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Various lines of evidence, including the occurrence of bitumen and fluid inclusions, show that oil charge once took place in the
Kela-2 gas field, Kuqa foreland basin, Northwest China. However, the scale of the ancient oil reservoir remains unclear, as does the
process by which the reservoir evolved into the present dry gas field. Here, using data from analyses of fluid inclusions,
petrography, laser Raman spectroscopy, and quantitative fluorescence, the hydrocarbon accumulation history of the Kela-2 gas
field is reconstructed. The results show that the gas field underwent three periods of hydrocarbon charging and one period of
adjustment. The first oil charging occurred at about 12Ma, as recorded by the first group of oil inclusions containing 0–8 vol.%
gas with yellowish-brown fluorescence. The second charging involved mature oil charging at about 4Ma, recorded by the
second group of oil inclusions containing 15–25 vol.% gas with blue-white fluorescence. According to quantitative grain
fluorescence (QGF) and rock pyrolysis analysis, an ancient oil reservoir existed with an oil-column height of about 350m, and
the paleo oil–water contact was lower than the present gas–water contact. Under intense thrusting from 3Ma, the ancient oil
reservoir was destroyed, with oil escaping through the Kashangtuokai thrust fault, which broke the salt layer, as this layer at
that time lay in the brittle deformation domain. The inferred destruction of the ancient oil reservoir is supported by the
numerous oil and gas shows at the surface and in shallow layers near the Kashangtuokai fault, as well as the anomalous
development of authigenic kaolinite in the gas reservoir, which was enhanced by an open or semiopen system caused by the
fault breaking through the salt layer. Subsequently, with increasing burial depth to more than 3000m, the fault that had cut
through the salt layer annealed because the salt layer then lay within the ductile deformation domain. The higher overpressure
that occurred during the third gas charging at about 2Ma reflected the annealing of the fault in the salt layer, favoring late gas
accumulation and preservation. The evolution of the Kela-2 gas field provides an important case study for understanding the
role of the salt layer crossing the brittle–plastic transition and the dynamic evolution of the salt caprock in salt-containing
foreland basins.

1. Introduction

The Kuqa foreland basin is an important target for natural
gas exploration and development in Northwest China and
contains hydrocarbons mainly in the Kelasu thrust belt.

Several large gas fields have been discovered in the foreland
basin, including Kela-2, Dabei-1, Dabei-3, Keshen-2,
Keshen-5, and Keshen-8, with proven reserves of trillions
of cubic meters of gas. The Kela-2 gas field is the largest
gas field in the Kuqa foreland basin and is characterized by
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large proven gas reserves (2840:29 × 108 m3), high gas
reserve abundance (>53:2 × 108 m3/km2), a high degree of
gas filling (nearly 100%), high pressure (pressure coefficient
of up to 1.95–2.20), and high gas yield (>20 × 104 m3/d).
Given the development of a gas field of such large size and
favorable characteristics in a complex foreland thrust belt,
the Kela-2 gas field discovery has attracted particular atten-
tion from petroleum geologists. Since the discovery of the
Kela-2 gas field in 1997, numerous studies have been made
of its geological characteristics, oil and gas sources and for-
mation conditions, the genesis of the abnormally high pres-
sure, and hydrocarbon accumulation processes and
mechanisms [1–15]. These previous studies have established
that the main geological conditions favoring the formation
of the Kela-2 gas field are an adequate gas supply, excellent
sealing barrier, good reservoir quality, complete anticlinal
trap, efficient migration pathway, and late gas accumulation.
Various lines of evidence, including the occurrence of bitu-
men and fluid inclusions, show that oil charge once took
place in the Kela-2 gas field [13–15], but the scale/size of
the ancient oil reservoir remains unclear, as does the process
by which the reservoir evolved into the present dry gas field.

This study used fluid inclusion analysis, Raman spectros-
copy, quantitative grain fluorescence (QGF) analysis, field
emission–scanning electron microscopy (FE–SEM), basin
modeling, and hydrocarbon geochemistry to analyze the
multiperiod hydrocarbon filling process and accumulation
history of the Kela-2 gas field. The microscopic fluid inclu-
sion evidence and the inferred multistage fluid inclusion
evolution coincide closely with the geological evidence, as
well as with the position and conditions of the brittle–ductile
transition in salt rock and the evolution of the effectiveness
of the salt caprock seal.

