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A B S T R A C T

The fluid activity in the deep strata of sedimentary basins is commonly related to tectonic activity, and the 
cements filled in fractures are a good carrier for the tectonic-fluid coupling evolution. Compared to macro-
fractures, microfractures have characteristics of high frequency and easy identifiable periods. Abundant 
microfractures infilled by carbonate cements (MCCFs) developed in carbonates of the Ordovician Yingshan and 
Yijianfang formations in the platform basin area of the Tarim Basin. Based on the study of petrology, U-Pb dating, 
and geochemical characteristics, this study determined the stages of MCCFs and clarified the tectonic-fluid 
coupling evolution process recorded by MCCFs in the study area. The formation order of these MCCFs is D1, 
C1, C2, D2, C3, and C4. The precipitation times of MCCFs have a good correspondence with orogeny around the 
Tarim Basin and active times of strike-slip faults in the platform basin area. The six stages of MCCFs in the 
Ordovician Yingshan and Yijianfang formations in the SLU recorded the tectonic-fluid coupling evolution process 
of concentrated seawater in the late Middle Ordovician, meteoric water at late Ordovician, organic acids during 
the Silurian, Mg-rich hot brine at the end Devonian-early Carboniferous, and magmatic hydrothermal fluids 
during the Permian. This not only indicates a close connection between fluid activity and tectonic activity in 
sedimentary basins, but also confirms that the formation of MCCFs in carbonate formations is closely related to 
regional tectonic-fluid coupling activities. This study provides a good example for studying macro scale tectonic- 
fluid coupling activities in basins using microfractures.

1. Introduction

Fluid activity is the most active geological agent in hydrocarbon- 
bearing basins (Leythaeuser and Krooss, 1996; Parnell, 2010). 
Fluid-rock interactions widely exist in all geological processes of basin 
evolution (Leythaeuser and Krooss, 1996), controlling the evolution and 
distribution of materials and energy, especially closely related to 
diagenesis, reservoir evolution, and oil and gas accumulation processes 
in sedimentary basins (Lander et al., 2008; Olson et al., 2009; Wang 
et al., 2016, 2018, 2021, 2022). Fluid activity in sedimentary basins is 
commonly related to tectonic movements, especially in deep buried 
strata where fluid activity is usually driven by tectonic activity (Kareem 

et al., 2019; Wang et al., 2022). Fractures are one of the important 
channels for fluid migration, material and energy exchange in tight 
carbonate or clastic rocks (Philippe and Manuel, 1998; Uysal et al., 
2000; Marfil et al., 2005; Morad et al., 2010; Cooley et al., 2011). Car-
bonate cements filled in fractures (CCFs) are extremely common in 
carbonate formations and are one of the direct products of fluid-rock 
interaction (Caja et al., 2003, 2006; Morad et al., 2010). CCFs can re-
cord information on the composition of diagenetic fluids (Rossi et al., 
2001; Wang et al., 2023a), temperature and pressure conditions 
(Eichhubl and Boles, 2000; Becker et al., 2010; Worden et al., 2016), 
diagenetic fluid environment and fluid sources (Worden et al., 2016; 
Yang et al., 2022a,b; Wang et al., 2023a) during their precipitation 
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process. Meanwhile, CCFs are also a good carrier for studying the history 
of fault activity (Roberts and Holdsworth, 2022). They can be used to 
reveal fluid activity in low-temperature (<300 ◦C) sedimentary basins 
(Dockrill and Shipton, 2010; Bons et al., 2012), indicate the pattern of 
geological fluid movement (Worden et al., 2016), and infer the impact of 
tectonic movements on fluid activity (Jin et al., 2008; Wang et al., 2022, 
2024). Isotope chronology analysis of CCFs can constrain basin defor-
mation, fault activity stages and time (Suchy et al., 2000; Nothdurft 
et al., 2004; Barker et al., 2009; Nuriel et al., 2012; Guo et al., 2016; 
Roberts et al., 2017; Roberts and Holdsworth, 2022; Yang et al., 2022a,
b).

The quality of small fractures is usually more than large ones in many 
fracture populations (Ortega et al., 2006; Barbier et al., 2012; Hooker 
et al., 2012; Watkins et al., 2020). Microfractures with straight traces 
and small aspect ratios are usually corresponding with macrofractures in 
subsurface rocks (Laubach and Gale, 2006). These types of micro-
fractures and their associated macrofractures belong to the same set of 
fractures and have the same origin (Gomez and Laubach, 2006; Laubach 
and Gale, 2006). Therefore, microfractures can help determine infor-
mation about the development of macrofractures and reveal some issues 
related to fractures that are difficult to explore (Marrett et al., 1999; 
Ortega et al., 2006; Hooker et al., 2009). Due to its good recognizability 
and accessibility, fractures at core scale are currently commonly used 
data for studying tectonic or fluid activities in basins (Suchy et al., 2000; 
Curtis, 2002; Barker et al., 2009; Nuriel et al., 2012; Gasparrini et al., 
2014; Yang et al., 2022a,b; Wang et al., 2023). However, due to the 
influence of core size, fractures at the core scale usually cannot fully 
display the sequential relationship between fractures of different pe-
riods, leading to significant limitations in using them to study tectonic 
activity or fluid evolution (Laubach and Gale, 2006). Microfractures that 
develop simultaneously with core scale fractures not only have consis-
tent origins, but also can present a relatively complete sequence of 
fracture development stages (Gomez and Laubach, 2006; Laubach and 
Gale, 2006). During the filling process of fractures, microfractures with 
small openings are the first to fill, followed by fractures with large 
openings (Laubach, 2003; Hooker et al., 2012). Moreover, compared to 
macrofractures, microfractures usually to be infilled completely with no 
or little fracture porosity preserved (Ukar and Laubach, 2016), which 
can effectively preserve the fluid information during filling process. 
Therefore, when using fractures to study structure or fluid evolution, 
microfractures have advantages that macrofractures do not possess. At 
present, study on micro fractures in carbonate reservoirs mainly focuses 
on the genesis, characterization, controlling factors of fracture devel-
opment, the impact of fractures on reservoir properties and perme-
ability, and the corresponding fluid during microfractures sealing (Zeng 
and Li, 2009; Anders et al., 2014; Ougier-Simonin et al., 2016; Ezati 
et al., 2018; Wang et al., 2023). However, there are few reports on the 
use of microfractures to study the tectonic-fluid coupling evolution.

