 homohopane. Several of
the crude oils are similar to the Triassic-hosted FI oils. Based on the geochemical characteristics of the FI and crude oils
combined with information on the burial history of the area, at least two petroleum charge episodes can be distinguished in
the Lunnan Low Uplift. An early charge represented by the Ordovician-hosted FI oils was biodegraded, as evidenced by
the presence of 25-norhopanes in the Triassic-hosted FI oils and crude oils but not in the Ordovician-hosted FI oils. Ordo-
vician-hosted FI oils provide the only evidence for oil generated from Cambrian-Lower Ordovician source rocks. Triassic-
hosted FI oils and crude oils in the Ordovician, Carboniferous and Triassic reservoirs are mixtures of biodegraded oil from
an early charge episode, and more mature oil from later charge.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

The Lunnan Low Uplift is part of the Tabei Uplift
in the Tarim Basin, a complex basin situated in north-
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western China and one of the largest intermontane
basins in the world (Graham et al., 1990) (Fig. 1). This
area has undergone a range of tectonic events, which
resulted in multiple stages of hydrocarbon genera-
tion, accumulation, destruction and re-migration
(Huang et al., 1999; Li et al., 2000; Xiao et al., 2000;
Yang et al., 2003). Petroleum types include normal,
.
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Fig. 1. Sketch maps showing the location of the Tarim Basin in China and the Lunnan Low Uplift in the Tarim Basin (index maps), and
the structural outline of the Lunnan Low Uplift. Locations of the wells investigated in this study are shown by filled circles. Solid lines
represent major faults.
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heavy and high-wax oils, condensates and gas accu-
mulations (Zhou and Zhang, 2000), reflecting the
complex evolution of this region.

Although, numerous studies have been carried
out in the last two decades, there is still much ongo-
ing debate about the source rock and charge history
of the Palaeozoic oils. Two sets of strata (Cambrian-
Lower Ordovician and Middle-Upper Ordovician)
are thought to be the source rocks of the Ordovi-
cian-Triassic reservoired oils in this region (Graham
et al., 1990), but their relative importance remains
controversial. Based on an oil/source study in the
Tabei Uplift, it was concluded that crude oil in the
Tarim Basin mainly originated from the Cam-
brian-Lower Ordovician source rocks (Zhao et al.,
1997). He et al. (2002) attributed variation of petro-
leum properties in the Lunnan Low Uplift to effects
of post-generation processes such as biodegradation
and oxidation on Cambrian-Lower Ordovician-
derived oils, based on consideration of the burial
history of potential source rocks and homogenisa-
tion temperatures of oil inclusions in the reservoir.
This interpretation is supported by studies on aryli-
soprenoid distributions (Sun et al., 2003; Wang
et al., 2003). Other researchers argue that Middle-
Upper Ordovician strata were the main effective
source rocks. For example, Zhang et al. (2000,
2002, 2005) concluded that oils in Ordovician-Trias-
sic reservoirs from the Tarim Basin had similar bio-
marker characteristics and originated from Middle-
Upper Ordovician source rock. A similar conclusion
was drawn by Hanson et al. (2000). We and other
authors believe that mixing and multiple charge epi-
sodes have complicated the results of these oil-
source rock correlation studies (Peng and Lü,
2002; Wang et al., 2003).

The charge history of the Lunnan Low Uplift still
remains unclear. Li et al. (1999) suggested that there
were three reservoir filling stages (Early Devonian,
Early Permian and Tertiary, and two phases of
uplift, erosion and re-migration at the end of the
Devonian and the Permian. In contrast, Gu et al.
(1998) held the opinion that Lunnan Low Uplift
had five charge episodes: Late Devonian, Carbonif-
erous, Jurassic, Cretaceous and Cenozoic, based on
the thermal maturity history of the source rock gen-
erating the hydrocarbons, the genetic types of oil
and gas, and reservoir bitumen analysis.

Oil trapped in fluid inclusions (FI) commonly
occurs in petroleum reservoirs and along migration
pathways, and is not affected by later alteration,
such as mixing, biodegradation, and water washing.



Fig. 2. Stratigraphy of the Lunnan Low Uplift, Tarim Basin,
China (modified from Zhang and Huang, 2005).
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In contrast, oil in reservoirs commonly consists of
mixtures affected by processes occurring during
petroleum generation, migration, trapping and sub-
sequent alteration (England et al., 1987; Head et al.,
2003). Hence, it is difficult to perform oil–source
rock correlations and reconstruct the charge history
of a petroleum reservoir using only the oil samples
from the present petroleum reservoir. Oil in inclu-
sions can aid interpretations of complex charge his-
tories (Karlsen et al., 1993; George et al., 1997a,
1998a, in press). In addition, the geochemical char-
acteristics of oil in inclusions can provide useful
data to describe the source and thermal maturity
of palaeo-oil during early charge episodes (Isaksen
et al., 1998; George et al., 1997b).

In this study, FI oils were analysed to provide
more rigorous data on the source rock for oils in
Ordovician-Triassic reservoirs in the Lunnan Low
Uplift. Charge history was reconstructed by com-
bining the geochemical characteristics and homoge-
nisation temperatures of fluid inclusions with
modelled burial history and hydrocarbon genera-
tion history.

2. Geological setting

The Lunnan Low Uplift is linked to the Manjiaer
depression in the south and joined to the Luntai
Fault Uplift in the north (Fig. 1). To the west is
the Halahatang depression, and to the east side is
the Caohu depression. The Lunnan and Sangtamu
fault-horst belt and the Jilake–Jiefangqudong anti-
cline occur in this region.

