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a b s t r a c t

Liquid oils in deeply buried reservoirs are usually subjected to thermal cracking by the prolonged time- 
temperature effect during burial. However, large quantity liquid oils are being produced from the 
Cambrian reservoirs in the Tarim Basin at a depth of over 5500 m. Previous studies suggest that a late oil 
charging event should have been responsible for the preservation of liquid oil, but the evidence from 
fluid  inclusions is questionable. In this study, carbonate U–Pb dating following a systematic fluid  in
clusion analysis is applied to constrain the timing of oil charging in the Cambrian reservoir in the 
Kalayuergun structural belt in the western part of the Tabei Uplift. The results show that the diagenetic 
minerals of the Cambrian Xiaqiulitage Formation include the dolomite matrix, anhedral dolomite, 
euhedral dolomite and calcite. Secondary oil inclusions were detected as trails in the dolomite matrix 
while primary oil inclusions are distributed along growth zones of calcite. Both of these inclusions are 
featured by multiple fluorescence colors in single oil inclusion assemblage, which are interpreted to be 
the results of trapping fractionation or post-entrapment alteration. The homogenization temperatures 
of oil inclusions with different fluorescence colors in the same assemblage are in the same range of their 
coeval aqueous inclusions, denoting oil inclusions are formed in a single trapping event and the oil 
should have been gas saturated. Projecting the lowest homogenization temperature of the aqueous 
inclusion onto the burial history, yielding an age of around 450 Ma which is very close to the U–Pb age of 
calcite (440.5 ± 9.6 Ma), corresponding to the first oil generation peak of the Yuertusi Formation during 
the Late Ordovician to Early Silurian. Considering this, the early generated oils migrated upwards to the 
shallower reservoir through fault planes together with the low heating rate of the Tarim Basin pre
vented the oil in place from thermal cracking. This study demonstrates the effectiveness of integrating 
carbonate U–Pb dating and fluid inclusion methods to investigate deeply buried reservoirs in the Tarim 
Basin, which can be applied to similar reservoirs in the world.
© 2026 Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open 

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Unlike the Sinian-Cambrian deeply buried reservoirs (DBRs, 
burial depth >5000 m) in the Sichuan Basin (SW China) where the 
oils generated from marine source rocks have completely cracked 
to natural gas due to a high grade of thermal evolution (Dai et al., 

2014; Guo et al., 2016; Xu et al., 2018; Zou et al., 2014), the Cam
brian–Ordovician DBRs in the Tarim Basin that are buried down to 
8 km are producing large amounts of light oils (Chai et al., 2020; 
Chen et al., 2019; Yang et al., 2020; Zhu et al., 2020, 2021). This 
has attracted petroleum geologists to understand the preservation 
mechanisms of the light hydrocarbons from thermal cracking in 
the ultra-deep context during the long geological history (Chai 
et al., 2020; Du and Hu, 2024; Jiang et al., 2024; Jin, 2023; Li 
et al., 2023; Zhang et al., 2022; Zhu et al., 2013). In this regard, 
determining the time of oil charging is essential, because the Tarim 
Basin has relatively low geothermal gradient (Liu et al., 2016). This 
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means, later charges of oil should suffer less from the combined 
temperature-time effect making them more likely to form larger 
light oil accumulations to be found present-day (Zhu et al., 2020).

Biomarker-based studies have suggested the oils in present-day 
reservoirs of the Tarim Basin have experienced three oil charging 
episodes and multiple oil mixing events (Zhan et al., 2017; Zhou et al., 
2021). However, other studies based on fluid inclusion analysis sug
gest only two oil charging episodes in the Tarim Basin (Fang et al., 
2017; Xiao et al., 2016). The determination of two oil charging epi
sodes by fluid inclusions was mainly based on two different fluores
cence colors of oil inclusions that have been long considered 
representing oils with distinctive thermal maturities (Stasiuk and 
Snowdon, 1997) and a bimodal histogram of homogenization tem
perature of the aqueous inclusions representing two major fluid ac
tivities (Song et al., 2017). However, using the fluorescence color of oil 
inclusions to decide charging episodes is still questionable, since in
clusions could have been subjected to various secondary processes 
other than thermal maturation, affecting oil inclusions’ fluorescence 
colors (George et al., 2001b). In addition, in vein filling  carbonate 
minerals, fluid inclusions are generally distributed either as clusters or 
trails, thus, it is hard to identify theoretically coeval oil and aqueous 
inclusions that should coexist in one fluid inclusion assemblage (FIA) 
(Goldstein and Reynolds, 1994). Moreover, recent progress related to 
fluid  inclusions suggest that the size and abundance of inclusions 
largely affect their connectivity, consequently, primary inclusions 
could have been filled by secondary fluids in carbonate minerals with 
dense inclusions (Eltom et al., 2023). In the existing studies targeting 
oil charging in the Tarim Basin, the two different fluorescent oil in
clusions are commonly found coexisting in single crystals, thus, 
making two-episode interpretations unreliable (Song et al., 2017; 
Yang et al., 2021a). Besides, the reported bimodal histograms of ho
mogenization temperatures are not quite convincing, because there 
exists a large amount of data between the two modes on the histo
grams left out (Fang et al., 2017; Xiao et al., 2016). Additionally, pre
vious studies found coeval aqueous inclusions of the second oil 
charging exhibit distinctively different salinity ranges between two 
neighboring wells of around 20 km apart, which was attributed to the 
differences in the hydrodynamics of two separate fluids (Yang et al., 
2021a). Ultimately, all of the reported aqueous inclusion data could 
be problematic in carbonate crystals.