Several large-scale strike-slip faults developed in the SLU of the 
platform basin area of the Tarim Basin (Wu et al., 2021). Controlled by 
regional tectonic movements, the strike-slip fault in the study area has 
undergone multiple periods of activity. As a result, a complex 
multi-scale fracture system has developed in the Yingshan and Yijian-
fang formations (Wu et al., 2018, 2020 ab). Strike-slip faults and 
multi-scale fracture systems are advantageous channels for communi-
cating formation fluids, and play a crucial role in the formation of car-
bonate reservoirs (Lu et al., 2017; Baqués et al., 2020; Ding et al., 2020; 
Wu et al., 2020b; Zhao et al., 2020; Wang et al., 2022, 2024). Fluid 
activity formed widely distributed CCFs in the Yingshan and Yijianfang 
formations, with particularly developed microscale CCFs (MCCFs) at the 
thin section scale. In the study, we determine the stages, precipitation 
time, and geochemical characteristics of MCCFs based on systematic 
analysis of petrology, and explore the relationship between the precip-
itation sequence of MCCFs and the tectonic-fluid coupling evolution 
process. This can not only clarify the tectonic-fluid evolution process 
experienced by the Ordovician in the Tarim Basin, provide a fluid basis 

for the study of fault-controlled reservoirs, but also provide a good 
example for the study of basin tectonic-fluid coupling activities using 
MCCFs.

2. Geological background

Located in the south of Xinjiang Uygur Autonomous Region 
(Fig. 1A), the Tarim Basin is a hydrocarbon-bearing basin located in the 
Tarim plate, with an area of about 56 × 104 km2 (Wang et al., 2024). 
Tarim Basin is located in the transitional zone between the Ural and 
Tethys orogenic belts (Ma et al., 2013; Zhang et al., 2013; Liu et al., 
2016a,b), with Tianshan Mountains in the north, Kunlun Mountains in 
the south, and Altyn Mountains in the southeast (Fig. 1B). Tarim Basin is 
a typical superimposed basin, which has experienced multiple periods of 
intense tectonic movements.

SLU is located in the northern slope belt of the central Tarim Basin, 
with the Manjiaer Depression in the east, the Awati Depression in the 
west, the Shaya Uplift in the north and the Katake Uplift in the south 
(Fig. 1C and D). The SLU experienced stable tectonic subsidence under 
the weak extensional background in the early Caledonian period, the 
formation of low uplifts under the regional compression background in 
the middle and late Caledonian to early Hercynian periods, the trans-
formation from the late Hercynian to Indosinian periods (Wang et al., 
2020a), and the fault activation and finalization stages from the Yan-
shanian to Himalayan periods (Han et al., 2017; Wang et al., 2020a). 
Corresponding to various tectonic activities, multiple strike-slip faults 
developed in the SLU (Fig. 1C and D). In recent years, a number of light 
oil or condensate reservoirs were found in the ultra-deep marine car-
bonate rocks in the SLU of the platform basin area in the Tarim Basin (Lu 
et al., 2017; Han et al., 2019; Ding et al., 2020; Wang et al., 2022). 
Unlike the unconformity karst reservoirs represented by Tahe and Taz-
hong oil fields, the reservoirs in the Yingshan and Yijianfang formations 
of the SLU are mainly fault-controlled ultra-deep fractured and vuggy 
reservoirs formed under the control of intra-cratonic strike-slip faults 
(Lu et al., 2017; Han et al., 2019; Ding et al., 2020; Wang et al., 2024). 
The strike-slip fault activity has formed multiple periods and scales of 
fractures with carbonate cements infilled in the Yingshan and Yijianfang 
formations (Fig. 2).

