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Significant progress has recently been made in deep and ultra-deep oil and
gas exploration globally, demonstrating enormous exploration potential of
the deep and ultra-deep strata. However, the accumulation and preservation
pattern of deep and ultra-deep oil and gas remains poorly understood,
greatly impeding further petroleum exploration and development in the
deep and ultra-deep strata. By taking the Bozi deep and ultra-deep
condensate gas reservoirs in the Kuga Depression, western China as an
example, we attempt to reconstruct the hydrocarbon charge history in
such deep reservoirs via an integrated investigation involving quantitative
grain fluorescence, fluid inclusion petrography and microthermometry, micro-
fluorescence spectroscopy, laser Raman spectroscopy, PVTx modelling, and
basin modelling. The results show that: (1) The Bozi deep and ultra-deep
reservoirs contain one group of gas inclusion assemblage, and two groups
of oil inclusion assemblages, with one being characterized by near yellowish-
whitish and blue-whitish diphasic or triphasic oil inclusions, and the other
being featured by bright blue diphasic oil inclusions; (2) The first oil charge
occurred during the Early Neogene (6.5-5.5 Ma), and the second oil charge
occurred during the Late Neogene (44-3.5Ma), under normal hydrostatic
pressure or slightly weak overpressure; and (3) The gas charge occurred
during the Pleistocene (~1.6 Ma), with a corresponding reservoir pressure
coefficient of approximately 1.7, transforming the reservoir fluid phase state
from black oil or volatile oil to condensate gas. Our findings highlight that
aside from the present burial depth, a favorable burial history model is
crucial for the preservation of liquid hydrocarbons in deep and ultra-deep
reservoirs. The occurrence of liquid hydrocarbons in the Bozi deep and ultra-
deep condensate gas reservoirs with depths over 7,000 m is benefited from
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a prolonged period (>100 Ma) of shallow burial and a late-stage (since 10 Ma)

rapid subsidence.
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1 Introduction

Deep strata commonly refer to the strata with a burial depth
of 4,500-6,000 m, while the strata with a depth exceeding 6,000 m
are defined as ultra-deep strata (Dyman et al, 2002; Dutton and
Loucks, 2010). Significant progress has been made in global
deep and ultra-deep oil and gas exploration in recent years. For
example, condensate gas pools were discovered in the subsea Jurassic
sandstone reservoirs of the Elgin and Franklin oil fields at depths
of 5,100-5,600 m in the North Sea Basin (Lasockietal.,, 1999).
Light oil was discovered in the Ordovician carbonate reservoirs
with depths of more than 7,000 m in the Shunbei Oilfield of
the Shuntuoguole Low Uplift in the Tarim Basin (Yangetal.,
2021). The Luntan-1well in the Tarim Basin recovered light
oil from the Lower Cambrian Wusonggeer Formation dolomite
reservoirs with a depth of 8,203-8,260 m (Yangetal., 2020).
These discoveries show that the deep and ultra-deep strata
have significant exploration potential and that hydrocarbons can
be well preserved under high temperature and high pressure
(HTHP) conditions.

The Kelasu Thrust Belt is located in the northern part of the
Kuga Depression in the Tarim Basin, with an exploration area
of 5,500 km? (Jia et al., 2000). It is characterized by thick Triassic
and Jurassic mudstone source rocks, excellent Cretaceous sandstone
reservoir rocks, and Paleogene gypsum salt cap rocks, forming a
complete “source-reservoir-cap” assemblage (Zhu et al., 2015). Since
the breakthrough of the Keshen-2 well in the eastern part of the
Kelasu Thrust Belt in 2008, a series of large gas fields, such as
the Keshen, Dabei and Bozi accumulations, have been discovered
through a decade-long exploration (Zou et al., 2006; Zhang et al.,
2011). The discovery of the Bozi-9 (BZ9) well in 2020 marks the
birth of another ultra-deep and large-scale condensate gas reservoir
in the Kelasu Thrust Belt (Tian et al., 2020). The high-yield gas flow
obtained from the BZ9 well also confirms the enormous exploration
potential of the ultra-deep domain in the Kelasu Thrust Belt.
To date, tremendous efforts have been made to understand the
tectonic evolution (Wang et al.,, 2024b), fracture characterization
and stress analysis (Xu etal.,, 2022; Tang et al., 2024), diagenetic
history and reservoir quality (Zeng et al., 2020; Lai et al., 2023) of
the Bozi deep and ultra-deep condensate gas reservoirs. However,
considering the complicated petroleum geology conditions in the
deep and ultra-deep strata, including multiple sets of source rocks
with high maturity (Zhangetal, 2011; Wangetal, 2024a), and
multi-episodic tectonism (Zhu et al., 2015; Wang et al., 2024b), the
charge and preservation pattern of oil and gas accumulations in
the Bozi deep and ultra-deep condensate gas reservoirs remains
poorly understood (Tian et al., 2020). This greatly impedes further
petroleum exploration and development in this area.
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Hydrocarbon-bearing fluid inclusions are small aliquots of
hydrocarbons entrapped in rock-forming minerals, such as quartz,
feldspar, and calcite (Goldstein and Reynolds, 1994; Munz, 2001),
and record the essential information on the temperature, pressure
and compositions of hydrocarbons emplaced in reservoirs or during
the entrapment of fluid inclusions (Aplin et al., 2000; Thiéry et al.,
2000) and the timing of hydrocarbon migration and accumulation
(Karlsen et al., 1993; Bhullar et al., 1999). Detailed hydrocarbon-
bearing fluid inclusion analysis could contribute to reveal the
unknown of charge and preservation pattern of oil and gas
accumulations in deep and ultra-deep strata (Volk and George,
2019). In this study, the hydrocarbon charge history of the Bozi
condensate gas reservoirs was investigated through basin modelling
in combination with a suite of analyses including quantitative
grain fluorescence (QGF) and QGF on extracts (QGF-E), and fluid
inclusion petrography and microthermometry, micro-fluorescence
spectroscopy, laser Raman spectroscopy, and PVTx modelling. The
aims of this study are to (1) delineate the timing of hydrocarbon
charge events, (2) reconstruct the hydrocarbon charge history of the
Bozi condensate gas reservoirs, and (3) elucidate the pattern of oil
and gas preservation in the deep and ultra-deep clastic reservoirs.