In-situ U–Pb dating is a powerful method for geochronology (Gui 
et al., 2025; Jackson et al., 2004). The development of a calcite 
reference material WC-1 (Roberts et al., 2017) has facilitated car
bonate in-situ U–Pb dating, particularly in the oil and gas industry as 
carbonate is the most common mineral type in diagenetic regimes 
(Cong et al., 2021; Gui et al., 2023; Lu et al., 2023; Yang et al., 2021b). 
The absolute age of diagenetic minerals can eliminate the ambiguity 
introduced by fluid  inclusion-burial history indirect dating, so, 
minimize the uncertainty in the timing of paleofluids  activities, 
providing better constraints on oil/gas charging histories especially 
in superimposed basins with complex tectonic backgrounds (Cong 
et al., 2024; Liu et al., 2022; Su et al., 2022). For example, Fan et al. 
(2023) employed in-situ U–Pb dating of carbonate veins in 
Cambrian shales at the southeastern margin of the Upper Yangtze 
platform (SW China) to constrain fluid and hydrocarbon activities in 
shales. Mangenot et al. (2018) coupled carbonate U–Pb dating and 
clumped isotope thermometry and calibrated the thermal history of 
the Middle Jurassic carbonates in the Paris Basin (France). 
Rasmussen et al. (2020) identified six fluid episodes in the Pilbara 
craton by applying U–Pb dating to Archean shale hosting calcite 
veins. Therefore, it is vital to incorporate such methods when 
investigating fluids in the Tarim Basin that have shown a complex 
geodynamic context. Cong et al. (2022) employed carbonate U–Pb 
dating in oil inclusions-bearing calcite in the Halahatang oilfield and 
obtained two main absolute ages corresponding to two major oil 

charging episodes. Xu et al. (2024) identified four different calcite 
phases in the Ordovician reservoir in the Tabei Uplift of the Tarim 
Basin, which then proved to have oil inclusions with different fluo
rescence colors, varying rare earth element (REE) abundancy pat
terns, distinctive stable C–O isotope distributions and four variable 
U–Pb ages. Therefore, these four calcite filling events attributed to 
four fault activities related to oil charging episodes. In another study, 
although, authors found three oil inclusion groups with different 
fluorescence colors in calcite veins and cements, the U–Pb dating 
results only supported the first oil charging event (Cong et al., 2024).

The Ordovician marine carbonates are the major oil reservoirs 
of the Tarim Basin (Xiao et al., 2016). The source of the Paleozoic 
marine hydrocarbons in the Tarim Basin has been debated for 
almost 40 years. However, the latest research suggested that the 
Cambrian source rocks, especially the Yuertusi Formation, are the 
major contributor to the deep marine oils, suggesting the 
Cambrian strata to be promising targets for future explorations 
(Feng et al., 2021). Based on the new findings  about oil sources, 
PetroChina deployed a pilot well, Xiongtan 1 (XT 1), on the 
Kalayuergun structural belt in the western Tabei area in 2022 
where in September 2023, it achieved industrial oil flow  in the 
Upper Cambrian Xiaqiulitage Formation (Wang, 2024). This dis
covery, which followed previous successful explorations in the 
Cretaceous and Paleogene strata made the Tabei area a “multi- 
layer oil producing reservoir” (Wang, 2024). This well is currently 
the only one that has achieved a breakthrough in the Cambrian 
strata in the Tabei area, with daily oil production of 201 t and gas of 
177899 m3 (Wang, 2024). Considering this, it is necessary and 
urgent to further investigate oil accumulation history in this 
particular well and the one in its vicinity for better future explo
ration and development operations in the area.

Based on what was said above, the main objective of this study 
is investigating the oil charging history in the Xiaqiulitage For
mation in the Kalayuergun structural belt by integrating fluid in
clusion and carbonate U–Pb dating methods. The results can 
provide more discussions in the long-standing ambiguities in the 
use of fluid inclusions to solve the number of oil charging events 
and provide insight to the oil accumulation and preservation 
mechanisms in this promising frontier area.

2. Geological setting

The Tarim Basin is the largest superimposed petroleum-bearing 
basin in China (Zhang et al., 2015). It is located in the northwest of 
China, covering an area of about 560 × 103 km2 (Fig. 1(a)) (Zhu 
et al., 2013). The Tarim Basin is tectonically located between the 
Paleo-Asian and Tethyan tectonic domains (Zhu et al., 2019). The 
basin is bounded by the Kunlun Mountains to the southwest, the 
Tianshan Mountains to the north, and the Altun fault belt to the 
southeast (Cheng et al., 2020; Lin et al., 2012). Within the basin, it 
can be divided into the Luntai, Lunnan, Yingmaiti, Bachu, Tazhong, 
Southeastern and Wensu-Keping uplifts, and the Awati, Kuqa, 
Manjiaer, Tangguzibasi, southwestern and southeastern de
pressions, et al. (Fig. 1(b)) (Cheng et al., 2020). Since the Meso
proterozoic collision that formed its crystalline basement, the 
Tarim Basin has experienced multiple stages of tectonic move
ments, including the early Caledonian extension with the devel
opment of carbonate successions (Jia et al., 2022), the middle-late 
Caledonian to early Hercynian compression that resulted in the 
formation of sub-structural units in the Tarim craton (Yang et al., 
2014; Zhu et al., 2019). The late Hercynian-Indosinian compres
sion facilitated the formation of the Tabei Uplift (Jia et al., 2022), 
which was later affected by the late Yanshanian compression and 
the late Himalayan tectonic deformation (Zeng et al., 2004). The 
Kalayuergun structural belt is located at the western part of the 
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Tabei Uplift, which is bounded by the Qiulitage structural belt to 
the northeast, and the Awati Depression and Wensu Uplift to the 
southwest (Fig. 1(c)) (Wang, 2024). It is characterized by en- 
echelon folds containing the northern, middle and southern 
Kalayuergun anticlines (Zhang et al., 2018).