In the early Caledonian period, a set of hydrocarbon source rocks of 
slope facies developed in the Shuntuoguole area during the early 
Cambrian. During the early-middle Ordovician, a set of platform facies 
carbonate rocks, including the Yingshan and Yijianfang formations, 
developed in the study area (Figs. 1D and 2A). In the mid Caledonian 
period, NE and NW strike-slip faults developed in the SLU, and the late 
Ordovician carbonate platform was submerged (Figs. 1D and 2). The 
Shuntuoguole area evolved into a mixed shelf, depositing thick mud-
stones and forming high-quality regional cap rocks (Tang et al., 2014). 
In the late Caledonian to early Hercynian period, the SLU was contin-
uously compressed, and the strike-slip fault developed in succession, 
penetrating the Cambrian downwards and connecting the source rocks 
at the bottom of the Cambrian (Yang et al., 2022a,b). In the middle and 
late period of the Hercynian period, the SLU continued to rise, and a 
large amount of igneous rocks developed in the middle Permian (Ma 
et al., 2013). During the Indosinian-Yanshanian period, the Shuntuo-
guole area continued to be deeply buried. During the Himalayan period, 
the SLU underwent adjustment and shaping, with the activation of 
strike-slip faults, forming the current pattern (Liu et al., 2016a,b; Wu 
et al., 2020a).

3. Materials and methods

Seismic section data was collected from the Northwest Oilfield 
Company SINOPEC. The high-resolution seismic data had a frequency of 
30–40 Hz. The SEG standard was used, and the black and red reflectors 
had positive and negative polarities, respectively. Thirty-seven core 
samples were collected from 19 wells in the study area (Fig. 1C). All 
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samples were thin sectioned and underwent cathodoluminescence (CL) 
at the State Key Laboratory of Deep Oil and Gas in China University of 
Petroleum (East China) to identify the occurrences and stages of MCCFs.

Five samples from 3 wells were collected for the in-situ carbonate U- 
Pb dating experiments, which was carried out using the GeoLasPro 193 
nm ArF excimer laser ablation system and the Agilent 7900 ICP-MS in 
the John de Laeter Centre Laboratory at Curtin University, Australia. 
Seventy-three groups of test ages were obtained in MCCFs with different 
petrological characteristics. The instrument’s laser beam spot had a 
diameter of 87 μm, with a laser energy density of 5 J/cm2, and a pulse 
frequency of 8 Hz. Helium was used as the carrier gas for the ablation 
material, and NIST SRM 612 was used to maximize the signal-to- 
background intensity ratio of Pb and U. Isotope ratios and age errors 
were both 1σ. The measurement spots were selected as far as possible 
from inclusions, and the raw measurement data were processed offline 
using the ICPMSDDataCal program (Liu et al., 2010). Zircon age cal-
culations, concordia diagram plotting, and weighted average age plot-
ting were performed using the Isoplot program (Ludwig, 2003). Refer to 
Tang et al. (2022) for detailed instrument parameters and specific 
methods for in-situ trace element determination and in-situ U-Pb isotope 
analysis.

Twenty-five samples from 19 wells were collected for the 105 groups 
of REE and Sr isotope experiments. The in-situ microanalyses of rare 
earth elements (REE) and Sr isotope ratios from thin sections were 
conducted at the State Key Laboratory of Ore Deposit Geochemistry of 

the Chinese Academy of Sciences. The REE was used a GeoLasPro laser 
system and a Laser Ablation Inductively Coupled Plasma Mass Spec-
trometry (LA-ICP-MS) with the beam spot diameter of 50 μm at the. In 
order to obtain the REE of different stages of MCCFs, the analyses of 
calcites and dolomites were also based on the results of the CL. Taking 
the international standards of NIST SRM 610 and NIST SRM 612 as 
external calibration standards, the quantitative calculation was carried 
out by using multi-external standards and non-internal standard 
method, and the data off-line processing was completed by using 
ICPMSDataCal software (Liu et al., 2010). The Sr isotope ratios were 
measured by a Neptune Plus MC-ICP-MS in combination with the 
aforementioned laser ablation system. According to the intensity of Sr 
content in the sample, the diameter of the laser spot varies between 60 
and 180 μm. The testing standard uses the internal laboratory standard 
Coral-1. The data off-line processing was also conducted using ICPMS-
DataCal (Liu et al., 2010). The interference correction method was after 
Tong et al. (2016).

Twenty-two samples from 16 wells were collected for the 70 groups 
of carbon and oxygen isotope experiments. CL microscope and micro- 
sampling system with 100 μm bit at China University of Petroleum 
(East China) were used to sample calcite and dolomite of different stages 
of MCCFs. CO2 was extracted using the stepwise reaction method of 
Al-Aasm et al. (1990). The carbon and oxygen isotopes of CO2 were 
analyzed using a mass spectrometer at the Chinese University of Geo-
sciences (Wuhan). The Peedee belemnite (PDB) standard was used for 

Fig. 1. Structural characteristics of the study area. (A) Location of the Tarim Basin in northwest China. (B) Orogenic belts around the Tarim Basin and tectonic units 
and the location of the Shuntuoguole Low Uplift (SLU) in the Tarim Basin. (C) Structural characteristics, well locations, main strike-slip faults and study area of the 
SLU. (D) Structural units and characteristics of the study area in NS direction profile.
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the carbon isotope analysis, while the standard mean ocean water 
(SMOW) standard was used for the oxygen isotope analysis. The pre-
cisions of the carbon and oxygen isotope ratios were ±0.2‰ and 
±0.3‰, respectively. The oxygen isotope ratios using the PDB standard 
were calculated using the equation δ18Ov-SMOW = 1.03086 ×

δ18Ov-PDB+30.86.

