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Marine deep Ordovician reservoirs are significantly controlled by strike-slip
fault zones, which govern reservoir fluid evolution during various activity
periods. Such fluid evolution elucidates the process underpinning ultra-
deep oil and gas accumulation and delineates the pivotal role of strike-
slip fault zones in hydrocarbon aggregation. This method can improve the
understanding of the mechanism of hydrocarbon accumulation in deep to
ultradeep carbonate rocks. The findings indicate that the Ordovician reservoirs
in the northern thrust fault zone of the Fuman Oilfield predominantly exhibit
two stages of calcite vein formation. The distribution patterns of rare earth
elements and Sr isotope characteristics suggest that both stages of vein
formation were sourced from Middle to Lower Ordovician marine strata, with
no evidence of oxidizing fluid infiltration. This indicates that late-stage oil
and gas charging in deep-ultradeep formations has good sealing properties.
In these calcite veins, early-, middle-, and late-stage fluid inclusions were
primarily entrapped. By examining the development of primary oil inclusions
and combining the U‒Pb isotope data of host minerals, this study confirms
the occurrence of three stages of oil and gas charging in the deep Ordovician
strata of the northern thrust fault zone in the Fuman Oilfield. These stages
correspond to approximately 459 ± 7.2 Ma (mid-Caledonian), 348 ± 18 Ma
(early Permian), and 268 Ma (late Permian). The key accumulation period of
oil and gas reservoirs in the study area is the middle and late Caledonian,
and there is a good correspondence between oil and gas charging and
fault activity.
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fluid inclusion,U-Pb isotopedating, fluid evolution, hydrocarbonaccumulationprocess,
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1 Introduction

In recent years, there have been significant breakthroughs
in the exploration of deep-ultradeep carbonate reservoirs in the
Tarim Basin, making it the largest production base for ultradeep
oil and gas exploration and production in China (Zhu G. et al.,
2021; He et al., 2023). Among these fields, the Fuman Oilfield
stands out as the fastest-producing ultradeep oilfield in the deep
subterranean region (Wang S. et al., 2023; Wang Q. et al., 2023).
Within the thrust fault zone of the Fuman Oilfield, there is a vertical
development of reservoirs primarily consisting of fractures and
dissolution cavities (Zhang S. et al., 2021; Yang et al., 2021). The
reservoir’s fluid activity has undergone multiple stages, and the
fracture veins that developed due to thrust fault zone activity record
valuable information about reservoir fluid evolution (Liu et al.,
2020; Liseroudi et al., 2022; Huang et al., 2023).These veins serve as
indicators of fault zone fluid activity and the processes of oil and gas

accumulation (Shi et al., 2017; Yu et al., 2017; Cazarin et al., 2021).
The multiple phases of structural activity in the Fuman Oilfield
have resulted in abundant fractures and small faults, some of which
contain veins of minerals such as quartz and calcite. Observations
of core samples reveal the prolific development of calcite veins
within this area, often accompanied by various hydrocarbon
inclusions, reflecting the multistage nature of hydrocarbon
accumulation.

Building upon this, the study of the composition,
temperature‒pressure conditions, fluid environments, and origins
of fluids in calcite veins can elucidate fluid activity in the
overlapping basin (Cao et al., 2010; Nomura et al., 2014; Jia et al.,
2022; Rddad et al., 2022; Wei et al., 2023). It provides evidence for
the migration of fluids within source rocks and reservoirs and, to
some extent, indicates the geological fluid activity patterns and
the influence of structural activity on fluid movement (Yu et al.,
2017; Jaya et al., 2021; Zhu et al., 2022; Fornero et al., 2023). The