2. Geological Setting

The ENE–WSW-trending Kelasu structural belt is located in
the north of the Kuqa foreland basin, a part of the Tarim
basin, and lies adjacent to the South Tianshan orogenic belt
to the north and the Baicheng Sag to the south (Figure 1(a)).
Vertical and oblique shear during the South Tianshan orog-
eny formed a series of strongly deformed thrust structures in
the Kuqa foreland basin [1, 2]. The thrust deformation
shows pronounced stratification in the Paleogene salt rock
[16–19]: in the upper salt layer, thrust faults and fault-
related folds have formed by slip within the salt rock,
whereas in the Mesozoic subsalt layer, some thrust faults
have cut through the base of the layer, forming a series of
imbricate thrust faults and related folds (Figure 1(b)). The
Kelasu structural belt can be divided into the northern and
southern Keshen zones, separated by the Kelasu Fault [20].
Structural styles in the Kela zone are characterized by large
gentle synclinal structures with shallow depth formed by
thrusting on the high-angle Kelasu Fault, whereas structural
styles in the Keshen zone are characterized by wedge fault
blocks with greater depth and bounded by the Kelasu and
north Baicheng Faults (Figure 1(b)). Slip surfaces have
enabled the formation of a series of thrust faults with uni-
form dip, with intervening anticlines, forming arcuate

thrust-imbricated structures in the vertical dimension that
join at depth (Figure 1(b)). The Kela-2 gas field is located
in the Kela zone, and the Dabei, Keshen-1, Keshen-5, and
Keshen-8 gas fields are located in the Keshen zone.

In the Kela-2 gas field, the main gas-bearing layers are
the K1bs sandstone, E1–2km dolomite, and bottom sandstone
overlain by the E1–2km gypsum and salt layer (Figure 2). A
map of the structure of the E1–2km dolomite (Figure 2(a))
shows that the Kela-2 structure is an anticline with a long
axis measuring 18 km and a short axis measuring 4 km.
The long axis trends approximately E–W, although it turns
to the NE–SW between wells KL201 and KL2, giving the
Kela-2 structure an arc shape bulging toward the south in
plan view. In the southern flank of the anticline, a series of
small NW- and NE-trending thrust faults are developed.
These faults are located within the gas reservoir, making
the E1–2km dolomite, basal sandstone, and K1bs sandstone
connect in the vertical dimension and thereby forming a
unified hydrocarbon system, with a unified gas–water
contact at an elevation of −2468m (depth of 3935m)
(Figures 2(a)–2(c)).

The average depth of the Kela-2 gas reservoir is 3825m,
the average temperature of the strata is 100.6°C, and the
average geothermal gradient is 2.19°C/100m. The E1–2km
dolomite, basal sandstone, and three lithological members of
the K1bs sandstone belong to the same pressure system, with
an average formation pressure of 74.41MPa and an average
pressure coefficient of 1.95–2.20, meaning that Kela-2 is an
ultrahigh-pressure gas reservoir [2]. The CH4 content of the
gas is 96.9%–98.22%, and the C2H6 content is 0.31%–0.53%,
with almost no C2

+ hydrocarbon components, and the dry
coefficient of the gas is almost equal to 1.0. The content of
nonhydrocarbon gases is very low, with CO2 contents of
0%–1.24% and N2 contents of 0.6%–2.84%. The formation
water type is CaCl2, with a total salinity of 12 – 16:5 × 104
mg/L, showing good closed conditions. Pressure–volume–
temperature (PVT) analysis indicates that Kela-2 is a dry gas
reservoir with ultrahigh pressure, with the critical pressure
and temperature points (Pc = 4:81 to 4:96MPa, Tc = −80:6
to −79.0°C) lying far from the formation pressure and tem-
perature. However, during the development of the Kela-2
gas field, in addition to a gas yield of 1:05 × 106 m3/day,
it has also produced a small amount of condensate oil
(3 ~ 5 × 10−3 m3/day). By the end of 2010, the cumulative
gas and condensate oil yields were 55:2 × 108 m3 and 29:8 ×
103 tons, respectively [13].

3. Samples and Experimental Methods

During hydrocarbon migration, in the course of precipita-
tion of cement and healing of microfractures, minor
amounts of fluid can be captured as inclusions in the reser-
voir rocks, which can be analyzed to yield the temperature
and pressure that applied at the time of capture [21–25],
thereby providing clues to the hydrocarbon filling time
[26, 27] and the evolution of pore fluids [28, 29]. Here, we
used fluid inclusion analysis to obtain the paleo temperature
and pressure, fluid composition, and hydrocarbon filling
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time, thus enabling a reconstruction of the fluid evolution
and the processes of hydrocarbon accumulation.

For this study, 32 core samples of K1bs reservoir were
obtained from wells KL2, KL201, and KL205 in the Kela-2
gas field. Thin sections were prepared from the samples to
enable systematic microscopic observations and analyses of
inclusion microthermometry. Hydrocarbon inclusions and
reservoir bitumen were observed using a Zeiss Axio Imager
microscope under UV excitation. Temperature measure-

ment of inclusions was conducted on a Linkman MDSG-
600 microscopic heating–freezing stage with an analytical
accuracy of ±0.1°C. In addition, 16 core samples were syste-
matically collected from a depth range of 3600–4030m in
well KL201, of which 9 samples were from above the gas–
water contact and 7 from the water zone. Quantitative grain
fluorescence (QGF) analysis was conducted on these 16
samples. QGF analysis can achieve fast and high-precision
detection of fluorescence spectra of crude oil, reservoir
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Figure 1: (a) Map of the Kuqa foreland basin, showing the location and geology of the Kela-2 gas field. (b) Geological cross-section A–A’
across the Kela-2 gas field.
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extracts, and solid grains and can be applied to the identifi-
cation of the paleo oil–water contact and crude oil compo-
nents [30–33].