4. Results

4.1. Characteristics and stages of MCCFs

Thin section analysis shows that there are mainly micro-structural 
fractures and sutures in the Middle-Upper Ordovician Yingshan and 
Yijianfang formations in the SLU. Minerals in MCCFs mainly include 
calcite and dolomite. The former mainly fills structural fractures, while 
the latter can be seen in both structural fractures and sutures.

4.1.1. Microfractures with calcite infilled (MFC)
MFC is widely distributed and have high abundance in grainstone, 

packstone and wackstone. MFC is usually corresponding with micro- 
structural fractures, with diverse shapes and occurrences. The study 
area mainly develops MFC with flat edges and relatively stable widths 
(Fig. 3A–C and 3H to J), MFC with curved edges and unidirectional or 
locally increased widths (Fig. 3D–G and K), and even reticular MFC 
(Fig. 3L). The width of MFC is usually between 30 and 500 μm. Calcite 
has a grain structure, a clean and bright surface, and is commonly 
produced in the form of embedded crystals (Fig. 3A–M). MFC exhibit 

characteristics of non-luminescence, orange-red or bright yellow lumi-
nescence under CL (Fig. 4).

There is obvious termination (Fig. 3E–H, K and 4E), cutting (Figs. 3J 
and 4A to B), and displacement (Fig. 3I to J and 4B to C) phenomena 
between MFC of different occurrences, and based on this, MFC can be 
divided into four stages. The first stage of MFC (C1) shows medium to 
coarse crystalline characteristics with no CL (Fig. 4A, B, D, F). The 
second stage of MFC (C2) exhibits bright yellow CL and terminates at C1 
(Fig. 4A). The third stage of MFC (C3) exhibits orange-red or bright 
yellow CL. C3 cuts through C2 and C1, and disrupts C2 (Fig. 4A, B, C, E), 
and C3 is associated with fluorite (Fig. 4H and I). The fourth stage of 
MFC (C4) also shows orange-red CL, terminating at C3 (Fig. 4C–E) or 
surrounded by C3 and fluorite in the center of the fractures (Fig. 4H and 
I).

4.1.2. Microfractures with dolomite infilled (MFD)
Compared to MFC, MFD has a lower frequency of occurrence and can 

be seen in grainstone, packstone and wackstone. MFD are often filled 
with micro-structural fractures or distributed along suture lines. The 
width of MFD is generally between 50 and 800 μm, and dolomite has a 
good euhedral degree. Incomplete replaced carbonate grains or sparry 
calcite can be seen in MFD (Fig. 3D). According to the size of dolomite, 
MFD can be divided into two stages (D1 and D2). D1 mainly composes of 
powder-fine crystal dolomites with a small amount of saddle dolomite 
(Fig. 3M, N) and D2 is dominated by medium-coarse crystal dolomites 
(Fig. 3D–K, N, O). D1 commonly distributes along suture lines with 
irregular shape and a shorter extension distance (Fig. 3K–N and 4D, G). 

Fig. 2. Stratigraphy and structural characteristics of the Shuntuoguole low uplift (SLU) of the Middle-Upper Ordovician in the study area. (A) Schematic stratigraphy, 
seismic reflector, and lithology of the study area in the Tarim Basin. (B) Ant body attribute profile superimposed seismic profile show strike-slip faults and macro- 
fractures. See Fig. 1C for the location of seismic profile.
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Fig. 3. Thin section observations show the types and occurrences of MCCFs in the Ordovician Yingshan and Yijianfang formations in the SLU. (A) MFC in grainstone 
from well N4-1 at 6569.68m. (B) MFC in packstone from well N5-2 at 6620m. (C) MFC in grainstone from well B2 at 7443m. (D) MFC and MFD with saddle dolomite 
in grainstone from well N5-1 at 7004.2m. MFC ends at MFD. (E) Two stages of MFC in packstone from well T1 at 7862.84m. Late MFC ends at early one. (F) Two 
stages of MFC in wackstone from well N7 at 6579.03m. Late MFC ends at early one. (G) Two stages of MFC in wackstone from well M2 at 7216.8m. Late MFC ends at 
early one. (H) Two stages of MFC in packstone from well B1-3 at 7320m. Late MFC end at early one. (I) Two stages of MFC in wackstone from well N4-1 at 6562.1m. 
Early MFC is staggered by late one. (J) Two stages of MFC in grainstone from well J3 at 7187.04m. Early MFC are staggered by late one. (K) Two stages of MFC and 
MFD with saddle dolomite in packstone from well N7 at 7100.3m. Late MFC ends at early one, and the early MFC is staggered by MFD. (L) Reticulated MFC in 
packstone from well T1 at 7863.65m. (M) MFC and MFD with powder fine crystalline dolomite in packstone from well N7 at 6578.4m. MFC ends at MFD. (N) MFD 
along suture line in wackstone from well N501 at 6350.75m. (O) MFD with saddle dolomite in mudstone from well N5 at 6785.1m.
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D2 is usually corresponding with micro-structural fractures and has a 
generally flat edge and a longer extension distance (Fig. 3D–M, O and 
4F). Saddle dolomite with higher abundance exist in the D2 (Fig. 3D–K, 
N, O). MFD has purple CL characteristics, while the CL color of D2 is 
relatively light than that of the D1 (Fig. 4D–F, G).