FIGURE 1
(A): Location of the Fuman Oilfield in the Tarim Basin. (B): The distribution of the main faults in the lower Paleozoic strata in the Fuman Oilfield and
adjacent areas. (C): Stratigraphic characteristics of the lower Paleozoic carbonates in the Fuman Oilfield.
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FIGURE 2
Photos showing transmission light and cathodoluminescence of representative calcite samples from the Ordovician reservoirs in the Fuman Oilfield,
Tarim Basin. (A, B): Photos of transmitted light and cathodoluminescence of FY1 calcite samples. (C) and (D): Photos of transmitted light and
cathodoluminescence of YK1 calcite samples. (E-H): Photos of transmitted light and cathodoluminescence of HD301 calcite samples.
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7 fluid inclusions in calcite veins preserve information about

temperature, pressure, fluid type, and composition during
mineralization, making them a crucial source of information for
understanding the timing, temperature, pressure, and processes
of oil and gas accumulation (Wang et al., 2020; Ping et al., 2023;
Song et al., 2023; Zhou et al., 2023). Recently, a new high precision
dating technique, laser in situ calcite U-Pb dating technique, has
been developed and successfully applied to determine the exact
formation age of calcite veins, effectively overcoming the error
problem caused by the restrictive conditions and multiple solutions
of basin simulation. This technique is important for accurately
tracing the history of basin fluid activity and revealing the formation
mechanism of hydrocarbon reservoirs in deep carbonate rocks
under the action of multiple fluids.

This study focuses on the northern thrust fault zone of the
Fuman Oilfield, utilizing analyses such as petrographic examination
of calcite vein rock phases, fluorescence spectroscopy of oil
inclusions, micro-area trace element analysis, Sr isotope analysis,
micro-thermometry, and U‒Pb isotope dating. The fluid sources
and the timing of oil and gas charging in different typical well
reservoir veins in the northern thrust fault zone were investigated.
This research aims to reveal the controlling factors of reservoir
accumulation and the role of the thrust fault zone in oil and gas
accumulation from the perspective of the inherent relationship
between fluid evolution and the oil and gas trapping process. This
study seeks to advance our understanding of themechanisms behind
thrust fault zone reservoir formation and provide crucial theoretical
support for reevaluating the distribution patterns of oil and gas in
thrust fault zones.

2 Geologic setting

The Fuman Oilfield is located in the transitional zone between
the Aman transitional area and the northern Tarim uplift (Figure 1).
It borders the Tarim north uplift to the north and the Tarim
central uplift to the south, with east‒west orientations flanked by
the Manjar Depression and the Awati Depression. Structurally, it
exhibits an overall saddle-shaped structure and is a relatively stable
tectonic unit within the basin. Based on previous analyses of the
tectonic evolution of the Tarim north uplift and Tarim central uplift,
as well as the activities of orogenic belts around the basin, the
tectonic evolution of the Aman transitional zone likely went through
several stages (Wu et al., 2019; WU et al., 2021; Gong et al., 2023).
From the early Caledonian to the middle and late Hercynian, the
Ammanian transition zone experienced many tectonic activities
such as subsidence, extrusion and uplift. After the formation of the
Alpine stage, the Ammanian transition zone settled steadily and
formed the present geological pattern (Li F. et al., 2023; Li X. et al.,
2023; Wang B. et al., 2023).

The Ordovician strata in the Aman transitional zone are well
developed and include, from bottom to top, the Penglaiba Formation
(O1p), the Yingshan Formation (O1-2y), the Yijianfang Formation
(O2y), the Tumuxiuke Formation (O3t), the Lianglitag Formation
(O3l), and theSantamuFormation (O3s).Currently, theprimary target
layers for exploration in the Fuman Oilfield are the 1-2 segments of
the Ordovician Yijianfang Formation and the Yingshan Formation.
Vertically, theyare juxtaposedwith the thick regionalmudstonesof the
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FIGURE 3
(A): Distribution pattern curve of rare earth elements in the Cal-1 veins and wall rock. (B): Distribution curve of rare earth elements in the Cal-2 veins
and wall rock.