The stratigraphy of the Tarim Basin is comprised of the 
Sinian–Devonian marine deposits, the Carboniferous–Permian 
transitional deposits, and the Triassic–Quaternary continental 
deposits (Fig. 2) (Zhu et al., 2019). The target wells in this study are 
Well XT 1 and another one in its vicinity, Well Tuotan 1 (TT 1) 
(Fig. 1(c)). The Well TT 1 was drilled on the Kalayuergun Structural 
Belt, aiming at exploring the Paleozoic burial hill reservoir domain. 
The Cambrian Xiaqiulitage Formation is mainly composed of 
dolomite grainy shoal with a thickness of 251 m in Well XT 1 and 
138 m in Well TT 1. Wang (2024) divided the reservoirs of the 
Xiaqiulitage Formation based on their porosity as Type I and Type 
II, when porosity exceeds and equals to 5% or when it is less than 
5%, respectively. Herein, well-log data indicates that the Xiaqiu
litage Formation (∈3q in Fig. 2) in Well XT 1 is comprised of type I 
reservoir of 24.7 m thick, with average porosity of 10.3%; and type 
II reservoir of 168 m thick, with average porosity of 5.62%. The oil 
producing layers have a total thickness of 96.5 m. The oil produced 
from Well XT 1 is characterized with density of 0.8096 g/cm3 at 20 
◦C and 0.7873 g/cm3 at 50 ◦C, with sulfur, wax, resin and asphal
tene contents of 0.419%, 2.1%, 0.34%, and 0.09%, respectively 
(Wang, 2024), while the Xiaqiulitage Formation in Well TT 1 is 
mainly type II reservoir with thickness of 92.5 m and average 
porosity of 4.3%.

3. Samples and methods

3.1. Samples

Two sets of core samples, consisting of twelve and eleven 
samples, were collected from the Xiaqiulitage Formation from 

wells XT 1 and TT 1, respectively. The core samples are composed 
of fine, medium and coarse crystalline dolomites observable by the 
naked eye (Fig. 3). The core samples were cut and prepared as 
doubly-polished thick sections (~100 μm thick) for petrographic 
observations and fluid  inclusion studies. All petrographic obser
vations and geochemical examinations were carried out at the Key 
Laboratory of Basin Structure and Hydrocarbon Accumulation, 
PetroChina, Beijing, China.

3.2. Optical microscopy

A Zeiss Axio Imager M2m microscope was used for petro
graphic observations under transmitted light (TL) and ultraviolet 
light (UV) while a CLF-2 stage was employed for cold cath
odoluminescence (CCL) observations (working conditions: 12.5 kV 
and ~555 μA).

3.3. Fluid inclusion analyses

An USB4000 micro-beam fluorescence spectrometer was uti
lized for acquiring fluorescence spectra of oil inclusions. The 
fluorescence  spectral parameters λmax and QF535 were then 
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Fig. 2. Stratigraphic column of the Tarim Basin (after Zhu et al. (2019) and Yang et al. 
(2021a)).
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calculated for oil inclusion compositional maturity determination. 
The definition  of λmax and QF535 can be found in Munz (2001)
where λmax is the wavelength at the maximum intensity and QF535 
is the ratio of flux from 535 nm to 750 nm to the flux from 430 nm 
to 535 nm. A Linkam THMS600 heating-freezing stage, which is 
calibrated by synthetic fluid inclusions, is used for homogenization 
temperature measurements with precision estimated to be within 
±0.1 ◦C.

3.4. Carbonate U–Pb dating

Calcite in-situ U-Pb dating was done with a Thermo Element XR 
and NWR 193 nm LA ICP-MS system. LA-ICP-MS in-situ calcite 
U–Pb dating was completed in the Key Laboratory of Basin Struc
ture and Hydrocarbon Accumulation, PetroChina, Beijing, China, 
with the Thermo XR high resolution plasma mass spectrometer 
and the NWR 193 nm excimer laser system. The single-point 
ablation method was used, with a laser power of 2 J/cm2, a pulse 
frequency of 10 Hz, an ablation spot of 160 μm, a laser pre-ablation 
time of 2 s, an ablation time of 20 s, and a purge time of 20 s. The 
mass spectrometer used a peak-hopping method to detect the 
signal intensities of 202Hg, 204 (Hg + Pb), 206Pb, 207Pb, 208Pb, 232Th, 
and 238U, and the time for each analysis point was 48 s. NIST614 
and WC-1 were used as the test standards, while TARIM was set as 
the laboratory standard. NIST 614 was utilized to correct instru
ment signal drift and the 207Pb/206Pb ratio of carbonates, and WC-1 
(recommended age value is 254.8 ± 6.4 Ma) was employed as the 
main standard to correct the 238U/206Pb ratio of the detection 
standard TARIM and the test sample. The “Trace_Element DRS” and 
“U–Pb Geochronology” calibration methods in Iolite V4 software 
were considered to calculate the element content, while the iso
plot in Excel was used for plotting. In order to improve the success 
rate of carbonate dating, this paper followed the grid and element 
surface scanning preliminary screening methods to determine the 
denudation sample points and selected the locations where 238U 
and 206Pb were relatively high for LA-ICP-MS in-situ calcite U–Pb 
dating. The test age of the TARIM is 211.1 Ma (the recommended 
age value is 208.8 ± 0.6 Ma), which results in an experimental 
error of less than 2% (Lu et al., 2023; Gui et al., 2025).

3.5. 1D basin modeling

1D basin models (burial histories) of the wells XT 1 and TT 1 
were reconstructed by using the Petromod software. The required 

input parameters, including the stratigraphy, age, depth, lithology, 
paleowater depth, heat flow, and measured bottom hole temper
atures were referred to PetroChina's internal well reports which 
are still confidential  documents. The modeled thermal history 
used the EASY%Ro model (Sweeney and Burnham, 1990).