The Lunnan area became an uplift in the end of
the Early Ordovician due to the late Caledonian
orogeny (Zhang, 2000), and then was transformed
into a large-scale nose uplift during the Devonian
when it was affected by the early Hercynian orog-
eny. During Carboniferous time, northward and
northwestward overlapping deposition of sediments
led to interbedded sandstones, shales and lime-
stones. The Lunnan and Sangtamu fault-horst belt
formed due to Permian east–west faulting, caused
by the late Hercynian orogeny. There was marine/
terrestrial transitional development during the Car-
boniferous and Permian and some small-scale fault
activity during the Late Cretaceous. The basement
of the basin tilted from south to north and formed
the present-day uplifted structure during the Ceno-
zoic period (Lü et al., 2004; He et al., 2002).

The stratigraphy of the Tarim Basin consists of
several marine, continental and transitional
sequences (Fig. 2). The Palaeozoic strata were
deposited almost entirely in marine settings (Li
et al., 1996; Jia and Wei, 2002). The Palaeozoic
potential source rocks include Cambrian-Lower
Ordovician lagoonal carbonate and mudstone, and
the Middle-Upper Ordovician platform carbonate
(Zhang and Huang, 2005). Due to the multiple tec-
tonic movements in the Lunnan region, the Lower
Ordovician strata form a buried-hill uplift structure,
over which Middle-Upper Ordovician, Silurian and
Devonian strata are generally absent. Carbonifer-
ous and Permian strata are absent in the axial
region of the Lunnan Low Uplift. Mesozoic–Ceno-
zoic rocks are the overlying strata, but the Triassic
strata are locally absent. So far, the Lunnan,
Sang-tamu, Jiefangqudong and Tahe oilfields and
the Jilake condensate field have been discovered in
the Lunnan region. Oils have mainly accumulated
in four reservoir strata: Ordovician, Carboniferous,
Triassic and Jurassic.

3. Samples and experimental procedures

Sandstone and carbonate samples containing FIs
were collected from Ordovician and Triassic reservoir
rocks in the Lunnan and Sangtamu fault-horst belts
(Table 1). Crude oils with variable physical properties
were collected mainly from the west (well LN1), the



Table 1
Sample list, geological information and spectroscopic data

Sample Well Depth
(m)

Formationa Type QGF
Intensity

QGF
Index

kmax dk TSF
Intensity

TSF
R1 cf

TSF
Em

Hydrocarbon
inclusion
abundance

1OF LN10 5801.4 O FI oils from
carbonate

n/a n/a n/a n/a 413 3.4 380 very high

2OF LN44 5296.1 O FI oils from
carbonate

n/a n/a n/a n/a 130 2.8 373 very high

3TF LN2 4892 T FI oils from
sandstones

43 7.6 428 180 32 2.4 365 high

4TF LN2 4748.04 T FI oils from
sandstones

54 9.6 425 172 78 2.9 373 high

5O LN1 5038–
5052

O Crude oil 50 102 436 181 39 4 378 n/a

6O LN10 5349–
5381

O Crude oil 210 80 415 134 57 1.5 348 n/a

7O LN30 5301–
5325

O Crude oil 697 35 360 82 106 1.06 344 n/a

8C LN22 5090–
5130

C Crude oil 162 7.9 360 69 82 0.86 341 n/a

9T LN1 4912–
4920

T Crude oil 137 158 422 139 28 1.8 363 n/a

10T LN3 4881–
4887

T Crude oil 45 140 416 212 160 2.5 368 n/a

QGF Intensity: the integrated area of a QGF spectrum normalised to the intensity at 300 nm.
QGF Index: the average spctral intensity between 375 nm (I375 nm) and 475 nm (I475 nm) normalised to the spectral intensity at 300 nm.
kmax: the wavelength in nm corresponding to the maximum spectral intensity (Imax).
dk: the difference of the wavelength in nm between the wavelengths corresponding to half spectral maximum intensity (1/2 Imax) on the
spectra.
TSF Intensity: the photometer counts corresponding to every excitation/emission pair.
TSFR1: the emission intensity at 360 nm over 320 nm when excited using 270 nm UV light.
TSF Em: the emission wavelength associated with the TSF Maximum value (peak).
n/a: not applies.

a O: Ordovician; C: Carboniferous; T: Triassic.
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middle (wells LN3 and LN30) and the east (wells
LN10 and LN22) of these two fault-horst belts
(Fig. 1 and Table 1). In order to select suitable sam-
ples for Molecular Composition of Inclusion (MCI)
analysis, the Quantitative Grain Fluorescence
(QGF; Liu and Eadington, 2005) and Total Scanning
Fluorescence (TSF; Liu et al., 2005) techniques were
carried out to screen the samples. Then, oil extracted
from quartz was analysed using the off-line MCI pro-
tocols (George et al., in press). Samples were mechan-
ically and chemically disintegrated, and quartz grains
were separated from other lithologies using magnetic
and heavy liquid separation. Potential contamination
on the quartz grains was removed using successive
treatments of hydrogen peroxide, hot chromic acid,
Aqua Regia and organic solvents. Carbonate FI sam-
ples were disintegrated into 1–2 mm grains and then
treated with organic solvent (methanol and dichloro-
methane) to remove contamination. Samples were
not crushed until they were deemed clean following
a final outside (surface) rinse. The cleaned samples
were then crushed under solvent (dichloromethane)
to release oil from the inclusions into the solvent.