LowerCambrianYuertusi Formation (Є1y) and theUpperOrdovician
Santamu Formation (O3s), forming a good source–reservoir–seal
combination. Previous research has shown that in the Tarim Basin
platform area, thrust faults exhibit layered differential deformation
vertically. Generally, they are divided into deep and shallow structural
deformation layers, with the boundary at the top surface of the
YijianfangFormation (O2y).Thedeep layer is characterizedbyupright
flower-likethrustfaults,whiletheshallowlayerfeaturesarowofnormal
faults (Sun et al., 2023; Zhao et al., 2023). Core drilling and logging
data indicate that primary pore spaces in the target layers are almost
nonexistent, and the main reservoir spaces are fractures, cavities,
and fissures influenced by fault-induced fracturing and karstification,
resulting in fractured-vuggy reservoirs (Li W. et al., 2023; Yao et al.,
2023). Unlike the typical X-shaped conjugate system in the northern
Tarim Basin or the thrust-fault-controlled adjustment system in the

central Tarim Basin, the Aman transitional zone lies between the two
major fault systems and features a relatively low density of thrust
faults in the production area (Wang P. et al., 2023). However, the
Aman transitional zone experienced intense thrust fault activity, with
clear profile characteristics and a series of Precambrian basement
rift structures at the base. It exhibits a distinct layered deformation
structure. Recent research and exploration practices have shown that
the SilurianYuertusi Formation source rocks in theAman transitional
zone have significant sediment thickness. These source rocks are
overlain by thrust fault-controlled reservoirs and the thick Santamu
Formation mudstone cap rock. The source rocks connect vertically
through thrust faults, forming a complex thrust-fault-controlled oil
and gas reservoir system with in situ hydrocarbon generation and
vertical migration potential. This system holds immense potential for
oil and gas exploration (Cao et al., 2019; Shen et al., 2019).
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FIGURE 4
Sr isotope characteristics of calcite from Ordovician reservoirs in
northern Fuman Oilfield, Tarim Basin.

3 Samples and experiments methods

3.1 Collection of cores

The experimental samples were collected from the Ordovician
Yijianfang Formation carbonate reservoirs in the FI11 fault zone of
the northern Fuman Oilfield in the Tarim Basin, as well as from the
HD301 well in the FI13 fault zone and the YK1 well in the FI15 fault
zone, which are all located within the faulted zones with abundant
calcite veins.

3.2 Experimental methods

3.2.1 Petrographic analysis
Micro-petrographic observation of fluid inclusions was

conducted using an Olympus BX51 microscope and a Nikon-
LV100 dual-channel fluorescence-transmission light microscope,
and fluorescence spectra were obtained with a Maya2000Pro micro-
fluorescence spectrometer. The Linkam (TH–600) heating–cooling
stage was used to measure the homogenization temperatures (Th)
and ice melting temperatures (Tm). The control accuracies of the
Th and Tm values were ±1°C and ±0.1°C, respectively. Analysis
of the cathodoluminescence (CL) characteristics of the target thin
sections was performed using a CL 8200MK5 cathodoluminescence
instrument (with an accelerating voltage of 17 kV and beam current
of 500 μA). Cathodoluminescence images were acquired using a
Leica DM2500 microscope under the same exposure time (70 ms)
and gain settings (1.005 s).

3.2.2 Microanalysis of trace elements
Microscale in situ elemental content analysis was carried

out using a 60-micron diameter laser for ablation of carbonate
veins, employing an Agilent 7700e ICP‒MS instrument at Wuhan
Sample Solution Analytical Technology Co., Ltd., Wuhan, China.
Helium was employed as the carrier gas, and argon was utilized
as the compensation gas to modulate the sensitivity during the
laser ablation process. Standard samples were calibrated with
multiple external standards, and no internal standard was used,

employing the glass reference materials BHVO-2G, BCR-2G, and
BIR-1G. Each data point of the time-resolved analysis encompassed
approximately 20–30 s of the blank signal and 50 s of the sample
signal. ICPMSDataCal software facilitated the correction of sample
signals and the calculation of element content.