4. Results

4.1. Petrography

The Xiaqiulitage Formation in the Well XT 1 is mainly 
comprised of a fine-crystalline dolomite matrix (30–100 μm 
maximum length) with some dolomite crystals showing a dark 
core and bright rim (Fig. 4(a)). Dissolution pores (400–1100 μm 
wide and several millimeters long) are commonly encountered in 
the fine  crystalline dolomite matrix, with medium crystalline 
dolomite growing on the edge of the dissolution pores (Fig. 4(a) 
and (b)). Most of the dissolution pores are connected by thin open 
fractures (Fig. 4(b)). Healed fractures are also found in the dolo
mite matrix, showing dark color under TL (Fig. 4(c)). The dolomite 
matrix exhibits a red core and dull red rim under CCL with a scarlet 
rim occasionally occurring on the outer edge of the rhombohedral 
dolomite crystals (Fig. 4(d)). The healed fractures are observed 
with a relatively brighter red CCL color than the dolomite matrix 
(Fig. 4(d)). It can be seen that the dolomites in the healed fractures 
are characterized by the occasional appearance of a scarlet rim on 
the crystal edge (Fig. 4(d)).

The Xiaqiulitage Formation in the Well TT 1 is mainly 
composed of medium to coarse nearly equant anhedral dolomite 
(100–400 μm size), with half of the crystals displaying dark core 
and bright rim under TL (Fig. 4(e)). The dissolution pores and 
fractures are filled by calcite that is observed light red color under 
TL due to the staining by Alizarin red (Fig. 4(f)). Euhedral dolo
mite crystals (200–1400 μm size) with dark and bright zones 
under TL are commonly observed on the edge of the dissolution 
pores and fractures (Fig. 4(f) and (g)). Under CCL, the dolomite 
matrix mainly shows dull red with scattered red color on the 
crystal edges, while close to the dissolution fractures or pores, 
the dolomite matrix exhibit bright red color (Fig. 4(h)). The 
euhedral dolomite crystals show a dark core and a rim band with 
lighter red coloring (Fig. 4(h)). The calcite filling the center of the 
pore and fractures is seen as a dull orange to orange CCL color 
(Fig. 4(h)).

1 cm 1 cm 1 cm

1 cm 1 cm 1 cm

(a) (b) (c)

(d) (e) (f)

Fig. 3. Photographs of core samples from the Xiaqiulitage Formation from wells XT 1 and TT 1. (a), (b) and (c) Well XT 1, 6709 m, fine crystalline dolomite with severe fracturing. 
(d), (e) and (f) Well TT 1, 5688.2–5756.8 m, coarse, medium and fine crystalline dolomites.
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Fig. 4. Photomicrographs under the transmitted light (TL) and cold cathodoluminescence (CCL) of the Xiaqiulitage Formation in the wells XT 1 and TT 1. (a) and (b) Well XT 1, 
6709 m, TL images showing dissolution pores in fine crystalline dolomite, with medium crystalline dolomite on the edge of the pores. (c) Well XT 1, 6709 m, TL image showing 
healed fracture in the dolomite matrix. (d) CCL image of the same field of view as (c). (e) and (f) Well TT 1, 5755.5 m, TL images showing medium to coarse anhedral dolomite 
matrix, with dissolution pores and fractures filled by calcite. (g) Well TT1, 5695.7 m, TL image showing euhedral dolomite growing on the edge of the dissolution fractures. (h) CCL 
image of the same field of view as (g).
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4.2. Fluid inclusion analyses

4.2.1. Fluid inclusion petrography
Oil inclusions are found as trails cross-cutting matrix dolomite 

in the Well XT 1. The oil inclusions exhibit either green or blue 
fluorescence colors. The shapes of the inclusions are triangular or 
irregular, with a maximum length between 10 and 20 μm 
(Fig. 5(a)–(d)). Oil inclusions observed in Well TT 1 mainly are 
distributed in the overgrowths of calcite crystals, with the fluo
rescence colors including orange, yellow, green and blue (Fig. 5(e) 
and (f)). In addition, pure gas and coeval aqueous inclusions were 
also detected as clusters in calcite (Fig. 5(g) and (h)).

4.2.2. Fluorescence spectroscopy
Fluorescence spectra of the oil inclusions found in Well XT 1 are 

classified into two types according to their λmax values (Fig. 6(a)). 
Accordingly, on the λmax vs. QF-535 cross-plot, the data points are 
in two groups, with one group (λmax: 515–537 nm, QF-535: 
0.37–0.64) corresponding to the blue fluorescent  oil inclusions 
and the other (λmax: 564–570 nm, QF-535: 0.84–0.96) corre
sponding to the green fluorescent oil inclusions (Fig. 6(b)). Fluo
rescence spectra of oil inclusions in Well TT 1 are more complex, 
showing four λmax positions (Fig. 6(c)). Moreover, on the cross-plot, 
the data points are classified into four groups, corresponding to the 
blue (λmax: 477 nm, QF-535: 0.31), green (λmax: 503–518 nm, QF- 
535: 0.27–0.50), yellow (λmax: 529–549 nm, QF-535: 0.72–0.86) 
and orange (λmax: 570–593 nm, QF-535: 0.67–1.34) (Fig. 6(d)).

4.2.3. Microthermometry
Homogenization temperatures of fifteen  blue fluorescent  oil 

inclusions in the same FIA in the Well XT 1 were measured, which 
are in a range from 85 ◦C to 170 ◦C. The histogram shows three 
modes, which are at around 85, 100 and 160 ◦C, respectively 
(Fig. 7(a)). The green fluorescent oil inclusion failed to obtain Th 
data due to their relatively large vapor fractions. Furthermore, no 
coeval aqueous inclusions were found with these blue or green oil 
inclusions.