Thin section microscopic and CL images indicate that there are 
various contact relationships between MFC and MFD. For example, MFC 
terminates at MFD (Fig. 3D–M and 4D, F), MFC is disrupted by MFD 
(Fig. 3K), and MFC cuts through MFD (Fig. 4D–G).

4.2. Geochemical characteristics of MCCFs

4.2.1. U-Pb isotope dating
The U-Pb dating data shows that the formation times of the C1, C2, 

and C3 are 445.73 ± 3.26 Ma (Fig. 5A), 430.87 ± 2.07 Ma (Figs. 5B), 
and 255.1 ± 40.9 Ma (Fig. 5C), respectively. No effective age data for 
the C4 was obtained. The formation times of the D1 and D2 are 462 ±
13Ma (Figs. 5D) and 358 ± 17Ma (Fig. 5E), respectively.

4.2.2. In-situ REE compositions
The in-situ REE compositions of MCCFs analyzed by Laser Ablation 

Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) are sum-
marized in Table 1. The UCC normalized REE distributions of MCCFs are 
shown in Fig. 6. The REE of the intergranular sparry calcite is charac-
terized by gentle distribution and δEu negative anomaly (Figs. 6A and 7

and Table 1). The C1 has the typical right-dip REE distribution, obvious 
LREE enrichment, δEu negative anomaly and high (La/Yb) N value 
characteristics (Figs. 6A and 7 and Table 1). The gentle REE distribution 
and (La/Yb) N value of the C2 are similar to those of the intergranular 
sparry calcite, but the C2 has a strong δEu negative anomaly (Figs. 6B 
and 7 and Table 1). The REE characteristics of the C3 occur as left-dip 
distribution, HREE enrichment, δEu positive anomaly and low (La/Yb) 
N value (Figs. 6C and 7 and Table 1). The C4 has similar REE distribu-
tions to that of the C3 (Fig. 6C and D), but the LREE/HREE and (La/Yb) N 
value of the C4 is higher than those of the C3 (Fig. 7 and Table 1). The 
δEu of the C4 is dominated by positive anomaly with a small amount of 
negative anomaly (Fig. 7). The content of REE in MFD is low, and both of 
the distribution patterns of D1 and D2 are gentle (Fig. 6E to F). The D1 
with powder-fine crystal dolomites has an apparent δEu negative 
anomaly, and the D2 has a strong δEu positive anomaly (Fig. 6E to F and 
7). The (La/Yb) N value of D1 is higher than that of D2 (Table 1).

4.2.3. Sr isotopic characteristics
The Sr isotopic composition of MCCFs is summarized in Table 2 and 

Fig. 8. The 87Sr/86Sr value of the Mid-Late Ordovician seawater is in the 
range of 0.7085–0.7088 (Veizer et al., 1999). The 87Sr/86Sr value of the 
intergranular sparry calcite is in the range of 87Sr/86Sr value of the 
Mid-Late Ordovician seawater. The 87Sr/86Sr value of the C1 with an 
average of 0.70984 is higher than that of the Mid-Late Ordovician 
seawater. The 87Sr/86Sr value of the C2 with an average of 0.70848 is 

Fig. 4. CL images show the occurrences and stages of MCCFs in the Ordovician Yingshan and Yijianfang formations in the SLU. (A) and (B) Three stages of MFC (C1, 
C2, C3) from well J1X at 7260.96m (Wang et al., 2024). The second stage of MFC (C2) ends at the first stage of MFC (C1), the third stage of MFC cuts through the C1 
and C2. (C) Three stages of MFC from well N5 at 6784.8m. C2 is staggered by C3, the fourth stage of MFC (C4) ends at C3. (D) Three stages of MFC from well B2 at 
7441.5m. C1 ends at the MFD with powder dolomite (D1), C2 cuts through D1. (E) Two stages of MFC from well N6 at 6845.51m. C4 ends at C3. (F) Two stages of 
MCCF from well B1-7 at 7349.86m. C1 ends at D1. (G) Two stages of MCCF from well N4-1 at 6697.65m. C2 cuts through D1. (H) and (I) Two stages of MFC (C3 and 
C4) and fluorite from well J1X at 7260.99m.
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Fig. 5. U-Pb Tera-Wasserburg discordia (model-1) plots for the MFC and MFD in the Ordovician Yingshan and Yijianfang formations in the SLU. The results are 
reported as age = T ± X, where T is the age or initial Pb-ratio, X is the standard error. (A) U-Pb plots for C1 from well BP2H at 7536.05 m. (B) U-Pb plots for C2 from 
well B2 at 7520.82 m. (C) U-Pb plots for C3 from well N7 at 6487.5 m. (D) U-Pb plots for D1 from well N7 at 6487.3 m. (E) U-Pb plots for D2 from well N7 at 
6487.3 m.
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Table 1 
Summary of LA-ICP-MS in-situ REE compositions of MCCFs and seawater cement calcite of the Ordovician Yingshan and Yijingfang formations in the SLU.