3.2.3 Sr isotope test
In situ Sr isotope measurements were performed by laser

denudation multi-receiver inductively coupled plasma mass
spectrometry (LA-MC-ICP-MS) using the Geolas HD laser
denudation system. The laser denudation system uses helium as
carrier gas and adopts single point mode. The laser beam spot size
is 90 μm and the laser denudation rate is 15 Hz.

3.2.4 U‒Pb dating of carbonate rocks
Carbonate rock laser in situU‒Pb isotope dating was conducted

at the Radioisotope Laboratory, University ofQueensland, Australia,
utilizing an excimer laser ablation system and quadrupole
inductively coupled plasma‒mass spectrometry (Q-ICP‒MS).
After the treatment of the postcalcite pulse sample, the excimer
laser was used to etch the calcite veins. The laser beam diameter
measured 200 microns, with a frequency of 15 Hz and an energy
density of 1.0 J/cm2. The laser ablation material used helium as
a carrier gas, while argon and nitrogen were auxiliary gases that
enhanced the signal strength. The sample points encompassed
20 s of background acquisition, 25 s of data acquisition, and 10 s
of sample cleaning. The standard sample NIST612’s 43Ca stable
isotope served as the internal standard for trace element calibration
in calcite. NIST614 was primarily used for instrument sensitivity
and 207 Pb/206 Pb ratio correction. AHX-1, a standard sample
with an age of 209.8 Ma, mainly corrected the 238 U/206 Pb ratio.
Data processing was performed with lolite v3.4 software developed
by the University of Melbourne, Australia, and the generation of
calcite U‒Pb age harmonics maps was performed with Isoplot v.3.76
software developed by the Berkeley Center for Geochronology.

3.2.5 Basin model
By integrating the logging lithology and stratigraphic data, the

burial-thermal history can be simulated by BasinMod-1D software.
The measured values of the vitrinite reflectance and temperature in
the borehole were all provided by the PetroChina Tarim Oilfield
Company for calibrating the modeling results and are shown in
Figure 8.

4 Results and discussion

4.1 Cement period of calcite veins

Within the same stratigraphic unit, fluids can exhibit significant
variations in terms of oxidation‒reduction conditions, fluid sources,
and components during different geological periods (Guo et al.,
2021).These differences indicate that the fluid information recorded
by calcite veins may also vary significantly (Zhang J. et al., 2021;
Muñoz-López et al., 2022). Since there is no evidence of crosscutting
relationships between calcite veins in the rock samples studied,
this research primarily relies on cathodoluminescence and trace
element analysis to determine the formation stages of calcite
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FIGURE 5
Typical micrograph of oil inclusions in calcite veins of Ordovician reservoirs in the Fuman Oilfield, Tarim Basin. (A,E): Transmission light and
fluorescence images of yellow–green fluorescent primary oil inclusions in the FY1 well. (B,C,F,G): Transmission light and fluorescence images of green
fluorescent primary oil inclusions in the HD301 well. (D,H): Transmission light and fluorescence images of blue white fluorescent secondary oil
inclusions in the YK1 well.

veins in different samples. The cathodoluminescence colors of
calcite veins are closely related to the relative contents of Fe
and Mn, and the contents of Fe and Mn are associated with
the oxidation‒reduction conditions of ancient fluids. Therefore,
different cathodoluminescence colors of calcite veins can indicate
different stages. In the Ordovician reservoirs of the northern fault
zone in the Fuman Oilfield, two stages of calcite veins are primarily
developed (Figure 2). The first-stage calcite vein (C1) represents
fracture-fill calcite with a dark red cathodoluminescence color and
Fe/Mn ratios ranging from 6.21 to 7.40 (Figures 2A, B).The second-
stage calcite vein (C2) represents fractured and cavity-fill calcite with
a dark brown cathodoluminescence color and Fe/Mn ratios ranging
from 2.53 to 2.86 (Figures 2C–H).