2 Geological setting

The Kuga Depression is a Mesozoic to Cenozoic foreland
depressionsituated in the northern margin of the Tarim Basin, with
an estimated area of approximately 3.7 x 10 km? (Figure 1A), and
is one of the deepest and most significant petroleum exploration
areas in China (Jia et al., 2000). It has experienced three stages
of tectonic movement: a peripheral foreland basin stage (Late
Permian to Middle Triassic), an extensional rift basin stage (Late
Triassic to Middle Jurassic) and a rejuvenated foreland basin
stage (since the Neogene) (Graham et al., 1993; Jia et al., 2000).
Since the Miocene, the Kuqa Depression has formed a series
of large-scale thrust fold belts from north to south and fault-
related folds under strong compression. It can be divided into
three thrust belts (Kelasu, Yiqikelike, and Qiulitage), three sags
(Wushi, Baicheng, and Yangxia), one monocline belt (northern),
and one slope belt (southern) (Liang et al., 2003; Zhu et al., 2015).
The dominant source rocks in the Kuga Depression consist of the
Triassic-Jurassic coal bearing formations, including the Upper
Triassic Huangshanjie (T3h) and Taligike (T5t) formations, the
Lower Jurassic Yangxia Formation (J,y), and the Middle Jurassic
Kezilenuer (J,k) and Qiakemake (J,q) formations (Wang et al.,
2024a). The Paleogene Kumugeliemu Group (E,_,km) and Suweiyi
Formation, and the Neogene Jidike Formation thick-layer gypsum
salt rock (Figure 2), gypsum mudstone, and mudstone act as the
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FIGURE 1

(modified from Zhu et al., 2015).

(A) Structural unit division of the Kuga Depression in the Tarim Basin and location of the study area. Inset shows the geographic location of the Tarim
Basin, west China. (B) Regional map of the Bozi area showing hydrocarbon distribution in the Bozi sandstone reservoirs (modified form Jiang et al.,
2024) and sampled wells for QGF, QGF-E, fluid inclusion, and basin modelling analyses. The blue solid line AA" shows the location of the cross-section
profile presented in (C). (C) Stratigraphic and structural cross section along AA’, showing the “source - reservoir-cap rock” assemblage in the Bozi area

regional cap rocks in the Kuqa depression. The reservoirs are
mainly developed in the Jurassic, Cretaceous, Paleogene, and

Neogene clastic strata.
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The Kelasu Thrust Belt is located in the northern part of
the Kuqa Depression, with an exploration area of 5,500 km?
(Figure 1A), and is the first row of thrust belts adjacent to the
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FIGURE 2
Generalized chart showing stratigraphic column, major unconformities, key seismic reflection surfaces (T,”), and petroleum system elements of the
Kuche Depression (modified from Lin et al., 2012).

Southern Tianshan Orogenic Belt (Jia et al., 2000). Based on
the difference in its salt thickness and fault characteristics, the
Kelasu Thrust Belt can be subdivided into five trap concentration
zones from west to east, i.e., Awate, Bozi, Dabei, Keshen, and
Kela sections (Zhu et al., 2015). The Bozi condensate gas field is
located in the western part of the Kelasu Thrust Belt (Figure 1B).
The Lower Cretaceous Bashijigike (K;bs) and Baxigai (K,b)
formations sandstone and the overlying Kumugeliemu Group
(E,,km) gypsum salt rock constitute a complete reservoir-cap
assemblage (Figure 1C). Geochemical evidence shows that the
oil in the Bozi area mainly originated from the source rocks
of the Middle Jurassic Qiakemake Formation, and the natural
gas was dominantly derived from the Jurassic coal or coaly
shale (Zhang et al., 2011; Tian et al., 2020). In 2020, the newly
discovered BZ9 condensate gas pool had a gas bearing area of
41 km?, with predicted geological reserves of 1,153 x 108 m? of
natural gas, and 2,166 x 10* t of condensate oil (Tian et al., 2020).

Frontiers in Earth Science 04

3 Samples and methods
3.1 Core sample information

A total of 55 core samples in the Bashijigike (K, bs) and Baixigai
(K,b) formations were collected from the BZ9, Bozi-102 (BZ102)
and Bozi-301 (BZ301) wells (Figure 1B), with burial depths ranging
from 5,836.30 to 7,795.50 m.