C 1 C 2 C 3 C 4 D1 D2 SCC

La 1.8886 1.3129 0.8244 0.4974 0.4413 0.2465 0.3442
Ce 2.7851 1.8773 1.7564 0.9485 0.9594 0.4211 0.6254
Pr 0.2558 0.2183 0.2460 0.1109 0.1084 0.0476 0.0762
Nd 0.8389 0.8858 1.1364 0.4889 0.4328 0.1889 0.2956
Sm 0.1176 0.1653 0.2690 0.1121 0.0978 0.0342 0.0590
Eu 0.0175 0.0290 0.0672 0.0224 0.0125 0.0114 0.0100
Gd 0.0852 0.1587 0.3185 0.1136 0.0737 0.0407 0.0497
Tb 0.0112 0.0213 0.0475 0.0173 0.0107 0.0031 0.0070
Dy 0.0668 0.1286 0.3057 0.0988 0.0631 0.0274 0.0463
Ho 0.0141 0.0273 0.0654 0.0220 0.0125 0.0063 0.0049
Er 0.0368 0.0745 0.1754 0.0581 0.0349 0.0112 0.0192
Tm 0.0046 0.0100 0.0245 0.0089 0.0042 0.0058 0.0025
Yb 0.0310 0.0674 0.1588 0.0508 0.0302 0.0158 0.0178
Lu 0.0048 0.0107 0.0229 0.0076 0.0034 0.0048 0.0032
Y 0.3966 1.0332 2.6784 0.8684 0.3188 0.2060 0.3217
(La/Yb) N 5.8335 1.3163 0.6308 0.9548 1.0706 0.7860 1.3715
δEu 0.8271 0.7599 1.2126 1.0613 0.6901 2.0416 0.8504
LREE 5.9036 4.4886 4.2995 2.1802 2.0521 0.9497 1.4105
HREE 0.2545 0.4985 1.1186 0.3771 0.2327 0.1150 0.1506
∑

REE 6.1581 4.9872 5.4181 2.5573 2.2849 1.0647 1.5611
LREE/HREE 26.2512 8.6163 5.0154 7.5197 8.8171 5.6384 9.1349

Fig. 6. UCC normalized REE distributions of MCCFs in the Ordovician Yingshan and Yijianfang formations in the SLU.
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slightly lower than that of the Mid-Late Ordovician seawater. The 
87Sr/86Sr value of the C3 with an average of 0.70781 is lower than that 
of the Mid-Late Ordovician seawater. The average 87Sr/86Sr values of the 
C4 (0.70853), intergranular sparry calcite (0.70867) and the Mid-Late 
Ordovician seawater are consistent, but the range of 87Sr/86Sr value of 
the C4 is larger than that of the latter two. The 87Sr/86Sr values of D1 
(av. 0.70856) are also similar to those of the Mid-Late Ordovician 
seawater and intergranular sparry calcite. The 87Sr/86Sr values of D2 
(av. 0.71241) are significantly higher than that of the Mid-Late Ordo-
vician seawater.

4.2.4. Carbon and oxygen isotopic characteristics
The δ13CPDB and δ18OPDB compositions of MCCFs are summarized in 

Table 2 and Fig. 9. The δ13CPDB of the intergranular sparry calcite 
cement, C1, and C4 has almost the same range, but the δ13CPDB of the 
SCC is slightly heavier (Table 2). The δ13CPDB of the C2 is the lightest 
among all micro-carbonate veins (Fig. 9). The δ13CPDB of the C3 is 
slightly lighter that of the C1 and C4. D1 has a lighter δ13CPDB than that 
of the D2, but both of them are within the ranges of δ13CPDB of the C1, 
C3, and C4 (Fig. 9). The intergranular sparry calcite cement and D1 have 
relatively heavy δ18OPDB compositions (Fig. 9). C1 has the lightest 
δ18OPDB among all kinds of the micro-carbonate veins (Table 2 and 
Fig. 9). The δ18OPDB of C2 is within the same range as C3 and C4, but the 
δ18OPDB of C3 is slightly lighter. The D2 has a δ18OPDB composition 
lighter than that of the D1 and heavier than that of the C1-C4 (Fig. 9).

5. Discussion

5.1. Precipitation sequence of MCCFs

The formation order of MFC obtained through contact relationship 
(Fig. 4) is consistent with the precipitation time of MFC obtained 
through U-Pb dating (Fig. 5A–C). Although U-Pb dating did not obtain 
the age of C4, the contact relationship between C4 and C3 indicates that 
its formation occurred later than C3 (Fig. 3C). Both thin section 

microscopy and CL images show that C1 terminates at D1 and C2 cuts 
through D1 (Figs. 3M and 4D–F, G), indicating that the precipitation 
time of D1 is earlier than that of C1 and C2, which is consistent with the 
U-Pb dating results (Fig. 6A, B, D). The phenomenon of D2 cutting off C2 
can be seen in the thin section microscopic image (Fig. 3K), indicating 
that D2 formed later than C2, which is consistent with the U-Pb dating 
results (Fig. 5B–E). Therefore, the precipitation sequence of MCCFs in 
the study area is D1, C1, C2, D2, C3, and C4.

5.2. Related fluids in the precipitation of MCCFs

The precipitation of carbonate cements in carbonate rocks can be 
formed during syndepositional, shallow burial, deep burial, and super-
gene periods, and their related fluids may be closely correlated with 
various types of fluids such as seawater, meteoric water, organic acids, Fig. 7. Cross plot showing the δEu and LREE/HREE of MCCFs in the Ordovician 

Yingshan and Yijianfang formations in the SLU.