The fluid-trapping temperature and pressure can nor-
mally be approximated by using the homogenization tem-
perature and pressure data of aqueous inclusions, provided
that the fluid is saturated with CH4 [29, 34]. The Kuqa fore-
land basin is a gas-rich basin, so it can be assumed that aque-
ous inclusions are saturated with methane gas, meaning that
the homogenization temperature can be used to represent
the trapping temperature. The oil inclusion trapping tem-
perature and pressure were approximated by the Petroleum
Inclusion Thermodynamic modeling method [35] combined
with the homogenization temperature of aqueous inclusions
associated with oil inclusions. The trapping pressure of CH4-
containing aqueous inclusions associated with vapor inclu-
sions was determined based on Raman analysis, following
the experimental procedures reported by Guo et al. [14].

Triaxial compression tests were conducted on salt sam-
ples from unit E1–2km at temperatures of up to 90°C and
confining pressures of up to 55MPa, using a GCTS RTR-
1500 triaxial testing system. Salt samples for the triaxial
compression tests were taken from the Baicheng salt plant
located in the Kuqa basin. The samples were homogeneous
with respect to mineralogy, grain size, and chemical content.
Irregular salt blocks were carefully cut in the form of intact
cylindrical specimens with a height of 50mm and a diameter
of 25.4mm.

4. Results

4.1. Fluid Inclusion Petrography and Microthermometry. On
the basis of petrographic observations and hydrocarbon
inclusion characteristics, three different groups of hydrocar-
bon inclusions are recognized [13, 14]. Group 1 consists of
oil inclusions with a low gas/liquid ratio containing 8–
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25 vol.% gas. These inclusions are usually near-yellow col-
ored in transmitted light, with yellowish-brown fluorescence
and are located in internal cracks in quartz and locally in cal-

cite cement (Figures 3(a) and 3(b)). These inclusions repre-
sent the early–intermediate oil charge. This group of
inclusions is found scattered only in the structurally high
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Figure 3: Representative photomicrographs of the three groups (episodes) of petroleum inclusions in the K1bs reservoir in the Kela-2 gas
field. (a) Oil inclusions of group 1 located along annealed microfractures in a quartz grain, plane-polarized light. (b) UV fluorescence
photomicrograph of the area shown in (a). (c) Oil inclusions of group 2 located along annealed microfractures in a quartz grain, plane-
polarized light. (d) UV fluorescence photomicrograph of the area shown in (c), combined with weakly polarized light. (e) Vapor
inclusions of group 3 located along annealed microfractures in a quartz grain, plane-polarized light. (f) Raman spectra of the vapor
inclusion group in a quartz grain.
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part of the reservoir, which reflects limited early oil charging.
Group 2 consists of oil inclusions with a high gas/liquid ratio
containing 15–25 vol.% gas that occur mainly in the internal
cracks of quartz grains and locally in calcite veins and anker-
ite cement. These inclusions are colorless in transmitted
light and are characterized by blue-white fluorescence
(Figures 3(c) and 3(d)), representing mature oil charging.
This group of oil inclusions is well developed and reflects

intensive oil charging. Some bitumen occurs locally at the
boundaries of these group 2 oil inclusions. Group 3 gas
inclusions are found mainly in transgranular fractures in
quartz grains and late calcite veins. They are usually black-
brown colored in transmitted light and are nonfluorescent
(Figure 3(e)). The gas composition of these inclusions is
mainly CH4, as measured by laser Raman spectroscopy
(Figure 3(f)), with CH4 Raman peaks mainly at 2910–

Table 1: Summary of results of fluid inclusion microthermometry.

Type
Mineral
location

G/V
ratio

Th Tm
Salinity
(wt.%)