3.2 Quantitative grain fluorescence (QGF)
and quantitative grain fluorescence on
extract (QGF-E)

Quantitative grain fluorescence (QGF) and quantitative
grain fluorescence on extract (QGF-E) can realize the rapid
delineation of palaeo-oil zones and current residual oil zones
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FIGURE 3

Quantitative fluorescence profile and spectra of K;bs reservoir sandstone samples from the BZ9 well, Kuga Depression.

in petroleum reservoirs by detecting the fluorescence attributes
of reservoir grains and their extracts after a robust pre-cleaning
procedure (Liu and Eadington, 2005). For the purpose of QGF
and QGF-E measurement, a Varian Cary-Eclipse fluorescence
spectrophotometer from Agilent Technologies was used, which is
fitted with a customized sampling stage that allows multiple aliquots
to be analyzed automatically.
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3.3 Fluid inclusion petrography and
microthermometry, and
micro-fluorescence spectroscopy

The core samples were prepared as doubly polished wafers with

80-100 um in thickness for fluid inclusion analysis. Petrographic
observation of fluid inclusions was conducted using a Zeiss Axio
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FIGURE 4
Quantitative fluorescence profile and spectra of K;bs reservoir sandstone samples from the BZ102 well, Kuga Depression.

Imager A2m microscope. In order to avoid human interference in
fluorescence color recognition, fluorescence spectral characteristics
of oil inclusions (OIs) and crude oil samples were measured
using a Horiba iHR320 imaging spectrometer by coupling with
a Zeiss Axio Imager A2m microscope with a UV light source
unit. Fluid inclusion microthermometry was conducted using a
Linkam THMSG600 heating-freezing stage combined with the
cycling technique proposed by Goldstein and Reynolds (1994).

Frontiers in Earth Science

The measurement precision is +1°C for the homogenization
temperature (T7,) and +0.1°C for the final ice melting temperature
(T,,), respectively. The heating-freezing stage was calibrated using
synthetic CO,-H,O inclusion (T,, = -56.6°C) and pure H,O
aqueous inclusion (T,, = 0°C) at low temperature. The NaCl-
equivalent salinities of aqueous fluid inclusions were calculated

based on an equation proposed by Bodnar (1993).
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Quantitative fluorescence profile and spectra of K;bs and K;b reservoir sandstone samples from the BZ301 well, Kuga Depression.

3.4 Confocal laser scanning microscopy
(CLSM)

Vapor volume fractions (¢y,,) of oil inclusions at 20°C
were measured using a Zeiss LSM 5 Pascal confocal laser
scanning microscopy (CLSM) after three-dimensional volumetric
reconstruction. The CLSM delivers a stack of focused, two-
dimensional (x-y) fluorescence image slices down through the
inclusion (z series). The bright fluorescence of oil within the
inclusions with the excitation of 488 nm argon laser light (25 mW),
can effectively distinguish it from non-fluorescent gas in the
inclusion and the host mineral. Zeiss 3D for LSM image processing
software was applied to assist construction of three-dimensional
images and volume calculation of oil inclusions.

3.5 Laser Raman spectroscopy

A LabRAM HR Evolution spectrometer (Horiba Jobin Yvon)

-1

equipped with 600 and 1800 gmm™ grating was utilized to
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analyze the compositions of monophasic gas inclusions and diphasic
aqueous fluid inclusions. The confocal aperture and slit aperture
were set to 1,000 um and 200 pum, respectively. The excitation
wavelength was ~532 nm (air-cooled, frequency doubled Nd:YAG)
with an output power of 300 mW. Before each measurement, the
spectrometer was calibrated with the 520.7 cm™ Raman peak for
silicon. During experiments, the Raman spectra were collected from
100 to 4,000 cm™! for 20 s with 10 accumulations. Considering the
dominance of CH, in the vapor phase of the investigated fluid
inclusions, the wavenumber of the stretching vibration band of CH,
was used to determine the internal pressure of both the monophasic
gas inclusions and the vapor bubble of the diphasic aqueous fluid
inclusions at room temperature (Lu et al., 2007) after calibration by
simultaneously collected Neon lamp signal.

3.6 PVTx modelling

The trapping temperature (T,) and pressure (P,) of coexisting
petroleum and aqueous inclusions were determined by the double
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Group 1 Ols

FIGURE 6

Paired photomicrographs of fluid inclusions under plain transmitted light and ultraviolet illumination from core samples in the Bozi sandstone
reservoirs. (A, B) Near yellowish-whitish fluorescing Group | OlAs occurring along fracture trails, BZ9, K;bs, 7,677.20 m; (C-D) Near yellowish-whitish
fluorescing Group | OlAs occurring along fracture trails, BZ102, K;bs, 6,861.50 m; (E—F) Near blue-whitish fluorescing, diphasic or triphasic Group |
OlAs, BZ301, K;b, 5,884.80 m; (G—H) Near bright blue fluorescing, diphasic Group Il OlAs, BZ102, K;bs, 6,770.70 m; (I) Monophasic gas inclusions
occurring mainly in micro-fractures within detrital quartz grains, BZ301, K;b, 5,930.90 m.