Crude oil samples were separated into aliphatic
and aromatic hydrocarbon fractions using column
chromatography. The FI oil samples, outside rinses,
system blanks and crude oil fractions were analysed
by gas chromatography-mass spectrometry (GC-
MS) using an AutoSpecQ system. The GC was fitted
with a DB5MS 60 m fused silica column (i.d.
0.25 mm, film thickness 0.25 lm). GC-MS data were
acquired in full scan (50–550 amu) mode and by sin-
gle ion monitoring (SIM) and metastable reaction
monitoring (MRM) experiments. The GC oven was
programmed in two ways for different GC-MS runs:
(1) an initial temperature of 40 �C for 2 min, followed
by heating at 4 �C/min to 310 �C (held for 30 min); (2)
an initial temperature of 40 �C for 2 min, followed by
heating at 20 �C/min to 200 �C and then a second
heating ramp at 2 �C/min to 310 �C (held for
30 min). GC program (2) was only used for the anal-
ysis of aliphatic biomarkers; other aliphatic and
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aromatic hydrocarbons were assessed using GC pro-
gram (1).

4. Results and discussion

4.1. Quantitative grain fluorescence and total

scanning fluorescence

The QGF and TSF methods are rapid and cost-
effective screening techniques for selecting suitable
samples for MCI analysis (Liu and Eadington,
2005; Liu et al., 2005). Four samples were selected
based on the TSF and QGF parameters (Table 1).
The selected samples contain abundant oil inclu-
sions, as demonstrated by a plot of TSF intensity
versus n-alkane yields, which shows that n-alkane
yields in this study are much higher than the cut-
off value needed for reliable geochemical analysis
(Fig. 3). QGF (kmax, dk) and TSF (R1, Em) results
for the Triassic-hosted FI oils (Table 1) also suggest
a close resemblance with the Triassic crude oils.
Generally, less mature oils would have a longer
QGF Lambda-max (kmax), larger delta Lambda
(dk), larger TSF R1values and longer TSF Em val-
ues. Hence, the FI oils in this study also appear to
be slightly less mature than the crude oils. TSF spec-
trograms (not shown) indicate that the Ordovician-
hosted FIs and Ordovician crude oils are quite
different, but that the Triassic-hosted FIs and the
Triassic crude oils are similar.

4.2. n-Alkanes and acyclic isoprenoids

n-Alkane yields from the LN2 sandstone FI oil
samples and LN10 and LN44 carbonate FI oil sam-
ples are around two to three orders of magnitude
Fig. 3. Correlation of total scanning fluorescence (TSF) intensi-
ties and n-alkane yields, showing that the TSF method is a quick
screening method for selecting samples suitable for MCI analyses.
MCI data are generally reliable and easily interpreted above the
dashed line (George et al., 2001a).
higher than the associated system blanks (Table
2). Most of the inclusion oil samples previously ana-
lysed at CSIRO contained 100–4000 ng n-alkanes/g
quartz, and recovery >40 ng/g is generally regarded
to be reliable (George et al., 2001a). Therefore, the
results in this study give us confidence in the quality
of the data.

The FI oil samples have a smooth carbon num-
ber distribution of n-alkanes with a maximum
between n-C17 and n-C20 (Fig. 4). The crude oil sam-
ples are lighter than the FI oil samples, with n-alk-
anes maximizing at n-C14, except for the LN30 oil.
This suggests that the crude oils are more thermally
mature than the FI oils. The carbon number prefer-
ence indices (CPI26�32) are all near unity. Pristane/
phytane (Pr/Ph; Table 2) ratios of the Ordovician-
hosted FI oils (1.2) are slightly higher than those
of the Triassic-hosted FI oils (0.85–1.02) and most
of the crude oils (0.76–0.87), which may indicate a
somewhat more oxic depositional environment for
the source rock of the Ordovician-hosted FI oils
(Didyk et al., 1978).

4.3. Aliphatic biomarkers

The Triassic-hosted FI oils contain higher rela-
tive abundance of C23 tricyclic terpane compared
to other tricyclic terpanes and to hopanes than the
Ordovician-hosted FI oils (Table 2). Abundant
C23 tricyclic terpane commonly occurs in oil sam-
ples from marine source rocks (Aquino Neto
et al., 1983). In contrast, the Ordovician-hosted FI
oils contain more of the C19 tricyclic terpane and
C24 tetracyclic terpane than the Triassic-hosted FI
oils and most of the crude oils, as is shown by a plot
of C19/(C19 + C23) tricyclic terpanes versus C24 tet-
racyclic /(C24 tetracyclic + C23 tricyclic) terpanes
(Fig. 5). This likely indicates a difference in source
input between Triassic-hosted FI oil, crude oils
and Ordovician-hosted FI oils, although a maturity
influence cannot be rule out (Farrimond et al.,
1999). C19 and C20 tricyclic terpanes and C24 tetra-
cyclic terpane tend to be more abundant in terrige-
nous-derived oils (Philp and Gilbert, 1986; Preston
and Edwards, 2000; Peters et al., 2005), but the lack
of higher-plant input to the likely Palaeozoic
sources of the Ordovician-hosted FI oils suggests
an alternative but currently unknown source is
responsible. The amount of C24 tetracyclic terpane
may also depend on organic facies lithology, with
relatively high concentrations in oils from carbonate
or evaporitic source rocks (Palacas, 1984; Connan



Table 2
Aliphatic hydrocarbon parameters for the FI oils and crude oils from the Lunnan Low Uplift