In Well TT 1, six blue fluorescent oil inclusions are characterized 
by Th values from around 90 ◦C to 115 ◦C, with an average of 102 ◦C. 
Eight yellow fluorescent oil inclusions have Th values from around 
90 ◦C to 115 ◦C, with an average of 97 ◦C. Seventeen aqueous in
clusions that are coeval with the blue and yellow fluorescent oil 
inclusions homogenized between 87 ◦C and 129 ◦C, with an 
average of 99 ◦C. The histograms do not show any mode of either 
the blue or yellow fluorescent oil inclusions, or their coeval 
aqueous inclusions (Fig. 7(b)).

4.3. Carbonate U–Pb dating

Three U–Pb ages were obtained from the samples from Well TT 
1, including two ages of the dolomite matrix which are 468.3 ± 8.8 
Ma (MSWD = 2.4, n = 59) and 465.5 ± 6.2 Ma (MSWD = 1.05, n =
59), respectively (Fig. 8(a) and (b)), and another age from the 
calcite which is 440.5 ± 9.6 Ma (MSWD = 3.7, n = 58) (Fig. 8(c)). 
The uranium contents of the first U–Pb age (468.3 ± 8.8 Ma) of the 
dolomite matrix are between 0.0518 and 2.6153 μg/g, with an 
average of 0.4872 μg/g. Herewith, their 238U/206Pb and 207Pb/206Pb 
ratios are in the range of 0.3845–13.5709 and 0.0723–0.7650, 
respectively. The upper intersection shows a common lead ratio 
(207Pb/206Pb) of 0.778. The second U–Pb age (465.5 ± 6.2 Ma) of 
dolomite matrix is characterized by uranium contents between 
0.4496 and 3.0434 μg/g (1.3126 μg/g in average), and the 
238U/206Pb and207Pb/206Pb ratios in the range of 1.6080–12.5609 
and 0.0951–0.6936, respectively, with the common lead ratio being 
0.7767. The uranium contents of the calcite (440.5 ± 9.6 Ma) are in 

the range of 0.0303–1.7834 μg/g, with an average value of 0.2773 
μg/g. The 238U/206Pb and 207Pb/206Pb ratios are from 0.3679 to 
15.8427 and from 0.0569 to 0.7830, respectively, with the common 
lead ratio being 0.8055.

4.4. 1D basin modeling

The overall heat flow data was obtained from the internal re
ports of PetroChina. After the modeled thermal curve (blue line in 
Fig. 9(a) and (c)) was calibrated by the bottomhole temperature 
data (magenta round point in Fig. 9(a) and (c)), the thermal 
maturation and hydrocarbon generation histories of the Cambrian 
Yuertusi Formation are presented in Fig. 9(b) and (d). It shows that 
the Yuertusi source rock at the footwall reached low thermal 
maturity (Ro = 0.5%) in the Early Devonian (~420 Ma), medium 
thermal maturity (Ro = 0.7%) in the Early Permian (~280 Ma), and 
high thermal maturity (Ro = 1.0%) in the Early Triassic (~250 Ma). It 
entered the over mature stage (Ro = 1.3%) in the Paleogene (~15 
Ma) and finally  evolved to the present-day thermal maturity of 
~2.7% Ro (Fig. 9(b)). The hydrocarbon generation history illustrates 
that the Yuertusi Formation had three hydrocarbon generation 
episodes. The first two are oil generation peaks that are during the 
Middle Silurian–Early Devonian (~430–400 Ma) and the Early 
Permian–Early Triassic (~290–250 Ma), whereas the third hydro
carbon generation episode is featured by the cogeneration of oil 
and gas at around 10 Ma (Fig. 9(b)). Moreover, the Yuertusi source 
rock at the hanging wall reached low thermal maturity in the Early 
Devonian (~410 Ma), medium thermal maturity in the Early 
Permian (~280 Ma), and high thermal maturity in the Paleogene 
(~5 Ma) with a present-day thermal maturity (Ro) of ~1.7% 
(Fig. 9(d)). The hydrocarbon generation peaks of the Yuertusi 
source rock at the hanging wall are the same in time as those of the 
source rock at the footwall (Fig. 9(d)).

5. Discussion

5.1. Origin of the oil inclusions

It is important to determine the origin of fluid inclusions before 
further interpretations, because it would delineate the relative 
time sequence between the inclusion entrapment and the host 
mineral growth (Roedder and Bodnar, 1980). Primary fluid  in
clusions are those trapped during host mineral growth, which 
typically appears along crystal growth zones. Whereas secondary 
fluid inclusions are those that are found in healed fractures, thus 
appearing mostly as inclusion trails in thin sections. If the trails 
cross-cut crystal boundary, it means that the inclusions are trap
ped after the termination of the growth of the host mineral; if not, 
the inclusions are trapped before the host mineral stops growing, 
thus known as pseudo-secondary fluid inclusions (Roedder, 1984).

The oil inclusions found in this study are distributed as trails 
that cross-cut matrix dolomite crystals in Well XT 1 (Fig. 5(a) and 
(b)), hence they are of secondary origin, which means that the oil 
inclusions were trapped after the final crystallization of the matrix 
dolomite. Additionally, the oil inclusions with various fluorescence 
colors in Well TT 1 are found along the edge of the calcite crystal 
boundaries (growth zones), makes them primary in origin 
(Fig. 5(e) and (f)), indicating that these inclusions were trapped 
during the calcite formation. In addition, gas inclusions were 
detected in the calcite crystals (Fig. 5(g) and (h)). These gas in
clusions are distributed as clusters in calcite which fills  the 
remaining space of fractures after euhedral dolomite and do not 
extend across crystal boundaries. Therefore, the gas inclusions in 
calcite are attributed to be primary in origin.