isochore technique (Pironon, 2021). Following the procedure
proposed by Aplin et al. (2000), petroleum inclusions were modelled
using PVTsim (Calsep, Inc.) software based on the Soave-Redilich-
Kwong equation with Peneloux volume correction (Péneloux et al.,
1982). The present hydrocarbon compositions in the Tarim Basin
were selected as the initial compositions for oil inclusion PVT
modelling, which have not been affected by biodegradation, and
an iterative analysis was adopted until the calculated vapor volume
fraction of an inclusion is consistent with that measured from CLSM
at 20°C (Aplin et al., 2000; Munz et al., 2004). The phase envelope
and isochore of the petroleum inclusion were then reconstructed.
For monophasic gas inclusions, the P, can be calculated by
combining the internal pressure of the monophasic gas inclusion
and the T, (equal to the T}, of coeval aqueous fluid inclusion
in the case of heterogeneous trapping) and equation of state
(EOS) for pure CH, (Duanetal, 1992). For diphasic aqueous
fluid inclusions, combined with the internal pressure of the vapor

Frontiers in Earth Science

bubble of the diphasic aqueous fluid inclusions at room temperature,
salinity and Ty, results and EOS for pure CH, (Duan et al., 1992)
and CH,-NaCl-H,0O (Duan and Mao, 2006), the homogenization
pressure can be calculated following an iterative approach proposed
by Becker etal. (2010). Due to the tiny size of the aqueous fluid
inclusions or low CH, concentration in the aqueous fluid inclusions,
however, the stretching vibration band of CH, cannot be detected
in most of the aqueous fluid inclusions investigated in the present
study. In this case, we assumed the aqueous fluid inclusions as a
NaCl-H,O system and reconstructed the corresponding isochores
using the model proposed by Steele-MacInnis et al. (2012).

3.7 Basin modelling

One dimensional (1D) basin modeling was applied to reconstruct
the thermal and burial histories of the BZ9, BZ102 and BZ301 wells using
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Laser Raman spectra of typical gas inclusions in the Bozi sandstone reservoirs (BZ301, K1b, 5,930.90 m), showing the dominance of CH4 in the gas
inclusions (A) and calibration by simultaneously collected Neon lamp signal (B).

PetroMod 1D software. The input parameters were mainly composed
of stratigraphy, burial depth, thickness, lithology, age and erosion. The
denudation thicknesses at different tectonic stages in the Bozi area
were estimated based on Liuetal. (2018). The boundary conditions
were paleo water depth (PWD), sediment water interface temperature
(SWIT) and heat flow (HF). The paleo-heat flows were determined
according to Luetal. (2014) and Qiuetal. (2015). The thermal
history was calibrated using the present-day measured formation
(borehole) temperature data.
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4 Results
4.1 QGF and QGF-E

The QGF index values obtained at the depths of
7,676.05-7,795.50 m in the BZ9 well range from 3.7 to 11.6, while
the QGF-E intensities range from 7.0 to 19.5 photometer counts,
with spectral peaks in the range of 356-367 nm (Figure 3). The
QGF index values obtained at the depths of 6,758.80-6,866.70 m in
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Cross plot of fluorescence spectral parameters of oil inclusions in the

Bozi sandstone reservoirs and condensate oil samples in the Kuga
Depression.

the BZ102 well span from 0.4 to 12.9, while the QGF-E intensities
are in the range of 6.9-24.4 photometer counts with spectral
peaks ranging between 357 and 370 nm (Figure 4). The QGF
index values obtained at the depths of 5,836.30-5,930.90 m in
the BZ301 well range from 3.4 to 12.3 (Figure5), which are
comparable with that for the BZ9 and BZ102 wells, while the
QGF-E intensities fall in the range of 8.1-99.7 photometer counts,
with spectral peaks occurring in the ranges of 368-383 nm and
451-460 nm, respectively.

4.2 Fluid inclusion petrography

Oil inclusions assemblages (OIAs) in the three wells occur
mainly in healed micro-fractures within detrital quartz grains
(Figures 6A, B). They are commonly colorless or yellowish under
plane-polarized light. Under the UV illumination they show
near yellowish-whitish, blue-whitish and bright blue fluorescence
colors (Figures 6C, D). OIAs are composed predominantly of
diphasic (Ly;-V) and triphasic (S;-L
bitumen component occurring along inclusion walls. Oil inclusions

oi-V) oil inclusions with
primarily have elliptic, elongated or irregular shapes with diameters
of 5-10 um. Two groups of OIAs were recognized based on
fluorescence color and bitumen content. The first group (Group
I OIAs) are characterized by near yellowish-white and blue-
-V) or triphasic (Sp;-Ly;-V) oil
inclusions (Figures 6E, ), with vapor volume fractions (¢,,)

white fluorescing, diphasic (L oil
ranging from 2.3% to 7.5% (Figure 7). The second group (Group
IT OIAs) are typical of bright blue fluorescing, diphasic (L;-
V) oil inclusions (Figures 6G, H), with ¢, in the range of
8.2%-11.6% (Figure 7).