1OF 2OF 3TF 4TF 5O 6O 7O 8C 9T 10T

ng C12�32 n-alkanes/g quartz crushed 5362 911 267 659 n.d. n.d. n.d. n.d. n.d. n.d.
ng C12�32 n-alkanes recovered in FI oil 88625 7764 3810 8487 n.d. n.d. n.d. n.d. n.d. n.d.
ng C12�32 n-alkanes recovered in system blank 4.2 0.7 3.5 10.8 n.d. n.d. n.d. n.d. n.d. n.d.
Pr/Pha * 1.22 1.24 1.02 0.85 0.76 0.85 0.84 1.15 0.78 0.87
CPI26–32

a 1.00 0.96 1.00 0.98 0.98 0.97 – – 1.00 1.02
C23 tricyclic terpane/C30 ab hopaneb * 0.45 0.38 0.73 1.02 0.67 3.4 3.5 4.2 1.23 1.25
C24 tetracyclic terpane/C26 tricyclic terpanesb * 2.8 27.9 0.89 0.78 0.77 0.73 0.69 0.86 0.59 0.80
C24 tetracyclic terpane/(C24 tetracyclic terpane + C23 tricyclic

terpane)b
0.60 0.71 0.23 0.22 0.23 0.22 0.18 0.17 0.18 0.24

C19/(C19 + C23) tricyclic terpanesb * 0.59 0.64 0.21 0.17 0.11 0.24 0.27 0.52 0.12 0.20
C29 tricyclic terpanes/(C29 tricyclic terpanes + C30 ab hopane)b * 0.32 0.03 0.29 0.29 0.24 0.61 0.51 0.46 0.34 0.36
Ts/(Ts + Tm) 0.82 0.77 0.57 0.45 0.33 0.81 0.68 0.82 0.37 0.55
C29Ts/(C29Ts + C29 ab hopane) 0.48 0.39 0.05 0.16 0.11 0.48 0.27 0.40 0.14 0.17
C29

*/C29 ab hopane 0.33 0.07 0.06 0.04 0.04 0.13 0.09 0.10 0.04 0.08
C30

*/C30 ab hopane * 0.24 0.03 0.08 0.05 0.04 0.13 0.06 0.10 0.04 0.06
C29 ab hopane/C30 ab hopaneb * 0.59 0.77 0.72 0.88 0.90 0.68 0.66 0.58 0.93 0.85
C29 25-norhopane/C29 ab hopane 0.00 0.00 0.08 0.12 0.18 0.16 0.09 0.13 0.17 0.08
C29 ab/(ab + ba) hopanes 0.93 0.94 0.92 0.95 0.94 0.91 0.93 0.91 0.95 0.94
C30 ab/(ab + ba) hopanes 0.96 0.95 0.94 0.96 0.95 0.95 0.94 0.94 0.95 0.96
C31 ab 22S/(22S + 22R) hopanes 0.55 0.60 0.60 0.57 0.57 0.56 0.61 0.57 0.58 0.59
% C35 of total ab homohopanesb 1.7 0.84 4.6 4.2 12.2 18.2 8.7 21 10.0 11.3
C35/C34 homohopanesb * 0.20 0.35 0.59 0.58 1.00 0.85 1.40 1.25 0.99 0.92
Homohopanes/C30 ab hopaneb 1.25 0.75 1.6 1.7 2.5 2.6 1.25 2.4 2.3 2.3
Gammacerane/C30 ab hopane * 0.01 0.04 0.05 0.06 0.08 0.03 0.10 0.08 0.06 0.05
28,30-BNH/C30 ab hopane * 0.02 0.03 0.15 0.07 0.06 0.08 0.04 0.07 0.06 0.07
C29 steranes/C29 ab hopanec * 0.82 0.04 0.81 0.65 0.87 3.2 1.7 1.9 1.02 1.21
C27: C28 : C29 abb steranes 20S + R (%)d * 26:19:55 17:15:68 26:12:62 27:14:59 27:19:54 29:21:50 33:22:45 43:20:37 29:20:51 31:22:47
C30/(C27 + C28 + C29 + C30) aaa 20R steranes (%) 1.02 1.14 0.43 0.75 0.82 1.6 0.72 3.2 0.46 0.61
C27 + C28 + C29 ba diasteranes/(aaa + abb steranes) 0.48 0.34 0.47 0.43 0.33 0.83 0.91 1.22 0.45 0.48
C29 abb/(abb + aaa) steranes 0.61 0.56 0.59 0.57 0.58 0.61 0.59 0.55 0.61 0.58
C29 aaa 20S/(20S + 20R) steranes 0.45 0.50 0.45 0.50 0.48 0.50 0.47 0.42 0.49 0.54
Family 3e 3e 1e 1e 1e 2e 2e 2e 1e 1e

Ratios were calculated from MRM data, (m/z M+! 191, 217, 259 for hopanes, steranes and diasteranes, respectively), except for m/z values in footnotes a–d.
a (m/z 85).
b (m/z 191).
c (m/z 217 and m/z 191).
d (m/z 218).
e Families were determined by hierarchical cluster analysis.
* These parameters were selected for hierarchical cluster analysis.
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Fig. 4. Normalised n-alkane distribution (m/z 85 data) for FI oils
(top) and crude oils (bottom) from the Lunnan Low Uplift.

Fig. 5. Plot of C24 tetracyclic/(C24 tetracyclic + C23 tricyclic)
terpanes versus C19/(C19 + C23) tricyclic terpanes showing that
the Ordovician and Triassic-hosted crude oils correlate with the
Triassic-hosted FI oils.

Fig. 6. Plot of Pr/Ph versus C35/C34 homohopanes showing that
the Triassic-hosted FI oils and crude oils were derived from a
more reducing source rock than the Ordovician-hosted FI oils.
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et al., 1986). In this case, abundant C24 tetracyclic
terpane in the Ordovician-hosted FI oils is inter-
preted to indicate carbonate or evaporitic source
rock lithology.