4.2 Trace element characteristics

The alteration of various fluids and selective leaching of rare
earth elements (REEs) in different types of rocks can significantly
impact the composition of REEs in rocks, leading to distinct
patterns of rare earth element distribution. In a sense, these
characteristics can reflect the source and geochemical properties
of the fluids (Liu et al., 2022; Wang et al., 2022). To understand
the behavior of rare earth elements in calcite vein microareas
in samples HD301, YK1, and FY1, they were subjected to
seawater-standardized treatment (Table 1). The results are shown
in Figure 3. The two stages of calcite vein formation exhibit
similar rare earth element distributions, reflecting a seawater-
derived distribution pattern. The total rare earth element content
is relatively low, with enrichment in light rare earth elements, a
flat distribution of heavy rare earth elements, and a noticeable
positive anomaly in δCe values, ranging from 5.16 to 6.67 across
the samples. There is no apparent positive anomaly in δEu,
with values ranging from 0.25 to 1.50. These data indicate that

both stages of vein formation occurred in a low-temperature
fluid environment.

4.3 Sr isotope characteristics

Because strontium (Sr) has a residence time in seawater (≈1 Ma)
that is much longer than the mixing time of seawater (≈1,000 a),
the isotopic composition of strontium in marine environments is
globally homogeneous for a given geological period. As a result,
the 87Sr/86Sr ratio in seawater is a function of time over geological
history (Denison et al., 1998; Han et al., 2019; Ngia et al., 2019;
Ye et al., 2019), meaning that it changes with time. Therefore,
it can be assumed that the isotopic composition of strontium
in seawater was uniform during any specific geological period
globally. In the northern region of the Fuman Oilfield, the 87Sr/86Sr
values of the matrix surrounding the reservoir in the Yijianfang
Formation range from 0.7087 to 0.7089, which is consistent with
the early to Middle Ordovician seawater range (Figure 4). The
weak cathodoluminescence intensity suggests limited interaction
between the surrounding rock and fluids, indicating that there
was no significant isotope exchange. Therefore, strontium isotopes
can be used to trace the source of fluids. Both the C1 and
C2 calcite vein bodies have 87Sr/86Sr values that fall within the
range of early to Middle Ordovician seawater 87Sr/86Sr values
in the Tarim Basin, ranging from 0.7085 to 0.7090. Their rare
earth element patterns resemble those of seawater-derived sources.
Additionally, the 87Sr/86Sr values of the veins are similar to those
of the surrounding rocks. This suggests that the fluids responsible
for both stages of calcite vein formation originated from the
same stratigraphical (early to middle Ordovician) marine source
water, and there is no evidence of oxidizing fluids infiltrating
the veins, indicating good sealing during the late-stage oil and
gas processes.
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FIGURE 6
Fluorescence spectra of Ordovician oil inclusions in Fuman oilfield.

4.4 Fluid inclusion petrography

Fluid inclusions, as important tools for fluid tracing, have been
widely used in the study of hydrocarbon reservoir formation and
evolution (Zhou et al., 2019; Huang et al., 2023). When studying
fluid inclusions, petrographic observations are crucial. Thin-section
transmittance and fluorescence observations of hydrocarbon-
bearing fluid inclusions in calcite veins within the northern fault
zones of the Fuman Oilfield show the development of abundant
primary and secondary oil inclusions (Figure 5). Primary oil
inclusions are more numerous, occurring either in isolation or
sporadically within the calcite veins. There are relatively few
secondary oil inclusions, and they are mainly present as bead-like
structures within the calcite veins or as filling structural fractures
between the calcite veins and surrounding rock grains. The overall
size of the oil inclusions is relatively small, typically ranging from 3
to 9 μm, with a small portion reaching 10–14 μm. In terms of shape,
most are droplet-shaped or elliptical, while some exhibit irregular
shapes.The differences in composition within oil inclusions result in
variations in their fluorescence colors, which can be used to assess
the maturity of these inclusions. As the maturity of oil inclusions
increases, their fluorescence typically shifts from red to yellow to
blue under ultraviolet light. Fluorescence spectral techniques under
ultraviolet illumination provide a more precise means of identifying
oil inclusions at different wavelengths, reducing the uncertainties
associated with visual observations. Commonly used fluorescence