Gas inclusion assemblages (GIAs) were also observed in some
core samples, occurring mainly in micro-fractures within detrital

quartz grains. The GIAs are composed of monophasic gas inclusions
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with the absence of bitumen component (Figure 61). Gas inclusions
have elongated or irregular shape with 3-5um length, and are
commonly opaque to semitransparent under plane-polarized light.
The gaseous components in the gas inclusions are composed of CH,
and subordinately CO, (Figure 8), with a measured CH, Raman
spectra shift being approximately 2,910.31 cm™.

4.3 Micro-fluorescence spectroscopy

The micro-fluorescence spectral characteristics of oil inclusions
are shown in Figure9 and Table 1. The wavelength of the

maximum intensity (A of the fluorescence spectra and the

)
max
ratio of the fluorescence spectral intensity at 650 nm over that
at 500 nm (Qgs0/500) for Group I OIAs are in the range of
538-552 nm and 0.61-1.37 (average: 0.86), respectively. The A
and Qgsg/500 Values for Group II OIAs fall in the range of
523-532nm and 0.23-0.72 (average: 0.46), respectively. Three
condensate samples collected from the Kuqa Depression have A,
and Qgsg500 Values in the range of 504-511nm and 0.19-0.27

(average: 0.22), respectively.

max

4.4 Fluid inclusion microthermometry

A total of 107 fluid inclusions investigated were selected
Table 1).
Detailed microthermometric results for the three wells are

for microthermometric measurements (Figure 10;
summarized as follows:

In the BZ9 core samples, a total of 19 oil inclusions
and 10 coeval aqueous fluid inclusions were measured for
microthermometry (Figure 10A). The T, values of Group I
oil inclusions vary from 48.6°C to 62.8°C, while the coeval
aqueous fluid inclusions have T} values of 104.2°C-106.5°C.
The corresponding T,, values for the aqueous inclusions are
in the range from -8.2°C to -7.9°C, with calculated NaCl-
equivalent salinities of 15.6-11.9 wt% (average: 11.8 wt%). Group
IT oil inclusions have T} values ranging from 16.3°C to 78.5°C,
while the coeval aqueous fluid inclusions have T) values in the
range of 114.3°C-146.2°C. The corresponding T, values for the
aqueous inclusions are in the range from —10.5°C to —9.8°C, with
calculated NaCl-equivalent salinity in the range of 13.7-14.5 wt%
(average: 14.1 wt%).

In the BZ102 core samples, a total of 33 oil inclusions
and 15 coeval aqueous fluid inclusions were measured for
microthermometry (Figure 10B). Group I oil inclusions have Ty,
values ranging from 47.6°C to 66.1°C, while the coeval aqueous
fluid inclusions have Ty, values in the range of 86.8°C-101.8°C.
The corresponding T, values vary from —8.2°C to -7.2°C, with
calculated NaCl-equivalent salinities of 10.7-11.9 wt% (average:
11.5 wt%). For Group II OIAs, the oil inclusions have T values
ranging from 39.6°C to 88.5°C, while the coeval aqueous fluid
inclusions have T}, values varying between 98.7°C and 130.4°C. The
corresponding Tm values range between —10.7°C and -9.8°C, with
calculated NaCl-equivalent salinities in the range of 13.7-14.7 wt%
(average: 14.3 wt%).

In the BZ301 core samples, a total of 21 oil inclusions
and 8 fluid  inclusions measured  for

aqueous were
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TABLE 1 Summary of microthermometric and fluorescence spectral characteristics of fluid inclusions investigated in the Bozi sandstone reservoirs.

Fluid Fluorescence spectral T,, of oil Microthermometric data of coeval
inclusion parameters inclusions aqueous fluid inclusions
type (°C) (N)
Amax (NM) Qgs0/500 Ty, (°C) (N) T (°C) (N) Salinity
(wt%) (ave)
Group 1 OIAs 537.91~542.29 0.75~0.96 48.6~62.8 (5) 104.2~106.5 (2) -8.2~-7.9(2) 11.58~11.93
(11.75)
BZ9
Group 11 OIAs 523.38~531.40 0.23~0.72 16.3~78.5 (14) 114.3~146.2 (8) ~10.5~-9.8 (5) 13.72~14.46
(14.10)
Group I OIAs 538.17~552.05 0.61~1.37 47.6~66.1 (5) 86.1~101.8 (5) -82~-7.2(3) 10.73~11.93
(11.49)
BZ102
Group II OIAs 526.74~531.40 0.29~0.64 39.6~88.5 (28) 98.7~130.4 (10) ~10.7~-9.8 (6) 13.72~14.67
(14.30)
Group I OIAs 538.46~543.02 0.61~1.27 41.6~64.2 (4) nd nd nd
Group 11 OIAs 526.48~531.66 0.44~0.56 43.8~96.5 (17) 107.2~115.8 (3) ~10.6~-10.5 (2) 14.46~14.57
BZ301 (14.51)
GIAs 131.6~139.3 (5) ~12.5~-11.4 (3) 15.37~16.43
(15.79)

Abbreviation: ave = average; nd = not determined.

microthermometry (Figure 10C). Group I oil inclusions have T
values ranging from 41.6°C to 64.2°C, but no microthermometric
measurement on the coeval aqueous inclusions was obtained. The
bright blue fluorescing Group II oil inclusions have T values
ranging from 43.8°C to 96.5°C, while the T}, values of coeval
aqueous fluid inclusions fall in the range of 107.2°C-115.8°C.
The corresponding T, values vary from -10.6°C to —10.5°C,
with calculated NaCl-equivalent salinities in the range of
14.5-14.6 wt% (average: 14.5wt%). For the GIAs, the coeval
aqueous fluid inclusions have T} values of 131.6°C-138.3°C. The
corresponding T values vary from —-12.5°C to —-11.4°C, with
calculated NaCl-equivalent salinities in the range of 15.4-16.4 wt%
(average: 15.8 wt%).