Associated petroleum inclusions

Aqueous inclusions Quartz facture

5% 95 -13.5 17.34

Yellowish-brown fluorescent oil
inclusions

5% 96.5 / /

5% 102.3 -14.5 18.22

10% 108.3 -14.5 18.22

5% 96.7 -15.2 18.8

Aqueous inclusions

Ankerite

5% 122 -17 20.22

Blue-white fluorescent condensate
inclusions

5% 122 -17.4 20.52

5% 123 -17 20.22

Quartz facture

6% 117.4 -16.8 20.27

6% 120.3 / /

8% 114.3 -17.8 21.05

Aqueous inclusions Quartz facture

5% 123 -12.6 16.53

Methane vapor inclusion

5% 140 -13.3 17.17

10% 123.4 / /

9% 137.6 -13.1 17.09

8% 140.3 -13.5 17.46

9% 141.6 -12.9 16.91

Yellowish-brown fluorescent oil
inclusions

Calcite 25% 80.0 / / /

Blue-white fluorescent oil inclusions Ankerite 25% 93.7 / / /
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Figure 4: Pressure and temperature evolution of the K1bs sandstone in well KL201, according to fluid inclusion PVT simulation. (a) Results
of PVT simulation for determining the trapping pressure and temperature conditions of the oil inclusions (OIs) of groups 1 and 2. (b)
Pressure and temperature evolution of the K1bs sandstone in well KL201, showing the evolution from OIs of group 1, to condensate
inclusions of group 2, to vapor inclusions of group 3, and the current pressure and temperature conditions.
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2912 cm−1, representing late overmature and overpressur-
ized dry gas charging.

Homogenization temperatures (Th) were measured on
oil inclusions and associated aqueous inclusions in quartz
microfractures and calcite and ankerite cements. Most of
the fluid inclusions are located along healed microfractures
in quartz. The measured data for Th, final ice melting tem-
peratures (Tm), and salinity data are presented in Table 1.
Based on a comparison with the measured Th data of Yu
et al. [15], we excluded some clearly higher Th values mea-
sured during the present study, which were assumed to be
caused by fluid inclusion reequilibration. According to fluid
inclusion microthermometry, group 1 oil inclusions with
yellowish-brown fluorescence hosted in early calcite cement
homogenized at around 80°C, and the coeval aqueous inclu-
sions homogenized between 95 and 108°C. Group 2 oil
inclusions with blue-white fluorescence homogenized at
around 93°C, and the coeval aqueous inclusions homoge-
nized between 114 and 123°C. The aqueous inclusions asso-
ciated with group 3 gas inclusions yielded higher Th values
of 123–142°C. For fluid inclusions in carbonate minerals,
which readily undergo reequilibration and stretching, the
measured Th data are commonly higher than the actual Th
temperature [23, 36]. Therefore, the minimum Th tempera-
tures of aqueous inclusions coeval with petroleum inclusions
represent the trapping temperature of petroleum. It is thus
proposed that the Th of group 1 oil inclusions is 95°C, of
group 2 oil inclusions is 114°C, and of group 3 gas inclusions
is 123°C.

The salinities of aqueous inclusions associated with
petroleum inclusions were calculated from the values of

Tm. Because the majority of aqueous inclusions are very
small, few inclusions were able to be measured for Tm. The
salinity values are related to Th as follows. Group 1 fluid
inclusions with a minimum Th of 95°C have relatively low
salinity (17.3–18.8wt.% NaCl equivalent), group 2 fluid
inclusions with a minimum Th of 114°C have relatively high
salinity (20.2–21.1wt.% NaCl equivalent), and group 3 fluid
inclusions with a minimum Th of 123°C have relatively low
salinity (16.5–17.5wt.% NaCl equivalent). The salinity of the
current reservoir formation water is 12:0 – 16:5 × 104mg/L,
corresponding to 10.7–14.2wt.% NaCl equivalent, which is
lower than the salinities of any of the groups of inclusions.

4.2. Fluid Inclusion Pressure. The oil inclusion trapping tem-
perature and pressure for group 1 and group 2 inclusions
were approximated using the PIT modeling method pro-
posed by Thiery et al. [35], which considers the Th and
gas/volume ratio of oil inclusions, as well as the Th of aque-
ous inclusions associated with oil inclusions (Figure 4(a)).
The trapping pressures of CH4-containing aqueous inclu-
sions associated with gas inclusions were determined based
on the vapor bubble pressure at room temperature using
laser Raman spectroscopy, Th, and the salinity of aqueous
fluids [37]. Combining fluid inclusion Th values with the
burial and thermal history, the evolution of fluid pressure
and salinity over geological time can be reconstructed. The
results are shown in Figure 4(b). During the first oil charging
at about 12Ma, the pressure was just above the hydrostatic
pressure, and the water salinity was about 17.3–18.8wt.%
NaCl equivalent. During the second oil charging at about
4Ma, the pressure coefficient increased slightly up to 1.3,

E

C
re

ta
ce

ou
s

Su
b-

M
em

be
r

1
2

3

4

1

2

3

1

2

3

Se
rie

s

St
ag

e

M
em

be
r

0 50 100 150 200 300 0 2 4 6 8 10 12250
QGF-E QGF Index

GWC

POWC

Lithology
GR
API

0 150 0 10Ф
(%)

gas zone

water zone

gas zone

water zone

3920

3924

3928

3932

3936

3940

3944

0 0.03 0 0.4 0 0.25 0.25 0 0.12 0 2.0 4.0
So/(mg/g) S1/(mg/g) S21/(mg/g) S22/(mg/g) S23/(mg/g) St/(mg/g)