spectral parameters include the main peak wavelength (λmax, nm)
and the red‒green entropy value (QF535, dimensionless), both
of which are related to the maturity of organic matter (Kihle,
1995; Ping et al., 2019; Huang et al., 2021). In the Fuman Oilfield’s
northern fault zones within the Ordovician reservoirs, oil inclusion
fluorescence exhibits three primary colors: yellow‒green, green,
and blue‒white (Figure 6). The first type appears colorless to
brownish under plane-polarized light and exhibits yellow‒green
fluorescence under ultraviolet light (Figures 5A, E).These inclusions
are considered primary oil inclusions and are often sparsely
distributed within calcite grains. They typically measure between
5 and 11 μm, with an elliptical shape being dominant. The
λmax values are mostly within the range of 540–548 nm, and the
corresponding QF535 values range from 1.71 to 1.94, indicating
the lowest content of small molecular components in the oil
inclusions and the lowest oil maturity. The second type appears
colorless to brownish under plane-polarized light and exhibits green
fluorescence under ultraviolet light (Figures 5B, C, F, G). These
inclusions are also considered primary oil inclusions and are often
sparsely or cluster-distributed within calcite grains. They typically
measure between 4 and 9 μm, with some reaching 10–14 μm. They
mostly have a droplet-shaped morphology, and their λmax values
are mainly within the range of 512–534 nm, with corresponding
QF535 values ranging from 1.22 to 1.68. This indicates a relatively
lower content of small molecular components in the oil inclusions
and lower oil maturity. The third type appears colorless under
plane-polarized light and exhibits blue‒white fluorescence under
ultraviolet light. These inclusions are considered secondary oil
inclusions (Figures 5D, H) and are primarily locatedwithin fractures
in the calcite. They appear as bead-like structures, with relatively
smaller sizes, mostly ranging from 3 to 8 μm.Their shapes are often
irregular, and their λmax values are mainly within the range of
495–506 nm, with corresponding QF535 values ranging from 1.16
to 1.44. This suggests that the highest content of small molecular
components occurs in the oil inclusions and has the highest
oil maturity.

4.5 Micro-thermodynamics

The measurement of homogeneous temperatures in fluid
inclusions is based on three fundamental assumptions: an
isochoric (constant volume) system, a homogeneous system, and
a closed system. During the measurement process, there may be
some exceptional fluid inclusions that do not conform to these
assumptions. These exceptions include instances where the gas-
to-liquid ratio is excessively high, nonhomogeneous oil inclusions
with abnormally high homogenization temperatures, immiscible oil
and water inclusions, and extended necks, among others. After
excluding fluid inclusions that are unsuitable for temperature
measurement, statistical analysis is conducted on the remaining
homogeneous temperatures that are considered reliable. The results
are shown in Figure 7. In the Ordovician reservoir core fracture
veins of well FY1, coexisting brine inclusions with yellow‒green
fluorescence primary oil inclusions have homogeneous temperature
distributions ranging from 64.2°C to 95.6°C (Figure 7A). In the
Ordovician reservoir core fracture veins of well HD301, coexisting
brine inclusions with green fluorescence primary oil inclusions have
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FIGURE 7
Distribution of homogenization temperatures for oil inclusions and associated aqueous inclusions in calcite veins of Ordovician reservoirs in northern
Fuman Oilfield, Tarim Basin. (A): Uniform temperature distribution of oil inclusions and associated water inclusions in calcite veins of well FY1. (B):
Uniform temperature distribution of oil inclusions and associated water inclusions in calcite veins of well HD301 (C): Uniform temperature distribution
of oil inclusions and associated water inclusions in calcite veins of well YK1.
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FIGURE 8
Simulation maps of burial history, thermal history and hydrocarbon generation of the strike-slip fault zone in northern Fuman Oilfield, Tarim Basin.