4.5 Basin modelling

The key input parameters for 1D basin modelling of the BZ9,
BZ102 and BZ301 wells are shown in Table 2. Based on the 1D basin
modelling results, taking the BZ102 well as an example (Figure 11),
it can be seen that from the Late Cretaceous to the Early Paleogene,
the strata in the Bozi area underwent a prolonged period of slow
subsidence. Since the Late Paleogene, the sedimentation rate of
strata has accelerated greatly, especially during the Miocene, and
the formation temperature of strata has also increased significantly
with depth. There were two important uplifting and denudation
events in the study area, one occurred in the Late Cretaceous
to Early Eocene (96-65Ma), resulting in an estimated erosion
thickness of 1,100-1,300 m, and the other occurred in the Late
Pliocene (3.0-1.8 Ma), causing an estimated erosion thickness of
300-500 m.

Frontiers in Earth Science

5 Discussion

5.1 Fluid inclusion PVTx modelling and
timing of hydrocarbon charge

The T}, —¢.,, relationship shows that the modelled oils in Group
I oil inclusions consist mainly of black oil or volatile oil, whilst those
in Group II oil inclusions are primarily composed predominantly
of volatile oil (Figure 12). The T and P, of Group I OIAs in the
BZ9 well are 128.5°C and 58.3 MPa, and those of Group II OIAs
are 141.1°C and 65.0 MPa (Figure 13A; Table 3). The T and P,
of Group I and II OIAs in the BZ102 well are 105.6°C and 47.9
MPa and 121.9°C and 58.8 MPa, respectively (Figure 13B). The
T, and P, of Group II OIAs in the BZ301 well are 131.7°C and
61.3 MPa (Figure 13C). Based on the wavenumber of the stretching
vibration band of CH, (Figure 8), the internal pressure of the
monophasic gas inclusions is 49.2 MPa at room temperature, and
the calculated P, of GIAs in the BZ301 well is 93.0 MPa at 139.1°C
(Figure 13C).

Fluorescence color has been commonly used as a thermal
maturity indicator for oil trapped in inclusions (Guilhaumou et al.,
1990; Stasiuk and Snowdon, 1997; Volk and George, 2019;
Ping et al., 2020). With increasing maturity, fluorescence colors
would change from yellow to blue (McLimans, 1987). The variations
in fluorescence color and fluorescence spectral parameters of oil
inclusions in our study indicate an obvious maturity difference
of oils charged at these two stages. The near yellowish-white and
blue-white fluorescing Group I OIAs represent a relatively “low-
maturity” oil compared with that for the bright blue fluorescing
Group II OIAs. By combining the fluid inclusion PVT modelling
and 1D basin modelling results, the timing of hydrocarbon charge
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can be determined (Figure 14). The first oil charge event, indicated
by Group I OIAs, occurred during the Early Neogene (~6.5 Ma)
in the BZ9 well, while the second oil charge event, as evidenced
by Group II OIAs, occurred during the Late Neogene (~3.5 Ma)
(Figure 14A). In the BZ102 well, the first and second oil charge
events occurred during the Early Neogene (~5.5Ma) and Late
Neogene (~3.0 Ma), respectively (Figure 14B). In the BZ301 well,
the timing of the first oil charge event cannot be determined, due
to the lack of aqueous fluid inclusions coeval with Group I OlIs,
and the second oil charge event occurred during the Late Neogene
(~4.4 Ma) (Figure 14C). The timing of gas charge event, as evidenced
by GIAs in Figure 6], is approximately 1.6 Ma. It is worth noting
that the reservoir pressure coefficients (ratio of oil inclusion trapping
pressure to hydrostatic pressure) were in the range of 1.0-1.3
during the first and second oil charge events (Figure 13), equivalent
to normal hydrostatic (formation) pressure or weak overpressure.
However, the reservoir pressure reached 93 MPa during the gas
charge event, with a calculated pressure coefficient of 1.7 in the
BZ301 well (Figure 13C).
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5.2 Hydrocarbon charge history

During the Late Cretaceous to Early Neogene, the Bozi
area experienced a period of stable subsidence (Figure 11A),
accompanied by local structural deformation and fault development.
With the sedimentation of the Paleogene Kumugeliemu Group
thick gypsum salt unit, a complete source-reservoir-cap rock
assemblage and overburden strata were in place in the Bozi area
(Zhu et al,, 2015). During the deposition of the Plicene Kangcun
and Kuqa formations, the Bozi area underwent strong compression
and structural deformation, causing plastic flow of the Paleogene
gypsum salt unit and substantial variations in the thickness of the
gypsum salt unit and the Kuga Formation. Large-scale thrust faults
developed simultaneously, even breaching through some thinner
sections of the gypsum salt unit (Zhang etal.,, 2011). This rapid
subsidence promoted the Middle Jurassic Qiakemake Formation
source rocks to become mature and generate hydrocarbons. These
hydrocarbons migrated upward along the thrust faults and charged
into the Early Cretaceous traps to form oil pools. A total of

frontiersin.org


https://doi.org/10.3389/feart.2024.1475316
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