0

(a) (b)

D
ep

th
/m

Figure 5: QGF and reservoir pyrolysis profiles for the K1bs reservoir in KL201 well, indicating the existence of an ancient oil reservoir. (a)
QGF and QGF–E profiles for well KL201, showing the POWC below the GWC. (b) Reservoir pyrolysis profile showing the characteristics of
oil layers in both the gas and water zones. S0, S1, S21, S22, and S23 represent hydrocarbons detected in unit mass reservoir rocks at <90°C, 90–
200°C, 200–350°C, 350–4500°C, and 450–600 0°C, respectively, and St represents the total hydrocarbons in a unit mass of rock (the sum of S0
, S1, S21, S22, and S23).

7Geofluids



and water salinity increased to 20.2–21.1wt.% NaCl equiva-
lent. During gas charging at about 2Ma, the pressure coeffi-
cient increased substantially to 2.0–2.1, and water salinity

decreased to 16.5–17.5wt.% NaCl equivalent. During uplift
and erosion from 1.6Ma, the pressure coefficient decreased
slightly to 1.95 because of the marked reduction in
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Figure 6: Representative photomicrographs of bitumen and residual oil occurrence in the reservoir of the Kela 2 gas field. (a) Residual pores
and intergranular calcite cement and residual bitumen, plane-polarized light. (b) Intergranular dolomite and ankerite cement and residual
bitumen, plane-polarized light. (c) Bitumen in internal pores within calcite and dolomite, FE–SEM image. (d) Bitumen in K-feldspar
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temperature, and water salinity decreased to the current
10.7–14.2wt.% NaCl equivalent because of NaCl precipita-
tion caused by temperature decrease.

4.3. Quantitative Fluorescence. According to quantitative
fluorescence analysis of 16 core samples, both the QGF
index and QGF–E intensity profiles delineate a residual/
paleo oil–water contact (POWC) at a depth of 3994.5m
(Figure 5(a)), deeper than the current gas–water contact
(GWC) at 3935m. Above the inferred POWC, the QGF–E
intensities are greater than 50 and QGF index values are
greater than 4, and both the QGF index and QGF–E
intensity profiles display an increasing trend upwards,
which corresponds to the typical characteristics of the
fluorescence profile of paleo oil reservoirs [33]. The
QGF–E spectral signature is typical of that obtained from
known residual oil enriched with polar and asphaltene
fractions [13].

4.4. Bitumen Occurrence. Abundant black dry bitumen was
identified in the samples by microscopic observations. The
bitumen is distributed mainly in residual intergranular pores
and formed later than quartz overgrowths and carbonate
cement (Figures 6(a) and 6(b)). FE–SEM observations have
identified well-developed liquid oil in nanopores of the E1–
2km dolomite reservoir in well KL201 [13]. The crude oil
in the nanopores is isolated from the outside and is well pre-
served without the influence of gas washing during the late
stage of Himalayan movement. This shows the existence of
early oil charging in the Kela-2 gas reservoir. Scanning elec-
tron microscope (SEM) analysis reveals bitumen in the pores
and holes where calcite is replaced by dolomite in the E1–
2km dolomite reservoir of well KL201 (Figure 6(c)). In addi-
tion, typical three-phase hydrocarbon inclusions containing

gas, oil, and solid bitumen formed initially in the reservoir,
and the shapes of these inclusions are well preserved, indi-
cating that no leakage occurred (Figures 3(c) and 3(d)). By
implication, the solid bitumen phase was trapped during
the oil deasphalting process caused by gas washing of the
crude oil, and the observed presence of bitumen supports
the inferred occurrence of gas washing.

4.5. Triaxial Compression Tests of Salt Rock. Results of triax-
ial compression testing of salt rock with confining pressure
and temperature show that the E1–2km salt rock underwent
brittle deformation at low confining pressure and tempera-
ture, and plastic deformation at high confining pressure
and temperature (Figure 7(a)). With increasing depth of
burial, the mechanical properties of salt rock are known to
change from brittle to brittle–ductile and finally ductile
[38, 39]. According to the experimental results of this study,
the brittle–ductile transition and brittle–plastic transition
depths of salt rock in the Kuqa basin are 3000m and
5000m, respectively (Figure 7(b)). Deformation of the
Paleogene salt-dominated evaporate deposits in the Kuqa
basin is thus controlled mainly by the relatively ductile salt
rocks. In other words, above a depth of 3000m, salt rock
behaves as a brittle material under the strong extrusive stress
of the foreland thrust belt, with faults forming and cutting
through salt layers under this stress, resulting in loss of oil
and gas (Figure 7(c)). In contrast, below a depth of 3000m,
salt rock is dominated by ductile deformation. During the
process of extrusion and deformation, ductile salt layers
accommodate tectonic stress by plastic flow, and the salt
cap rock is not easily broken (Figure 7(c)). Even preexisting
faults can disappear/anneal in the salt layers owing to salt
plastic-flow deformation, which favors subsalt oil and gas
preservation.
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5. Discussion