H. Zhou, L.-L. Gui, X.-S. Lu et al. Petroleum Science 23 (2026) 1039–1052

1044



200 μm

Oil inclusion trail

Green
Blue

200 μm

Oil inclusion trail

GreenBlue

Blue fluorescent
oil inclusion

20 μm

Green fluorescent
oil inclusion

20 μm

40 μm

Oil inclusions with various
fluorescence colors

25 μm

Oil inclusions with various
fluorescence colors

50 μm

Gas

50 μm

Calcite

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 5. Photomicrographs of oil inclusions in the dolomite crystals in the Xiaqiulitage Formation in the wells XT 1 and TT1. (a) and (b) trail of oil inclusions showing mainly green 
and blue fluorescence colors in the Well XT 1. (c) and (d) zoomed in pictures of single oil inclusion showing green and blue fluorescence colors, respectively, in Well XT 1. (e) and 
(f) oil inclusions with various fluorescence colors in calcite in Well TT 1. (g) CCL image of the calcite where gas inclusions were detected; (h) TL image showing gas and coeval 
aqueous inclusions in calcite.
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5.2. Fluorescence colors

Fluorescence colors of oil inclusions are representative of their 
chemical compositions which commonly are expressed as API 
gravity or density (Bodnar, 1990). In deep burial diagenesis, the 
variation of oil compositions is commonly a result of the combined 
temperature-time effect during the thermal maturation process of 
source rocks (Tissot, 1984; Tissot et al., 1974). This being said, the 
fluorescence colors of oil inclusions have been used to reflect their 
thermal maturity (Stasiuk and Snowdon, 1997). To eliminate bias 
introduced by the human naked eye when observations are made 
without the aid of a microscope, fluorescence spectral parameters 
were introduced to describe the fluorescence color (Munz, 2001). 

However, several other processes were considered also respon
sible for the change of oil inclusions’ fluorescence colors (George 
et al., 2001b), and the blue fluorescent  oil inclusions do not 
exclusively represent relatively high thermal maturity (George 
et al., 2001a). Synthetic oil inclusion studies have shown that the 
fluorescence colors of the synthesized oil inclusions are not uni
form in all and have a small bias from their parent oil, which was 
expected to be due to the fractionation during the sample prepa
ration process (Pironon and Pradier, 1992; Stasiuk and Snowdon, 
1997). Nevertheless, such phenomenon has also been encoun
tered in natural samples, where distinctively different fluorescent 
oil inclusions distribute close to each other within a single crystal 
which is considered to be a single trapping event, and was 
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interpreted as a probable result of trapping fractionation (Pironon, 
2004).

The coexistence of oil inclusions with distinctive fluorescence 
colors was also detected in natural rock samples (Liu et al., 2020; 
Ni et al., 2016; Yang et al., 2021a), indicating that the fraction
ation of hydrocarbon compounds may be a very common 

phenomenon in nature that have long been neglected. Recently, 
Yang et al. (2022) reported this inconsistency between fluores
cence color of oil inclusions and the thermal maturity and claim 
that the fluorescence color is more representative of the chemical 
compositions. Actually, chemical compositions of oil are 
controlled by thermal maturation but also influenced  by many 
other factors (Liu et al., 2024). Therefore, carefully evaluating the 
potential factors that may have influenced the fluorescence color 
of oil inclusions should be conducted before interpreting any 
fluorescence results (Liu et al., 2023a, 2024).

In this study, the oil inclusions with green and blue fluores
cence colors in Well XT 1 are in the same healed fracture, 
appearing as a single trail cutting across a long distance in the 
dolomite matrix, indicating that the oil inclusions were trapped in 
a single fracturing and healing event after the formation of the 
dolomite matrix (Goldstein and Reynolds, 1994). Therefore, the 
difference in fluorescence  spectral parameters could be resulted 
from trapping fractionation or post entrapment re-equilibrations 
(Fig. 6(a) and (b)). The relatively higher vapor/liquid ratio in the 
green fluorescent oil inclusions compared with that of the blue 
fluorescent oil inclusions also imply the green fluorescent oil in
clusions are due to leakage after initial entrapment (Fig. 5(c) and 
(d)) (Pironon, 2004). Oil inclusions in calcite in Well TT 1 vary more 
in fluorescence colors (Fig. 5(e) and (f)). However, they distribute 
along the crystal growth zones, which makes them more likely to 
be of primary origin (Goldstein and Reynolds, 1994). Therefore, 
variation in the fluorescence  color of these oil inclusions is also 
representative of either partial re-equilibration or trapping frac
tionation (Pironon, 2004).

5.3. Th interpretation

In Well XT 1, no aqueous inclusions coeval with the oil in
clusions were found. However, the Th of the blue fluorescent oil 
inclusions shows a wide range from 85 ◦C to 170 ◦C, signifying the 
fluid inclusions in this FIA has potentially been altered by thermal 
stretching (Goldstein and Reynolds, 1994). The coeval green fluo
rescent oil inclusions failed to homogenize after heating due to 
their relatively large gas/liquid ratio, indicating the possibility of 
leakage and/or refilling  (Goldstein, 2001). In this case, the blue 
fluorescent  oil inclusions with relatively high Th values resulted 
from re-equilibration. Therefore, the lowest Th is representative of 
the highest initial trapping temperature (Rossi et al., 2002). 
However, no coeval aqueous inclusions were detected, thus it is 
unknown whether pressure correction is needed, because we don't 
know whether the hydrocarbon and aqueous phase are gas- 
saturated or not (Pironon, 2004; Roedder and Bodnar, 1980). In 
Well TT 1, the yellow and blue fluorescent oil inclusions yield very 
similar Th ranges from ~95 ◦C to 115 ◦C. Considering the yellow and 
blue fluorescent oil inclusions are in the same crystal growth zone 
which means a simultaneous entrapment, the similarity in their Th 
ranges further confirms their coeval trapping nature. The Th range 
of the coeval aqueous inclusions is in the same range as that of the 
oil inclusions, demonstrating that the inclusion oils are gas satu
rated (Rossi et al., 2002). Petrographic evidence of pure gas in
clusions detected in calcite can prove this interpretation (Fig. 5(g) 
and (h)). Therefore, no pressure correction is need for trapping 
temperature. Considering the Th range of single FIA exceeds 15 ◦C, 
the minimum Th value is expected to represent the possible 
trapping temperature (Rossi et al., 2002).