10.3389/feart.2024.1475316

00T°T 658°S €8s 05T 9769 L§L°9 00€°T 088~ $99°L auoyspueg 59 9% 9% 48 s aybifiyseg | snoadeip1)
€8s 06LG $99°2 S€9°L areys %9 59 ey
06LG 799G LEL9 T1L9 S€9°L 815/ wnsd4n 09 9 Sy
5 o1 nuw
; . . . w
799 04T 815, £TL9 LN 67 09 Myl J—
suadoaredq
0L 002°s TIL9 0579 £2L°9 6609 e W 6 My
002 8€0°S 0579 85€°9 6609 £76°S areys 53 w R
8€0°S £89F 85€9 0209 £76'S LEL'S auoysIs £€C v s 1d1omng
€89F 818°¢ 0209 9z1°s LELS ST8% auoyspueg 4l €T N NPy
818°¢ 97€°T 9T1'S 9¢L'€ ST8F 906°€ auojspues TS 41 ¥OIN unofuey auafoaN
005 97T 0Ty 00€ 9¢L¢ P81 00¥ 906°€ 18T auoyspueg 81 3 13 €5 N ebny
0z 0 PH81 0 1871 0 aje1owo[3uo) 0 81 Re) ndry Areursend

(w)

(w)

(w)

(w)

3pod

(dnoub)

frontiersin.org

13

Yang et al.

papos3  oseg papoJ3 | aseg (en) (ew) eles}S uonewsod

woly | wol | (ew) (eW)

10574 674 ABojoyy] papos3 [paposy |oyodag wolyodaq ejens

"S|I9M T0SZ8 Pue Z0TZ4 ‘628 du3 30 Bulspow uiseq T 404 sis3awesed indul A3y Z 31aVL

Frontiers in Earth Science


https://doi.org/10.3389/feart.2024.1475316
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Yang et al.

10.3389/feart.2024.1475316

Cretaceous Paleogene Neogene [q Temperature (°C)
(A)O K, | K, E, | E, = N, [N, (B)oo, 50100150200
”5’ ° || Q % L Q
0
1‘ 600 1' ‘1.
70°C Nk \ Nk
80°C - \,
24 90 2 }‘+
;E 100 ;g *+
=3 110°C Nk =3 ‘f Nk
o 120°C S \
[m] 4 H (=) 4] " -
130°C N.j ¥ N,
] E.s + i E.s
53 140°c{\H 51 ) s
E,km E,;km
- K,bs ] - K.bs
6 ] . ' . . ' ' . . . | 150°C | |Kib 6 ‘ :K1b
110 100 90 80 70 60 50 40 30 20 10 0

———Modelled temperature curve
&+

Time (Ma)

Measured temperature data
FIGURE 11

(A) Burial and thermal evolution history diagram of the BZ102 well; (B) Thermal history calibration of the BZ102 well based on measured formation
temperature data.

16
(6) (5) (4)
[[] Group | Ols (3)
14 - [] Group Il Ols
(2)
12
u (1)
6‘10 N ] D
o (] L
~ B D
® 8- L]
< [}
e
B 5
44 ./ (1) North America black oil
(2) Black oil (Danesh,1988)
(3) North America volatile oil (high CO,)
24 (4) North America volatile oil Il
(5) North America volatile oil |
/ (6) North America critical oil
0 T 1 T T T T T T T
0 10 20 30 40 50 60 70 80

90 100
T.(°C)

FIGURE 12

Cross plot of homogenization temperature (T,) versus vapor volume fraction (g,,,) (20°C) of oil inclusions in the Bozi sandstone reservoirs. Reference
curves with different petroleum compositions are derived from Bourdet et al. (2008).

two oil charge events have been recorded by OIAs, with the first
characterized by near yellowish-white and blue-white fluorescing
OIAs, while the second characterized by bright blue fluorescing
OIAs (Figure 6). In addition, abnormally high QGF index and

QGF-E values were observed at 5,830-5,850 m in the BZ301 well
(Figure 5), indicating the accumulation of paleo-oil or residual oil.
It is hypothesized that oil was once charged into this sandstone
interval with relatively good reservoir petrophysical properties,
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but the scale of the oil pool was relatively limited, with oil
column height of only ~10m. The first oil charge occurred
during the Early Neogene (6.5-5.5Ma), while the second oil
charge occurred during the Late Neogene (4.4-3.5 Ma) (Figure 14).
At this time, the reservoir pressure coefficients were in the
range of 1.0-1.3 (Figure 13), indicating the occurrence of a
normal hydrostatic (formation) pressure or a weak overpressure
in the reservoirs.