5.1. Timing and Duration of Hydrocarbon Charging. The
results of this study, combined with the burial and thermal
history of well KL2, indicate the first oil charging occurred
at around 12Ma (Figure 8(a)). K–Ar dating of authigenic
illite generally represents the earliest time of oil and gas
accumulation [40]. K–Ar dating of authigenic illite of the
Kela-2 gas field has yielded an age range of 13:9 ± 1:4 to
9:8 ± 1:0, which indicates that the charging time of the early
oil was during the period of deposition of units N1j–N1–2k
(Figure 8(a)). The ages of authigenic illite of the K1bs reser-
voir in well DN-2, also within the Kuqa thrust belt, range
from 25.5 to 15.5Ma [41], consistent with the age range of
the Kela-2 gas field. All of these results indicate that the early

oil accumulation in the Miocene was a regional event, as
during this time the Triassic source rock entered the peak
hydrocarbon generation stage (Figure 8(b)). The second oil
charging period was at around 4Ma, belonging to the
early–middle part of the deposition of N2k (Figure 8(a)).
At this stage, the Jurassic source rock was already in the peak
hydrocarbon generation stage (Figure 8(b)). The gas charg-
ing stage occurred at either 3–2Ma (before erosion) or 2–
1Ma (after erosion). Given that uplift and erosion generally
favor oil and gas accumulation, it is inferred that the timing
of gas charging was about 2Ma (Figure 8(a)), when the Tri-
assic and Jurassic source rocks were in the overmature gas
generation stage (Figure 8(b)).

The Himalayan orogeny was the period when structures
and traps in the Kuqa foreland basin were formed and thus
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played an important role in the accumulation and distribu-
tion of oil–gas [42, 43]. The late Himalayan was the main
period of structural deformation and oil–gas accumulation
[42, 44]. The three periods of hydrocarbon charging, as
determined by fluid inclusion analysis (Figure 8(a)), corre-
spond with the history of tectonic activity and the stages of
hydrocarbon generation and expulsion (Figure 8(b)).

5.2. Scale of the Ancient Oil Reservoir. According to QGF
analysis, combined with hydrocarbon fluid inclusion analy-
sis, an ancient oil reservoir of about 350m oil-column height
once existed in the current gas and water zones (Figure 5(a)).
The residual bitumen and fluorescence in pores and cracks
further indicate the existence of the ancient oil reservoir.
Results of rock pyrolysis of reservoir samples between
depths of 3920 and 3944m near the GWC show that sam-
ples in the current gas layer above 3935m all have high
values of S0, S1, S21, S22, and S23, with a maximum St (the
sum of S0, S1, S21, S22, and S23) value of 0.2mg/g, consistent
with an oil layer (Figure 5(b)). In comparison, samples in the
current water layer below 3935m have higher pyrolysis
values, with a maximum St value of 0.4mg/g, signifying
more oil. The reservoir rock pyrolysis values in both the
gas and water layers are consistent with the characteristics
of an oil layer, further supporting the proposition that the
Kela-2 gas field was once an ancient oil reservoir and that
the ancient oil column was greater than the current gas
column.

The measured reflectance of bitumen is quite low, with
two groups of values centered around 1.07% and 0.47%,
meaning that this is not oil-cracking bitumen [45]. Accord-
ing to the burial history of well KL201, the maximum tem-
perature experienced by the K1bs reservoir was only 135°C,
below the temperature that would allow oil cracking into
gas [46]. In addition, there is no obvious biodegradation of
the bitumen extract in a GC–MS diagram, indicating that
the observed bitumen is not of biodegradation origin.
Rather, it is concluded that the bitumen is the result of wash-
ing of early crude oil by natural gas [13, 45, 47].

5.3. Mode of Destruction of Ancient Oil Reservoir. In the
absence of any damage or leakage to the Kela-2 ancient oil
reservoir, late dry gas charging would have been unable to
completely transform an ancient oil reservoir with an oil-
column height of 350m into the present dry gas reservoir.
The most likely explanation is that the Kela-2 ancient oil res-
ervoir was damaged before the late dry gas was charged. In
such a process, a large volume of crude oil would have been
lost, leaving only a small amount in the pores of the reser-
voir, as recorded by the filling of crude oil and the process
of gas washing. The geological evidence for the destruction
of the Kela-2 ancient oil reservoir is as follows. (1) the
Kela-2 structure is located in the region of most intense fault
movement and tectonic deformation in the Kelasu structural
belt (Figure 1). Also, the E1–2km unit overlying the regional
cap rock in the Kela-2 structure is thinner than the adjacent
Kela-3 and Kela-1 structures. In terms of the ease with which
fluid in the abnormally high-pressure system of subsalt K–E
could break through the overlying cap rock, the Kela-2