The hopane distribution of all samples is domi-
nated by C30 17(a)-hopane. The most significant dif-
ference between the Ordovician and Triassic-hosted
FI oils is that the former contain more Ts and C29Ts
than the Triassic-hosted FI oils (Table 2). The
Ts/(Ts + Tm) and C29Ts/(C29Ts + C29 ab hopane)
ratios could be influenced by both thermal maturity
(Moldowan et al., 1986, 1994; Sofer et al., 1986) and
depositional environment (Peters et al., 2005). The
Ordovician-hosted FI oils contain less abundant
C35 homohopanes than the Triassic-hosted FI oils
and the crude oils, as shown by the plot of Pr/Ph
versus C35/C34 homohopanes (Fig. 6). This indicates
a less reducing (higher Eh) source rock for the
Ordovician-hosted FI oils compared to the other
samples (Peters et al., 2005). The gammacerane/
C30 ab hopane ratios and the relative abundance
of 28,30-bisnorhopane are higher for the Triassic-
hosted FI oils and the crude oils than for the Ordo-
vician-hosted FI oils (Table 2), consistent with a
more reducing environment for the former (Mello
et al., 1988; Sinninghe Damsté et al., 1995).

The Triassic-hosted FI oils and all crude oils con-
tain not only moderate amounts of C29 25-norho-
pane and 25,30-bisnorhopane, but also C30 and C31

25-norhopanes, whereas the Ordovician-hosted FI
oils do not contain C29 25-norhopane, and contain
very little 25,30-bisnorhopane. This means that the
Triassic-hosted FI oils and all crude oils show indi-
cators of an episode of severe biodegradation (Volk-
man et al., 1983), whereas such a biodegradation
event is not evident in the Ordovician-hosted FI oils.

The regular sterane distributions for all of the
samples are similar, with C29 > C27 > C28 steranes
(Table 2). High relative abundances of C29 steranes
compared to C27 and C28 steranes commonly indi-
cates higher-plant input (Czochanska et al., 1988),
but are also found in many Palaeozoic oils, which
pre-date the radiation of land plants (Grantham,
1986). C30 steranes, diagnostic compounds for mar-
ine organic input (Moldowan et al., 1990), are abun-
dant in all of the FI oils and crude oils, as detected
by m/z 414! 217 MRM transitions.

The Ordovician and Triassic-hosted FI oils and
the Triassic oils have lower ba diasterane/
(aaa + abb) sterane ratio than most of the Ordovi-
cian and Carboniferous crude oils (Table 2). Higher
diasterane contents indicate more acidic, clay-rich
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source rocks, but are also likely influenced by higher
maturity (Seifert and Moldowan, 1978). The sam-
ples with high diasterane content (mostly the Ordo-
vician and Carboniferous crude oils) differ from
those with high rearranged hopane (Ts, C29Ts) con-
tent (Ordovician-hosted FI oils), possibly because
rearranged hopane content is being controlled pri-
marily by Eh, whereas diasterane content is being
controlled by acidity (Moldowan et al., 1994).

The biomarker thermal maturity ratios, such as
C29 ab/(ab + ba) hopanes, C30 ab/(ab + ba)
hopanes, C31 ab 22S/(22S + 22R) hopanes, C29

abb/(abb + aaa) sterane and C29 aaa 20S/
(20S + 20R) are at or near the equilibrium values
for all samples (Table 2), indicating that the main
phase of oil generation has been reached.

4.4. Aromatic hydrocarbons

Many of the common aromatic hydrocarbons
occur in the samples, including alkylbenzenes, alkyl-
naphthalenes, alkylphenanthrenes, alkyldibenzothi-
ophenes and arylisoprenoids. These provide further
information on the thermal maturity and source
characteristics of the samples.

Arylisoprenoids have previously been noted in
crude oils and asphaltene pyrolysates from the
Tabei Uplift (Peng and Lü, 2002; Sun et al., 2003),
and were detected in all FI oils and crude oils in this
study. Arylisoprenoids are diagenetic products from
aromatic carotenoids produced by Chlorobiaceae,
which are anaerobic, photosynthetic, green sulphur
bacteria (Summons and Powell, 1986, 1987). The
Triassic-hosted FI oils and crude oils contain abun-
dant 1-alkyl-2,3,6-arylisoprenoids, with distribu-
tions dominated by C14, C18 and C19 homologues.
The relative abundance of the arylisoprenoids can
be measured by the C14 1-alkyl-2,3,6-arylisopre-
noid/1,2,3,5-tetramethylbenzene (TeMB) ratio,
which for the Triassic-hosted FI oils and crude oils
is 0.28–0.54 (Table 3). The Ordovician crude oil
from the most western well of the study area
(LN1) has the highest value for this ratio (0.60),
whilst the Ordovician-hosted FI oils and the other
crude oils have lower ratios (0.04–0.11). The Trias-
sic-hosted FI oils and crude oils also have more
1,2,3,4-TeMB than Ordovician-hosted FI oils and
other oils, in which 1,2,3,5-TeMB dominates. Abun-
dant 1,2,3,4-TeMB indicates a contribution of di-
aromatic carotenoids to the kerogen (Hartgers
et al., 1994). Abundant arylisoprenoids and
1,2,3,4-TeMB in the Triassic-hosted FI oils and
crude oils indicate a strongly reducing depositional
environment for the source rock, with input from
photosynthetic, green sulphur bacteria (Summons
and Powell, 1986, 1987; Xinke et al., 1990; Schwark
and Püttmann, 1990). The Ordovician-hosted crude
oil from LN1 is more akin to the Triassic FI oils and
crude oil than to the Ordovician and Carboniferous
FI oils and crude oils from the eastern part of the
study area.