Table 2 
Summary of strontium, carbon and oxygen isotopic compositions of MCCFs and seawater cement calcite of the Ordovician Yingshan and Yijingfang formations in the 
SLU.

87Sr/86Sr δ13Cv-PDB δ18Ov-PDB

Min Max Mean Error Min Max Mean Min Max Mean

SCC 0.70866 0.70868 0.70867 0.000057 − 0.82 1.40 0.28 − 7.52 − 4.40 − 6.21
C1 0.70806 0.71382 0.70984 0.000046 − 1.93 1.58 − 0.18 − 16.02 − 11.03 − 13.41
C2 0.70814 0.70903 0.70848 0.000058 − 6.57 − 2.30 − 4.67 − 12.40 − 9.38 − 11.02
C3 0.70569 0.70851 0.70781 0.000043 − 3.00 0.67 − 1.38 − 13.50 − 9.58 − 12.08
C4 0.70829 0.70889 0.70853 0.000055 − 1.83 1.05 − 0.78 − 12.10 − 9.18 − 10.43
D1 0.70842 0.70881 0.70856 0.000056 − 2.21 1.62 − 1.61 − 6.78 − 3.56 − 5.32
D2 0.70926 0.71535 0.71241 0.000081 − 1.66 1.48 0.17 − 12.90 − 6.67 − 8.40

Fig. 8. 87Sr/86Sr values of Mid-Late Ordovician seawater, MCCFs and inter-
granular sparry calcite in the Ordovician Yingshan and Yijianfang formations in 
the SLU.

Fig. 9. Cross plot of the δ13CPDB and δ18OPDB of MCCFs and intergranular 
sparry calcite in the Ordovician Yingshan and Yijianfang formations in the SLU.
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hot brine, and deep hydrothermal fluids (Liu et al., 2017; Jiang et al., 
2018; Han et al., 2019; Jiang, 2022; Wang et al., 2022, 2024).

The intergranular sparry calcite in carbonate rocks is closely related 
to the cementation of seawater, and is usually formed in the submarine 
phreatic zone where pore water frequently exchanges with normal 
seawater (Longman, 1980). The 87Sr/86Sr values of intergranular sparry 
calcite are highly consistent with that of the Mid-Late Ordovician 
seawater (Figs. 8 and 10), and its δ13CPDB is agree with that of typical 
marine carbonate rocks (Jansa and Noguera, 1990). Moreover, the REE 
distribution pattern of the intergranular sparry calcite has good consis-
tency with the Ordovician Yingshan and Yijianfang formations (Wang 
et al., 2022). All of these indicate that the related fluid of the precipi-
tation of intergranular sparry calcite in the Mid-Late Ordovician Ying-
shan and Yijianfang formations in the study area was seawater (Fig. 10).

U-Pb dating indicates that C1 precipitated during the late stage of the 
Late Ordovician Sangtamu Formation. At that time, the study area 
experienced a brief tectonic uplift, and the top of the Ordovician un-
derwent a certain degree of erosion (Zhang et al., 2013; Wu et al., 
2020a). The Mid-Upper Ordovician underwent a short period of super-
gene meteoric water action (Wu et al., 2021). Compared with SCC, the 
C1 has obvious LREE enrichment characteristics (Figs. 6 and 7), and 
(La/Yb) N value is as high as 5.8335 (Fig. 9), which reflect the obvious 
fractionation between LREE and LREE in C1 (Webb et al., 2008). 
Compared with LREE, HREE has a stronger migration ability in solution 
(Henderson, 1984; Aubert et al., 2002). Therefore, the enrichment of 
LREE suggests that the precipitation of C1 was affected by meteoric 
water (Aubert et al., 2002; Webb et al., 2008). The C1 exhibits a sig-
nificant negative drift characteristic of δ18OPDB (Fig. 9), and high tem-
perature or meteoric water participation are important factors causing 
negative oxygen isotope drift in calcite (Watkins et al., 2014; Wang 
et al., 2016). However, the precipitation time of C1 indicates that the 
formation was shallowly buried at that time, excluding the influence of 
high temperature, which further suggests that the related fluids of C1 
precipitation were influenced by meteoric water. The 87Sr/86Sr values of 
some C1 are significantly higher than those of the SCC and Mid-Upper 
Ordovician seawater (Figs. 8 and 10), indicating that the precipitation 
of C1 was influenced by the 87Sr-rich fluid (Mountjoy et al., 1992; Qing 
and Mountjoy, 1994). The T70 interface in the study area suffered 
erosion, and meteoric water infiltrated along the strike-slip fault con-
necting the surface, fully leaching the mudstone of the Upper Ordovician 
Sangtamu Formation, providing a high 87Sr/86Sr value fluid for the 
precipitation of C1 (Fig. 10; Denison et al., 1998).