structure would have been a location of fluid leak in the
Kelasu structural belt [12, 48]. (2) The trap-controlling fault
in the northern limb of the Kela-2 structure is the Kashang-
tuokai thrust fault, which cuts through the E1–2km salt cap
rock and reaches the surface (Figure 9). As the Kashangtuo-
kai fault (fault F1) has been consistently active during the
Quaternary, it may have been the conduit for vertical leakage
of the Kela-2 ancient oil reservoir. Widespread oil and gas
shows in the shallow layers of the Kela-2 structure constitute
evidence for the upward leakage of oil and gas. Under the
influence of movement on fault F1, the Kashangtuokai anti-
cline formed from 3Ma, located 5 km south of the Kela-2 gas
field. Many oil and gas shows occur at the surface near fault
F1 in the Kashangtuokai anticline. Shallow wells drilled into
the anticlinal structure, such as wells KDQX1, KDQ1,
KDQ2, and KDS1, have variable occurrence of oil and gas,
accompanied by high-pressure brine in the Neogene strata
(Figure 9). These oil and gas shows provide evidence for
leakage from the ancient oil reservoir along fault F1.

The destruction of the ancient Kela-2 oil reservoir is also
recorded by petrographic evidence from the K1bs sandstone
reservoir. Compared with the adjacent Kela-1, Kela-3, and
Tubei-1 structures, a very high quantity of authigenic kao-
linite is developed in the K1bs sandstone reservoir in the
Kela-2 structure, with an average relative content of >20%
(Zou et al., 2005b). SEM analysis shows that the kaolinite
occurs mainly as flakes and tubular-shaped structures, and
is associated predominantly with microquartz and bitumen,
being precipitated in intergranular pores (Figures 6(e) and
6(f)). K-feldspar and debris dissolution pores are also well
developed in the reservoir (Figure 6(d)).

Authigenic kaolinite from the Kela-2 gas field was most
likely the product of the late diagenetic stage, for the follow-
ing reasons. (1) Kaolinite and bitumen were precipitated at
the same time, in pores dissolved into feldspar, and in con-
tact with ankerite, which is also dissolved to some extent,
indicating that the kaolinite formed later than the ankerite
(Figure 6(e)). (2) The K1bs reservoir in the Kela-2 structure
is overlapped by thick salt cap rocks and has not been
exposed to weathering and erosion after deposition, making
it difficult for meteoric water to reach the reservoir. (3)
Authigenic kaolinite is not generally developed in the Kelasu
thrust belt [49]. During the late stage of diagenesis, the dia-
genetic environment for the production of authigenic kao-
linite requires two main conditions [49–51]: organic acid
and CO2 generated by organic matter of the source rock
enter the sandstone reservoir; and dissolved matter (espe-
cially K+) is able to be discharged. If the fluid discharge is
poor, then the dissolution of feldspar and debris will be sup-
pressed [52–54]. That is, the formation of authigenic kaolin-
ite requires an open or semiopen fluid system. It is apparent
that the subsalt fluid system of the Kela-2 structure meets
the condition of an open or semiopen fluid system for the
formation of authigenic kaolinite, for the following reasons.
First, the reservoir and the underlying Triassic–Jurassic
source rocks are connected by multiple faults that acted as
channels for the upward migration of organic acid fluids
within the source rocks (Figure 1(b)). Second, subsalt over-
pressurized fluids migrated along fault F1, which cuts
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through the salt cap rock and would have resulted in a
release of dissolved matter, a reduction in salinity, and the
facilitation of dissolution, thereby favoring the formation
of kaolinite and secondary pores. A comparison of the very
high quantity of authigenic kaolinite in the Kela-2 structure
with the lower quantities in the adjacent Kela-1 and Kela-3
structures suggests that fault F1 in the Kela-2 structure was
the main conduit for the overpressurized fluid [12] and the
locus of fluid leakage in the region [48].