FIGURE 9
Laser in-situ U-Pb isotopic age of calcite veins in Ordovician reservoirs in the strike slip fault zone in northern Fuman Oilfield, Tarim Basin. (A): Laser in
situ U-Pb isotope age of calcite veins in well FY1. (B): Laser in situ U-Pb isotope age of calcite veins in well HD301.

homogeneous temperature distributions ranging from 83.5°C to
118.4°C (Figure 7B). In the Ordovician reservoir core fracture veins
of well YK1, coexisting brine inclusions with green fluorescence
primary oil inclusions have homogeneous temperature distributions
ranging from 78.2°C to 103.6°C, while coexisting brine inclusions
with secondary oil inclusions with blue‒white fluorescence have
homogeneous temperature distributions ranging from 104.6°C to
119.3°C (Figure 7C).

4.6 Oil and gas accumulation process

Currently, the primary method for determining the timing
of oil and gas accumulation is the homogenization temperature
of fluid inclusions (Yang et al., 2020). This involves experimental
measurements of the homogenization temperatures of fluid
inclusions and their combination with the burial history and
thermal evolution history of the reservoir. Based on this, by
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FIGURE 10
Oil and gas accumulation pattern in northern Fuman Oilfield, Tarim Basin. (A): Hydrocarbon accumulation model in northern Fuman Oilfield of Tarim
Basin in middle to late Caledonian period. (B): Hydrocarbon accumulation model in northern Fuman Oilfield of Tarim Basin in early to late Hercynian
period. (C): Hydrocarbon accumulation model in northern Fuman Oilfield of Tarim Basin in Indosinian to early Yanshanian period.

projecting to the corresponding temperature, geological periods
of oil and gas charging can be determined. Therefore, the choice of
different projection temperatures can yield different accumulation
ages, making the selection of projection temperatures a key
factor in improving the accuracy of oil and gas accumulation
timing studies. Previous research has extensively studied fluid
inclusions entrapped in carbonate rocks. During burial, especially
when the paleotemperature exceeds the trapping temperature
of the inclusions, the inclusions may rupture due to excessive
internal pressure. This process involves stretching, fluid leakage, or
refilling, resulting in a continuous increase in the homogenization
temperature of the inclusions until it reaches the highest
paleotemperature experienced by the formation. During these

processes, the size, shape, and composition of the inclusions can
affect their re-equilibration. However, in complex tectonic settings
such as multicycle basins, the likelihood of later modifications
is greater. Furthermore, there is inherent error in both the
selection of inclusions and the measurement of homogenization
temperatures. Therefore, in determining the timing of oil and gas
charging in the Ordovician reservoirs of the northern fault zone
of the Fuman Oilfield, selecting the minimum homogenization
temperature of brine inclusions associated with oil inclusions
as the projection temperature can more accurately constrain
the timing of oil and gas accumulation. The entrapment time
of inclusions determined using the minimum homogenization
temperature of brine inclusions coexisting with oil inclusions in the
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samples is shown in Figure 8. Using the minimum homogenization
temperature of brine inclusions coexisting with yellow‒green oil
inclusions yields an estimated entrapment time of approximately
452 Ma. For green oil inclusions, the estimated entrapment time
is approximately 364 Ma, and for blue‒white oil inclusions, it is
approximately 279 Ma. When primary hydrocarbon inclusions are
developed in calcite veins, their entrapment time is consistent with
the time of calcite vein formation.Thus, the ambiguity in the timing
of oil and gas accumulation determined by fluid inclusion analysis
can be eliminated through the absolute dating of calcite veins using
U–Pb isotopes (Gladkochub et al., 2022). Laser in situ U‒Pb dating
(Figure 9) revealed that the formation age of calcite veins with
primary oil inclusions in sample FY1 was 459 ± 7.2 Ma (Figure
9A), and for sample HD301, the formation age of calcite veins with
primary oil inclusions was 348 ± 18 Ma (Figure 9B). This is broadly
consistent with the capture times estimated using the minimum
homogenization temperature of brine inclusions coexisting with oil
inclusions.