Since the Quaternary, large-scale thrust faults in the Bozi area
continued to develop and gradually formed the current tectonic
configuration (Zhang et al., 2011). This had caused the Jurassic coal
or coaly shales to become mature rapidly, entering the stage of
dry gas generation (Zhang et al., 2011; Tian et al., 2020). This gas
charge event occurred during the Pleistocene (~1.6 Ma) (Figure 14),
and was recorded by the GIAs, which are composed of CH,
and subordinately CO, (Figure 8). The dry gas migrated upward
to the Cretaceous traps through faults, and altered the reservoir
hydrocarbons via gas flushing, causing the hydrocarbon fluid phase
state in the sandstone reservoirs changing from black oil or volatile
oil to condensate gas (Figure 15). This is also supported by the
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changes in fluorescence spectral parameters from oil inclusions
to condensate oil samples (Figure 9). The QGF-E spectra peaks
in the range of 451-460 nm are indicative of the presence of
asphaltene in the reservoirs (Liu and Eadington, 2005), as QGF-
E measures adsorbed hydrocarbons extracted from the reservoir
grains (Figure 5). This suggests the occurrence of gas-flushing-oil
within the reservoirs, which may have caused the exsolution and
precipitation of asphaltene from the reservoir oil (Hammami et al.,
2000). In addition, the negative deviation of light n-alkanes in
the crude oil away from the normal n-alkane profile for normal
oil further supports the occurrence of gas flushing in the Kuqa
Depression (Zhangetal.,, 2011). During rapid gas injection, the
formation pressure reached 93 MPa with a calculated pressure
coeflicient of 1.7 in the BZ301 well. Due to the continuous tectonic
compression, the formation pressure in the Bozi area continued
to increase and eventually became the current ultra-high-pressure
condensate gas reservoirs, with the present-day pressure coefficients
in the range of 1.8-2.0 (Figure 13).

It can thus be concluded that the presence of excellent sandstone
reservoirs, abundant oil and gas sources, efficient cap rocks, and
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TABLE 3 Summary of fluid inclusion PVTx modelling results in the Bozi sandstone reservoirs.

Fluid inclusion type T, (°C) Coeval aqueous fluid inclusions T, (°C) P, (MPa)
T, (°C) T, (°C) Salinity (wt%)
Group I OIAs 48.6 104.2 -7.9 11.6 128.5 58.3
BZ9
Group IT OIAs 43.5 114.3 -10.0 13.9 141.1 65.0
Group I OIAs 47.6 86.1 -8.2 11.9 105.6 47.9
BZ102
Group IT OIAs 39.6 98.7 -9.8 13.7 121.9 58.8
Group IT OIAs 43.8 107.2 -10.6 14.6 131.7 61.3
BZ301
GIAs nd 139.1 -12.5 16.4 139.1 93.0
Abbreviation: nd = not determined.
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FIGURE 14
Plots showing the timing of hydrocarbon charge events in the BZ9 (A), BZ102 (B) and BZ301 (C) wells. Grey solid line denotes the reservoir temperature
evolution curves.
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suitable fault activities promoted the formation of Bozi deep and
ultra-deep condensate gas reservoirs.

5.3 Implications for deep and ultra-deep
petroleum exploration

The burial evolution history in the Bozi area is characterized
by a prolonged (>100 Ma) shallow burial and a late-stage rapid
subsidence (10 Ma-present) (Figure 11). The strata experienced a
prolonged period of slow subsidence during the Late Cretaceous to
Early Paleogene, which is crucial for maintaining porosity in the
sandstone reservoirs. Since the Late Paleogene, the subsidence rate
has accelerated abruptly, with an incremental burial depth reaching
2000-3,000 m over a short time span, and consequently a sharp
increase of the formation temperature. This unique burial evolution
history had promoted the maturation of source rocks and caused
an intense hydrocarbon generation, migration, and accumulation
(Zhu etal,, 2015). In addition, the current geothermal gradient
in the Bozi area is approximately 20°C/km, and the formation
temperature of the Cretaceous sandstone reservoirs is mostly less
than 160°C, lower than the threshold temperature for oil cracking
(Waples, 2000; Tian et al., 2006). Under this circumstance, a large
quantity of condensate gas can be well preserved. The unique burial
history model in the Bozi area is primarily responsible for the stable
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preservation of liquid hydrocarbons (including condensate gas) in
the ultra-deep reservoirs.

6 Conclusion

Our study used QGF and QGF-E, fluid inclusion petrography
and microthermometry, micro-fluorescence spectroscopy, laser
Raman spectroscopy, PVTx modelling, and 1D basin modelling
to investigate the hydrocarbon charge history of the deeply buried
clastic reservoirs in the Bozi area of the Kuga Depression, western
China. The results show:

(1) The Boziarea experienced two oil charges at the Early Neogene
(6.5-5.5 Ma) and the Late Neogene (4.4-3.5 Ma), and a gas
charge in the Pleistocene (~1.6 Ma). The oils were charged
into the Bozi ultra-deep reservoirs under a normal hydrostatic
(formation) pressure or weak overpressure, whereas the gas
dominated by CH, was charged at an ultra-deep (>6,000 m)
depth under overpressure with a corresponding reservoir
pressure coefficient of approximately 1.7.

The unique burial-thermal evolution history model in the
Bozi area shows that a prolonged shallow burial and a late-
stage rapid subsidence, are crucial for liquid hydrocarbon
preservation in the ultra-deep strata.
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