Dibenzothiophene/phenanthrene (DBT/P) ratios
are variable but are low for most samples (0.12–
0.7), indicating little sulphur in the oils. The DBT
versus Pr/Ph plot of Hughes et al., 1995 (not shown)
indicates that most of the samples fall around the
boundary of Zones 2 and 3, indicating oil derived
from a low sulphur marine source rock. The excep-
tion is the LN44 Ordovician-hosted FI oil, which
contains more dibenzothiophene than phenanthrene
and is thus sulphur-rich (Table 3).

Several alkylnaphthalene (Radke et al., 1982b,
1994; van Aarssen et al., 1999), alkylphenanthrene
(Radke et al., 1982b, 1984; Radke and Welte, 1983;
Kvalheim et al., 1987) and alkyldibenzothiophene
(Radke et al., 1986; George et al., 2001b) thermal
maturity ratios were applied to the oils in the study.
Most of the maturity-related parameters based on
alkylnaphthalenes and alkylphenanthrenes show
that (1) the crude oils are more mature than the FI
oils, and (2) that the Ordovician-hosted and Trias-
sic-hosted FI oils have a similar maturity (Table 3
and Fig. 7). These trends are exemplified by the meth-
ylnaphthalene ratio, the ethylnaphthalene ratio and
the dimethylnaphthalene ratio-1, three ratios based
on methylphenanthrenes, the dimethylphenanthrene
ratio and by the dimethyldibenzothiophene ratio
(Table 3). The methyldibenzothiophene, trimethyl-
naphthalene, tetramethylnaphthalene and alkylbi-
phenyl ratios do not appear to be sensitive to the
maturity variations in this sample set.

Care must be applied when using published cali-
brations of these ratios with other maturity param-
eters, such as vitrinite reflectance. Calibrations often
vary with source input and from basin to basin. For
example, vitrinite reflectance equivalent (VRE) from
the methylphenanthrene ratio based on a calibra-
tion published by Radke et al. (1984) in some cases
overstates thermal maturity relative to similar cali-
brations of other ratios, and relative to other meth-
ylphenanthrene ratio calibrations (George and
Ahmed, 2002). Notwithstanding these consider-
ations, the FI oils are estimated to have thermal
maturity in the early-middle part of the oil window,



Table 3
Aromatic hydrocarbon parameters for the FI oils and crude oils from the Lunnan Low Uplift

1OF 2OF 3TF 4TF 5O 6O 7O 8C 9T 10T

MNR 1.08 1.05 1.37 1.12 1.97 1.43 1.67 1.30 1.67 1.74
ENR-1 2.0 0.57 nd 2.2 4.3 5.2 4.0 3.9 8.0 7.1
DNR-1 2.5 2.6 3.0 1.8 5.9 7.8 7.5 6.2 8.9 9.0
TNR-1 0.86 0.70 0.73 0.70 0.70 0.78 0.84 0.66 0.79 0.80
TMNr 0.68 0.69 0.72 0.69 0.68 0.70 0.76 0.70 0.70 0.73
TeMNr 0.82 0.86 0.85 0.82 0.76 0.66 0.72 0.70 0.78 0.78
MPI-1 0.61 0.37 0.51 0.56 0.71 0.75 0.75 0.72 0.86 0.88
% Rc from MPI-1 0.77 0.62 0.71 0.73 0.82 0.85 0.85 0.83 0.92 0.93
MPDF 0.40 0.38 0.42 0.41 0.43 0.49 0.49 0.50 0.51 0.47
MPR 0.86 0.91 1.02 0.94 1.04 1.25 1.31 1.50 1.32 1.17
% Rc from MPR 0.87 0.90 0.95 0.92 0.96 1.04 1.06 1.12 1.06 1.01
DPR 0.21 0.18 0.16 0.16 0.18 0.27 0.25 0.28 0.28 0.27
MBpR 6.4 15 29 105 45 6.0 7.4 8.2 21 17
3-MBp/4-MBp 1.7 2.1 2.5 3.7 2.5 2.9 2.8 2.3 2.2 2.2
Dibenzothiophene/phenanthrene 0.12 1.56 0.29 0.41 0.59 0.70 0.43 0.55 0.54 0.64
MDR 9.0 3.6 7.8 7.7 4.8 7.9 5.6 11.2 6.5 6.8
% Rc from MDR 1.16 0.77 1.08 1.07 0.86 1.08 0.92 1.33 0.99 1.00
DMDR 0.63 0.50 0.67 0.68 0.68 0.87 0.79 0.88 0.74 0.70
C14 aryl isoprenoid/1,2,3,4-TeMB 0.06 0.07 0.26 0.44 0.30 0.12 0.08 0.09 0.36 0.22
C14 aryl isoprenoid/1,2,3,5-TeMB * 0.06 0.04 0.30 0.54 0.60 0.11 0.08 0.07 0.49 0.28
1,2,3,4-/1,2,3,5-TeMB * 1.02 0.60 1.17 1.22 1.99 0.90 1.11 0.72 1.38 1.27