5.4. Movement of the Salt Layer across the Brittle–Ductile
Transition and Preservation of Late Charging Gas. After

the destruction of the ancient Kela-2 oil reservoir through
the activity of fault F1, the question arises as to how the res-
ervoir was subsequently able to form a large gas field and
how fault F1, which cuts through the salt cap rock, did not
result in the loss of the late accumulated natural gas. The
favored explanation is related to the brittle–ductile behavior
of salt rock. According to the results of triaxial compression
tests on salt rock, the brittle and ductile responses of this
rock are quite different, as brittle deformation occurs mostly
under low confining pressure through dilatation and strain
localization, with failure finally occurring through the crea-
tion of distinct macroscopic shear fractures and faults. In
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contrast, ductile deformation occurs mostly under high con-
fining pressure and high temperature through contractional
and distributed deformation with grain bulging effects [55].
For subsurface rocks, the transition from brittle fracture to
plastic flow occurs with increasing depth, higher confining
stress, higher temperature, and relatively low strain rate
[56]. For the Kela-2 structure and during the early stage of
deposition of N2k, when fault F1 was formed at about
4Ma, the burial depth of salt caprock was less than 3000m
(Figure 8(a)). The salt rock was then under conditions of
brittle deformation, meaning that fault F1 was able to cut
through the salt layer, destroying the integrity of the salt
cap rock and resulting in the destruction of the ancient
Kela-2 oil reservoir. From 3Ma, the salt rock was under con-
ditions of ductile deformation owing to the increase in burial
depth to >3000m (Figure 8(a)). Under intense extrusion
during the late stage, the ductile salt rock flowed plastically,
and fault F1 was annealed in the salt layer (Figure 7(c)). This
process allowed the salt cap rock to become complete again,
enabling the formation and preservation of the sub-salt
Kela-2 gas field.

5.5. Hydrocarbon Accumulation. During the late Paleogene
to early Neogene, the vitrinite reflectance (Ro) value of Tri-
assic lacustrine source rock was 1.3% to 1.6%, signifying
entry to the high-maturity stage, but that of the Jurassic
coal-measure source rock was only about 1.0%. Compres-
sional tectonic stress during the early Himalayan period
shaped the formation of the Kela-2 faulted anticline
(Figure 10(a)). A large volume of mature Triassic oil and
gas and a small volume of Jurassic oil migrated upward

along Fault F2 and formed the paleo reservoir during the
middle Miocene at about 12Ma.

During the period of deposition of unit N2k, source
rocks were buried quickly. The Triassic source rock entered
the dry gas generation stage, and the Jurassic coal-measure
source rock entered the high-maturity stage and generated
large volumes of light oil and gas. The tectonic compressive
stress increased, as did the amplitude of the Kela-2 faulted
anticline (Figure 10(b)). A large volume of newly generated
oil and gas migrated upward along fault F2 into the Kela-2
trap, forming the ancient oil reservoir with an oil-column
height of >350m. However, at this time, the Keshen-2 struc-
ture had not yet been formed, meaning that an ancient oil
reservoir did not exist, thereby explaining the absence of
bitumen and oil inclusions in well KS2.

During the late stage of deposition of N2k at about 3Ma,
fault F1 was reactivated under strong compressional tectonic
stress, allowing it to break through the salt caprock which lay
within the brittle deformation domain at a depth of <
3000m. This caused the ancient oil reservoir to leak through
fault F1 and be partially destroyed.

After 2Ma, the Jurassic coal-measure source rock
entered the overmature stage, generating a large volume of
dry gas. At this time, tectonism was weakened, and the trap
was gradually stereo-typed, and the salt-cutting fault F1 was
annealed owing to the salt rock becoming ductile with
increasing depth (Figure 10(d)). The deep and high-
pressure coal-derived gas generated from the over-mature
Jurassic source rock was rapidly charged through the con-
duit formed by fault F2, generating the current large Kela-
2 gas field. This charging also exerted a strong gas washing
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and deasphalting effect on the early residual oil [13], leading
to the formation of the current dry gas reservoir with little
condensate oil and large amounts of residual bitumen in res-
ervoirs. At the same time, the Keshen-2 structure was
formed and accumulated gas in its reservoir. The current
gas reservoir is composed mainly of overmature gas that
accumulated after 2Ma.

6. Conclusions

This study used data from analyses of fluid inclusions,
petrography, laser Raman spectroscopy, quantitative fluores-
cence, basin modeling, and hydrocarbon geochemistry, as
well as geological evidence and analysis of brittle–ductile
deformation of salt rock, to reconstruct the hydrocarbon
accumulation history of the Kela-2 gas field in the Kuqa
foreland basin, NW China. The following conclusions are
drawn.

(1) The Kela-2 gas field was once an ancient oil reservoir
with an oil-column height of about 350m, and the
paleo oil–water contact was lower than the present
gas–water contact

(2) Under intense thrusting and extrusion from 4Ma,
the ancient oil reservoir was destroyed and oil
escaped through the salt cap rock through fault F1

(3) With increasing burial depth and higher pressure
and temperature over time, the salt cap rock entered
the ductile deformation domain, and fault F1 was
annealed, allowing intense late gas charging from
2Ma

(4) The Kela-2 gas field has experienced three periods of
hydrocarbon charging and one period of adjustment,
with the first oil charging at about 12Ma, the second
mature oil charging at 4Ma, reservoir destruction by
faulting through the salt cap rock at about 3Ma, and
the third overmature coal-derived gas charging and
preservation from 2Ma

(5) The evolution of the Kela-2 gas field provides an
important case study for understanding the role of
the brittle–plastic transition of a salt layer and the
dynamic evolution of the salt caprock, as well as
the process of multiperiod hydrocarbon accumula-
tion and preservation in salt-containing foreland
basins
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