5.4. Timing of oil charging

Timing of oil charging is often determined by projecting the Th 
values of aqueous inclusions that are coeval with oil inclusions 
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onto the formation temperature-time curve calculated by 1D basin 
modeling (Gale et al., 2022). However, no aqueous inclusions were 
detected coeval with the oil inclusions in Well XT 1 and no abso
lute U–Pb ages were obtained from the dolomite matrix. Thus, only 
a relative timing that the oil inclusions postdate the matrix dolo
mite can be determined based on petrographic observations. The 
dolomite matrix in Well TT 1 yields two very similar U–Pb ages 
(~467–468 ± 9 Ma) (Fig. 8(a) and (b)), corresponding to the rapid 
burial stage (blue arrow) in the Middle Ordovician on the burial 
history which was calculated by 1D basin modeling (Fig. 10). These 
U–Pb ages are representive of the crystallization of matrix dolo
mite in the diagenetic history (Ni et al., 2024). However, as pro
ceeding diagenetic alteration may alter the minerals as well as the 
U–Pb system, making the calculated U–Pb ages less representative 
of the true age of mineral formation (Godeau et al., 2018; Gui et al., 
2023; Su et al., 2020). According to the petrographic observations, 
there is no obvious characteristics showing that the dolomite 
matrix underwent significant  alteration such as dissolution, 
recrystallization (Fig. 4(c) and (d)). Besides, the calculated ratios of 
common Pb are near the recommended values (Fig. 8), indicating 
the U–Pb system is a closed system since mineral formation. Thus, 
the calculated U–Pb ages can represent the time of dolomite ma
trix formation. As discussed above, petrographic observations 
explain the oil inclusions in the dolomite matrix are of secondary 
origin (Fig. 5(a) and (b)), therefore, the timing of the oil inclusions 
entrapment is younger than ~455 Ma, considering an error of 

around 9 Ma. The oil inclusions detected in the calcite are of pri
mary origin, denoting that the U–Pb age of calcite is representative 
of the age of the oil inclusions entrapment, which is 440.5 ± 9.6 
Ma (Fig. 8(c)). This means a rapid burial followed by an uplifting 
and another rapid burial from the Later Ordovician to Early Silu
rian should have occurred (red arrow in Fig. 10(a)). Projecting the 
lowest Th of the aqueous inclusions onto the burial history yields 
an age of around 450 Ma (green arrow in Fig. 10(a)), which is very 
close to the U–Pb age of calcite. This period is also in accordance 
with the first  oil generation by source rock modeled by the 1D 
basin modeling (Fig. 9(b)). Therefore, it is inferred that the oil in
clusions are representative of a very early oil charging event during 
the Late Ordovician to Early Silurian, corresponding to the first oil 
generation of the source rock of the Yuertusi Formation. As dis
cussed above, the charged oil around crystal or grains either 
fractionated during mineral overgrowth and were trapped as an 
assemblage of inclusions with various fluorescence colors, or was 
subjected to reequilibration after entrapment, resulting in the 
chemical composition difference revealed by fluorescence color 
variation (Fig. 10(b)) (Liu et al., 2024).

5.5. Oil preservation mechanism

The Tarim Basin is a cold basin with low geothermal gradient 
(21.6 ± 2.9 ◦C/km at the depth interval of 0–5000 m) compared 
with the Sichuan Basin where early charged oil has completely 

Fig. 9. Thermal and hydrocarbon generation histories of the Yuertusi Formation calculated by the 1D basin modeling. (a) and (c) Calibration profile; (b) and (d) modeled results.
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transformed into natural gas and solid bitumen (Qiu et al., 2022). 
The heating rate of formations after oil generation is generally 
about 0.9 ◦C/Ma in the Sichuan Basin, whereas it is only around 0.1 
◦C/Ma in the Tarim Basin (Qiu et al., 2022). Such low heating rate is 
responsible for the liquid oil preservation in the Cambrian reser
voirs. According to the interpreted seismic section, the present- 
day burial depth of the Yuertusi Formation at the footwall is 
about 8200 m with a thermal maturity of ~2.7% Ro (Fig. 9(b)), while 
the corresponding formation at the hanging wall is buried at 
around 6600 m with a thermal maturity of ~1.7% Ro (Fig. 9(d)). 
However, the oil in the anticlinal reservoirs at around 5800 m 
depth is characterized by a thermal maturity of ~1.1% Ro, inferring 
that the burial depth is another factor that preserved the oil from 
thermal cracking. The difference of the thermal evolution of the 
Yuertusi source rocks at the footwall and hanging wall began to 
occur at ~435 Ma according to the maturity histories (Fig. 9(b) and 
(d)), denoting that the fault activity began at this time and 
continued to the Triassic. Assuming that the oils trapped in the 
fractures originate from the Yuertusi source rocks. The generated 
oil at around 450 Ma migrated upwards through the fault planes to 
the Xiaqiulitage Formation and was trapped as oil inclusions. 
These oil inclusions were at shallower burial depth than the 
Yuertusi source rocks, whereby, underwent lower thermal defor
mation than the source rock at the hanging wall which has a 
present-day thermal maturity of ~1.7% Ro. However, the trapped 
oils may also come from the Ordovician source rocks as previously 