The fault activity in the northern part of the Fuman oilfield in the
Tarim Basin has undergone several geological periods, including the
middle and late Caledonian, early to late Hercynian, and Indosinian
to Yanshanian. The strike-slip fault zone first formed in the Middle
Ordovician and initially presented as an upright linear fault with
a relatively small scale (Figure 10A), and fracture-vuggy reservoirs
were widely developed. At this time, the source rock of the Yuertusi
Formation reached the hydrocarbon generation stage and began
to release hydrocarbons (Cai et al., 2016; He et al., 2020; He et al.,
2022a; He et al., 2022b); liquid hydrocarbons migrated upward to
the Middle and Lower Ordovician strata along the vertical fracture,
and a large amount of low-maturity crude oil was charged into the
reservoir to form an oil reservoir. In the early Hercynian period,
some tectonic uplift activities and the reactivation of strike-slip faults
with a northwest strike led to the formation of new fractures and
caverns, and the calcite filled with fractures and caverns broke under
the action of tectonic activity (Zhu H. et al., 2021; Gao et al., 2023).
At the end of the Devonian, tectonic uplift basically ended, and the
source rocks of the Yuertusi Formation as a whole reached the stage
of high-maturity hydrocarbon generation.High-maturity oil and gas
migrated to the Ordovician reservoirs along the active strike-slip
faults to accumulate (Figure 10B). Reactivity in the early Indosinian-
Yanshanian fault zone provided a key transport channel for deep
geological fluids and oil and gas charging.There was supplementary
accumulation of oil and gas in the late Hercynian period. With
the reactivation of the fault zone, deep hydrothermal fluids or
organic acid fluids were able to dissolve and transform the reservoir
space along the fault and fracture zone, effectively improving the
reservoir space and providing a good migration channel for deep oil
and gas charging (Figure 10C), which resulted in more oil and gas
enrichment in the reservoir, and the scale of the oil and gas reservoirs
expanded and preserved to now.

5 Conclusion

(1) Cathodoluminescence examinations indicate that the
Ordovician reservoirs in the northern fault zone of the Fuman
Oilfield primarily contain two stages of calcite veins. The
cathodoluminescence colors observed are dark red and dark

brown. The rare earth element distribution patterns and Sr
isotope characteristics infer that both stages of veins originated
from Middle to Lower Ordovician marine source rock fluids.
There is no evidence of oxidizing fluid intrusion, indicating a
good level of sealing during the late stages of deep to ultradeep
oil and gas formation.

(2) In the Ordovician reservoir calcite vein samples from the
northern fault zone of the Tarim Basin’s Fuman Oilfield, three
main stages of fluid inclusions are identified: early, middle,
and late. The early-stage inclusions consist of primary oil
inclusions exhibiting yellow‒green fluorescence. The oil in
these inclusions has relatively low maturity, with λmax values
primarily falling within the range of 540–548 nm and
QF535 values ranging from 1.71 to 1.94. The middle-
stage inclusions also contain primary oil inclusions showing
green fluorescence. The oil maturity in these inclusions is
relatively low, with λmax values ranging from 512 to 534 nm
and QF535 values ranging from 1.22 to 1.68. The late-
stage inclusions contain secondary oil inclusions exhibiting
blue‒white fluorescence. These inclusions have relatively high
oil maturity, with λmax values ranging primarily within the
range of 495–506 nm and QF535 values ranging from 1.16
to 1.44.

(3) Through the observation of primary oil-bearing fluid
inclusions and in conjunction with U‒Pb isotopic dating of
the host minerals, it has been determined that in the deep
Ordovician strata of the northern fault zone of the Tarim
Basin’s Fuman Oilfield, there are three phases of hydrocarbon
charging events. These ages correspond to approximately 459
± 7.2 Ma (Middle Silurian), 348 ± 18 Ma (Early Permian),
and 268 Ma (Late Permian). The key accumulation period of
oil and gas reservoirs in the study area is the middle and late
Caledonian, and there is a good correspondence between oil
and gas charging and fault activity.
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