MNR: Methylnaphthalene ratio (2-MN/1-MN), Radke et al., 1982b.
ENR-1: ethylnaphthalene ratio 1 (2-EN]/1-EN), Radke et al., 1982b.
DNR-1: dimethylnaphthalene ratio 1 ([2,6- + 2,7-DMN]/1,5-DMN), Radke et al., 1982b.
TNR-1: trimethylnaphthalene ratio 1 (2,3,6-TMN/[1,4,6- + 1,3,5-TMN]), Radke et al., 1994.
TMNr: trimethylnaphthalene ratio (1,3,7-TMN/[1,3,7- + 1,2,5-TMN]), van Aarssen et al., 1999.
TeMNr: tetramethylnaphthalene ratio (1,3,6,7-TeMN/[1,3,6,7 + 1,2,5,6-TeMN]), van Aarssen et al., 1999.
MPI-1: Methylphenanthrene index 1.5*[3-MP + 2-MP]/[P + 9-MP + 1-MP]), Radke et al., 1982a.
% Rc from MPI-1 : Calculated vitrinite reflectance, 0.6*MPI-1 + 0.4, Radke and Welte, 1983.
MPDF: Methylphenanthrene distribution fraction (3-MP + 2-MP)/

P
MPs), Kvalheim et al., 1987.

MPR: Methylphenanthrene ratio (2-MP/1-MP), Radke et al., 1982b.
% Rc from MPR: Calculated vitrinite reflectance, 0.99*log MPR + 0.94, Radke et al., 1984.
DPR: Dimethylphenanthrene ratio (3,5- + 2,6-DMP + 2,7-DMP)/(1,3- + 3,9- + 2,10- + 3,10-DMP + 1,6- + 2,9- + 2,5-DMP), Radke
et al., 1982b.
MBpR: Methylbiphenyl ratio (3-MBp/2-MBp), Alexander et al., 1986.
MDR: Methyldibenzothiophene ratio (4-MDBT/1-MDBT), Radke et al., 1986.
% Rc from MDR: Calculated vitrinite reflectance, 0.073*MDR + 0.51, Radke et al., 1986.
DMDR: Dimethyldibenzothiophene Ratio (4,6-DMDBT/3,6- + 2,6-DMDBT), George et al., 2001b.
TeMB: Tetramethylbenzene.
nd = not determined.

* These parameters were selected for hierarchical cluster analysis.
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with a VRE range of 0.62–0.77%. The crude oils
are estimated to have thermal maturity at the peak
of the oil window, with a VRE range of 0.82–
0.93%.

5. Interpretation

5.1. Source and maturity characteristics

Crude oils in the Lunnan Low Uplift are more
mature than the co-occurring FI oils. The FI oils
have similar maturities to each other, based on aro-
matic hydrocarbon maturity-dependent parameters
and the TSF results. Hence, the differences in the
geochemical characteristics between the Ordovician
and Triassic-hosted FI oils are mainly due to
organic facies variations. Tricyclic and tetracyclic
terpane distributions separate the Ordovician-
hosted FI oils from the Triassic-hosted FI oils, indi-
cating origins from different source rock or source
rock facies. Source-related geochemical parameters
separate the FI oils and crude oils into three families
based on hierarchical cluster analysis (Fig. 8). Rela-
tionships among the oils were determined by 14



Fig. 7. Cross-plots of thermal maturity parameters, showing the
higher maturity of the crude oils than the FI oils. (a) Methylnaph-
thalene ratio (MNR) versus dimethylnaphthalene ratio (DNR-1);
and (b) methylphenanthrene ratio (MPR) versus dimethylphe-
nanthrene ratio (DPR). For definitions of ratios see Table 3.

Fig. 8. Dendrogram of hierarchical cluster analysis (HCA) for selected s
distance (autoscale preprocessing, incremental linkage) are marked by
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source-related ratios (Tables 2 and 3) which are not
significantly affected by thermal maturity, migration
and biodegradation.

The Ordovician and Triassic-hosted FI oils
clearly are separated into different families
(Fig. 8). The Triassic-hosted FI oils are interpreted
to have been derived from a marine source rock
deposited in a more reducing environment than
the Ordovician-hosted FI oils, based on the abun-
dance of C23 tricyclic terpanes, C35 homohopanes,
28,30-bisnorhopane and arylisoprenoids, and the
lower abundance of neohopanes and the lower Pr/
Ph ratios. The source rock of the Ordovician-hosted
FI oils is interpreted to have been deposited in a less
reducing marine depositional environment, as
shown by higher Pr/Ph ratio and lesser amounts
of arylisoprenoids, gammacerane, C35 homoho-
panes and 28,30-bisnorhopane. Abundant C24 tetra-
cyclic terpane in the Ordovician-hosted FI oils is
consistent with a carbonate source rock (e.g. Pala-
cas, 1984; Connan et al., 1986), although this is
not corroborated by other carbonate indicators
such as high C29/C30 ab hopane ratios.

Source biomarker data show that both Triassic
crude oils and the Ordovician crude oil in well
LN1 are most likely related to the Triassic-hosted
ource variables. Source variables used for calculation of Euclidian

* in Tables 2 and 3.
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FI oils (Fig. 8). Geochemical characteristics of other
Ordovician and Carboniferous crude oils collected
from the eastern part of the Lunnan Low Uplift
are somewhat different to the Triassic-hosted FI oils
and Triassic crude oils, but are much more different
compared to the Ordovician-hosted FI oils based on
hierarchical cluster analysis (Fig. 8).