determined oil charging time of the Ordovician strata of the Tarim 
Basin is very similar to the results of this study (Chang et al., 2013; 
Liu et al., 2003; Xiao et al., 2016). For a long time, there is a debate 
on the origin and main source rocks of the oil in the Tarim Basin, 
with geochemical correlation suggesting the oils coming from O2–3 
source rocks while geological evidence and sulfur isotope sup
porting the Cambrian–O1 source rocks as a main source (Huang 
et al., 2016). However, we have no evidence that can prove the 
oil in the inclusions was generated by Ordovician source rocks and 
even the oil came from the Ordovician, the results also illustrate 
that the shallower buried Ordovician source rock with lower 
thermal maturity favored the preservation of the oil. In addition, 
the samples in this study are restrict to two wells. Further studies 
about oil-source correlation in the Tarim Basin are still required. 
All in all, preservation of the oil inclusions as well as the later 
charged oils during the second and third hydrocarbon generation 
periods is highly plausible (Fig. 9(b) and (d)).

5.6. Implications

It has been noted that fluid inclusions in carbonate minerals are 
often subjected to re-equilibration after entrapment, yielding a 
large range of homogenization temperatures (Goldstein, 1986). 
However, carbonate U–Pb dating can provide absolute formation 
ages of diagenetic minerals, eliminating the uncertainty brought 
by the fluid  inclusions re-equilibration and burial history 

Fig. 10. (a) Burial history and oil charging period determination of the Xiaqiulitage Formation. (b) Sketch of oil trapping fractionation.
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modeling. By comparing the U–Pb ages of calcite and the 
homogenization-burial projection results in this study, the oil 
charging time has been determined, which confirmed  that the 
lowest homogenization temperature should be considered when 
dealing with fluid inclusions experiencing re-equilibration. China 
has a wide spread of carbonate reservoirs where integration of 
more advanced and multidisciplinary methods will make future 
oil/gas explorations possible.

The fluorescence colors of oil inclusions have been used as a 
rough indicator of the thermal maturity of the inclusion oils. Our 
study suggests that fluorescence color variations of oil inclusions 
are more indicative of compositional maturity than of thermal 
effects. This is because there is insufficient  evidence to demon
strate that oil inclusions with different fluorescence colors, found 
close to each other within the same host mineral phase, were 
trapped at different stages of thermal maturation of the source 
rocks. Instead, U–Pb dating confirmed  that the assumption by 
petrographic observations that the variation in fluorescence color 
of oil inclusions should have resulted from possible secondary 
alteration processes that changed the chemical compositions 
within the fluid inclusions. Therefore, when one encounters such 
oil inclusions assemblages in mineral crystals, a conclusion of 
multi-charging episodes is less likely to be drawn before exploring 
other supporting information, especially in deeply buried car
bonate reservoirs where fluid inclusion re-equilibrations (leaking/ 
refilling/stretching/decrepitating) are common phenomena.

Our results also imply that an insufficient  time–temperature 
effect is responsible for the preservation of the generated oils in 
the deeply buried reservoirs in the Tarim Basin, even though the 
oils were characterized by an early charging time as revealed by 
U–Pb dating (~450–440 Ma) (Fig. 10). This oil charging time is very 
similar to that of the corresponding first  oil generation and 
charging episode (~425 Ma) in the Cambrian Longwangmiao 
reservoir in the Sichuan Basin (Liu et al., 2023b; Xiao et al., 2022). 
However, the Sichuan Basin was subjected to a thermal anomaly 
caused by the Emeishan volcanic activity during the Middle 
Permian (~250 Ma), which induced all existing oil in-situ cracking, 
while the Tarim Basin is characterized by a low thermal gradient, 
resulting in the preservation of the oils to present-day.

6. Conclusions

This study investigated the timing of oil charging in the Xia
qiulitage Formation in the Kalayuergun structural belt by inte
grating fluid inclusion and carbonate U–Pb dating methods. Based 
on the results the following conclusions are drawn:

(1) The diagenetic sequence of the Xiaqiulitage Formation in
cludes dolomite matrix, anhedral dolomite near fracture 
walls, euhedral dolomite growing towards the center of the 
fractures and the fracture-filling calcite.

(2) The oil inclusion trails in the dolomite matrix are of sec
ondary origin while the oil inclusions along growth zones of 
calcite are of primary origin. Both types of the fluid  in
clusions assemblages are featured by multiple fluorescence 
colors, indicating potential trapping fractionation or post- 
entrapment alteration processes, which also suggests that 
although, the fluorescence  color of oil inclusions is repre
sentative of inclusion oil's chemical composition, it is not 
always suitable as a thermal maturity indicator.

(3) The homogenization temperatures of oil inclusions with 
different fluorescence colors in Well TT 1 are in the same 
range, which further supports the coeval entrapment of the 
yellow and blue fluorescent oil inclusions. Considering that 
homogenization temperatures of oil inclusions are in the 

same range as those of their coeval aqueous inclusions, 
which indicates when the oil was trapped it has been gas 
saturated. This is supported by the primary gas inclusions 
detected in calcite.

(4) By projecting the lowest homogenization temperature of 
the aqueous inclusions onto the burial history model, it 
yields a trapping age of around 450 Ma which is very similar 
to the U–Pb age of calcite (440.5 ± 9.6 Ma), representing a 
very early oil/gas charging event during the Late Ordovician 
to Early Silurian, corresponding to the first oil generation of 
the source rock of the Yuertusi Formation. Seismic data 
together with thermal maturity history suggests that a low 
heating rate and a shallower burial depth are key factors 
that contribute to the preservation of the paleo liquid oils in 
reservoirs.

(5) This study presents a good example of using integrated 
carbonate U–Pb dating and fluid  inclusions techniques to 
trace oil charging processes in deep burial reservoirs in the 
Tarim Basin.
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