5.2. Biodegradation

C29–C31 25-norhopanes occur in the Triassic-
hosted FI oils and all of the crude oils, but not in
the Ordovician-hosted FI oils. This implies that bio-
degradation post-dated the trapping of FI oils in the
Ordovician reservoirs. The non-biodegraded Ordo-
vician-hosted FI oils may thus represent an early
charge episode. The Triassic-hosted FI oils and all
of the crude oils containing 25-norhopanes also con-
tain n-alkanes and acyclic isoprenoids, indicate mix-
ing of biodegraded oil with fresher non-biodegraded
oil. This kind of mixed oil may develop either dur-
ing a continuous process, where the rate of biodeg-
radation is comparable to the rate of reservoir
charging, or as episodic events, where a reservoir
is charged with oil which became biodegraded and
then the reservoir is recharged with non-biode-
graded oil. According to the burial history for the
well LN1 in the western part of the study area
(Fig. 9), the Triassic-hosted FI oils and all of the
crude oils conform to the latter scenario. The
recharge oils originated from a different source
Fig. 9. Burial and thermal history model of well LN1 in the
Lunnan Low Uplift. The location of well LN1 is shown in Fig. 1
(modified from Peng and Lü, 2002).
rock, based on different biomarker characteristics.
The abundance of 25-norhopanes in the FI oils
and the crude oils decreases from the west to the
east of the Lunnan Low Uplift, implying that the
palaeo-oil reservoir during the Ordovician was
mainly distributed in the western part of the Lunnan
Low Uplift.

5.3. Charge history interpretation

The FI results indicate a multi-episode charge
history in this region, where the composition of
the oil changed as different source rocks generated
hydrocarbons. The homogenisation temperature of
the Ordovician inclusions is mainly 60–80 �C (Peng
and Lü, 2002). Comparison with the burial and
thermal history of the Ordovician reservoir in the
Lunnan Low Uplift (Fig. 9) suggests that fluid
inclusions in the Ordovician reservoir may have
formed in the Late Ordovician and Late Devonian
(Peng and Lü, 2002). Thus, an early hydrocarbon
charge represented by the Ordovician-hosted FI oils
most likely occurred during the Late Ordovician
based on the burial history (Fig. 9). There are two
known groups of source rocks in the Tarim Basin.
The Cambrian-Lower Ordovician source rocks
started generating oil at �452 Ma while the Mid-
dle-Upper Ordovician source rocks started generat-
ing oil at �150 Ma, based on the hydrocarbon
generation history (Jin and Wang, 2004). Hence it
is suggested that the Ordovician-hosted FI oils
may have been derived from Cambrian-Lower
Ordovician source rocks. Due to the presence of
25-norhopanes in the Triassic-hosted FI oils and
all of the crude oils, but not in the Ordovician-
hosted FI oils, the early charge is inferred to have
been widely biodegraded, which is consistent with
uplift and denudation from the Devonian to the Tri-
assic. In the Permian and Triassic, the reservoir tem-
peratures in the LN1 well were less than 60 �C,
which is consistent with the temperature dependence
of mesophilic microbes that operate in petroleum
reservoirs (<60–80 �C) (Peters et al., 2005). Oils
trapped in Ordovician inclusions, therefore, may
represent the best evidence so far known of a Cam-
brian source rock for marine oils in the Lunnan
Low Uplift.

With deposition of the overlying Mesozoic–
Cenozoic sediments, large amounts of later
generated hydrocarbons mixed with the early biode-
graded oil during recharge to the Ordovician,
Carboniferous and Triassic reservoirs. These later
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charging hydrocarbons may have been generated
from Middle-Upper Ordovician source rocks,
according to the hydrocarbon generation history.
Homogenization temperatures for Triassic-hosted
FIs are mainly 90–120 �C (Peng and Lü, 2002),
which means that the Triassic-hosted FIs could only
have formed during the Late Tertiary, consistent
with the hydrocarbon generation history of the
Ordovician source rock (Jin and Wang, 2004). A
number of studies document that oil inclusions are
often trapped during the early stages of trap filling
(e.g. Karlsen et al., 1993; Lisk et al., 1996; George
et al., 1997a,b, 1998b; Isaksen et al., 1998; Bhullar
et al., 1999; Volk et al., 2001, 2002). The thermal
maturity of the Triassic-hosted FI oils was slightly
lower than that of the pre-existing crude oils in this
study, indicating initial charge of lower maturity oil
that was preferentially trapped in FIs, followed by
migration of increasingly mature oil from the source
rock as it was buried deeper.

6. Conclusions

• Ordovician and Triassic-hosted FI oils in the
Lunnan Low Uplift originated from marine
source rocks having different depositional
environments.

• Compared with the Triassic-hosted FI oils, the
source rock for the Ordovician-hosted FI oils
was deposited in a less reducing marine environ-
ment, which may have been Cambrian-Lower
Ordovician in age.

• The source rock for the Triassic-hosted FI oils
was deposited in a more reducing marine envi-
ronment, and may have been Middle-Late Ordo-
vician in age.

• Oil samples from the various reservoirs are large-
ly similar to the Triassic-hosted FI oils, except
that the Ordovician and Carboniferous oil sam-
ples from the eastern part of the study area con-
tain more rearranged hopanes and diasteranes.

• Initial petroleum charge in the Lunnan Low Uplift
occurred at two different times and is represented
by Ordovician and Triassic-hosted FI oils.

• Ordovician-hosted FI oils provide evidence for
an origin from Cambrian to Lower Ordovician
source rocks. Elsewhere these oils were subse-
quently biodegraded due to uplift of the reservoir
rocks.

• Co-existence of abundant n-alkanes with 25-
norhopanes in the Triassic-hosted FI oils and
all of the crude oils indicates that biodegrada-
tion post-dated the trapping of FI oils in the
Ordovician reservoirs but not in the Triassic
reservoirs.

• The crude oils are similar to the later oil charge,
which played an important role in forming the oil
accumulations in the Lunnan Low Uplift.
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