U-Pb dating shows that the precipitation time of the C2 was in the 

Late Caledonian. At that time, the first stage of oil and gas filling 
occurred in the platform basin area of the Tarim Basin, and a large 
amount of oil and gas and organic acids entered the Mid-Lower Ordo-
vician Yingshan and Yijianfang formations (Li et al., 2010; Wu et al., 
2013; Lu et al., 2020). The significant negative drift characteristic of 
δ13CPDB composition of C2 (Fig. 9) indicates that its precipitation process 
was influenced by organic fluids (Mack et al., 1991; Pearson and Nelson, 
2005; Sensula et al., 2006; Wang et al., 2016, 2018, 2021, 2024). Eu3+ is 
difficult to be reduced to Eu2+ under normal temperature background 
(Bau et al., 2010; Frei et al., 2017). Organic matter deposited and pre-
served in reduction environment often shows apparently negative δEu 
anomaly characteristics, and the organic fluid generated by it also has 
negative δEu anomaly (Feng et al., 2008, 2009; Himmler et al., 2010). 
Therefore, the strong negative δEu anomaly of the C2 further indicates 
the influence of organic fluids on its precipitation (Table 1, Figs. 6B and 
7). The REE distribution pattern and (La/Yb) N value and 87Sr/86Sr value 
of the C2 are similar to those of the seawater cement calcite (Figs. 8 and 
10A to B), indicating that the source of Ca2+ for the C2 precipitation 
came from the dissolution of calcites already existed in the early stage or 
carbonate rocks by organic acids (Fig. 10).

U-Pb dating shows that the precipitation time of the C3 is the 
development period of Permian Large Igneous Province in Tarim Basin 
(Ma et al., 2013). The δ18OPDB of the C3 exhibits significant negative 
drift characteristics (Fig. 9), and the burial depth of the Mid-Upper 
Ordovician has exceeded 3000m, indicating that the C3 precipitation 
process may have been affected by high temperatures (Watkins et al., 
2014; Wang et al., 2016, 2024). Magmatic hydrothermal fluids are 
usually characterized by HREE enrichment (Mills and Elderfield, 1995). 
Most of the (La/Yb) N values of C3 are less than one, indicating signif-
icant enrichment characteristics of HREE (Fig. 7). High temperature has 
reduction effect on Eu3+, and enrichment of Eu2+ makes the positive δEu 
anomaly (Michard and Albarede, 1986; Olivarez and Owen, 1991; Bau 
and Dulski, 1999; Wu et al., 2007; Debruyne et al., 2016; Robbins et al., 
2016). The δEu characteristics of the C3 are agree with those of 
magmatic hydrothermal fluid (Figs. 6C and 7), which reflects that the 
precipitation of C3 was affected by magmatic hydrothermal fluid. The 
C3 has a significant low 87Sr/86Sr value (Figs. 8 and 10), indicating that 
its precipitation process was influenced by 87Sr-poor mantle derived 
fluids (Banner, 1995; Qing et al., 1998). The 87Sr/86Sr value of C3 (av. =
0.70781) is higher than that of mantle ferromagnesian rocks (av. =
0.704), indicating that the contact between the magmatic hydrothermal 
and the Cambrian clastic rock during the upwelling process increased 
the 87Sr-rich characteristics of C3-forming fluids (Mountjoy et al., 1992; 

Fig. 10. Geochemical differences of MCCFs and intergranular sparry calcite in the Ordovician Yingshan and Yijianfang formations in the SLU. (A) Cross plot of the 
δEu and 87Sr/86Sr of MCCFs and intergranular sparry calcite. (B) Cross plot of the δ13CPDB and 87Sr/86Sr of MCCFs and intergranular sparry calcite. (C) Cross plot of 
the δ18OPDB and 87Sr/86Sr of MCCFs and intergranular sparry calcite.
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Banner, 1995). However, due to the fast-upward speed of magmatic 
fluids, they cannot fully contact the clastic rock, so the C3 precipitation 
related fluids retain the 87Sr-poor characteristics (Fig. 10). The coexis-
tence of 3 with magmatic hydrothermal minerals such as fluorite further 
indicates that mantle derived magmatic hydrothermal fluids influenced 
its precipitation process (Fig. 4H and I; Subías and Fernández-Nieto, 
1995)Previous studies have also obtained evidence of hydrothermal 
fluid through geochemical analysis of calcite in fractures from adjacent 
areas (Ukar et al., 2020; Wang et al., 2022), indicating the universality 
of hydrothermal activity in the platform-basin area.

Although the absolute age of C4 has not been obtained, the REE 
distribution pattern of the C4 is similar to that of the C3 (Fig. 6C and D), 
indicating that the C4 and C3 had similar material sources (Taylor and 
Mclennan, 1985). The major positive δEu anomaly further suggests that 
the magmatic hydrothermal fluid influenced the precipitation of the C4 
(Table 1 and Fig. 7). The (La/Yb) N value of the C4 is slightly higher than 
that of the C3 (Table 1), which suggest that the related fluid in the C4 
precipitation should be a mixture of the terminal fluid of the magmatic 
hydrothermal fluid and the formation water. The average 87Sr/86Sr 
value of C4 is within the range of Mid-Late Ordovician seawater (Veizer 
et al., 1999), but C4 has a wider 87Sr/86Sr value (Fig. 8), further indi-
cating that the dissolution of wall rocks and early precipitated calcite 
may provide material sources for the precipitation of C4. The δ13CPDB of 
C4 is consistent with C3, but the negative drift degree of δ18OPDB of C4 is 
lower than that of C3 (Figs. 9 and 10), further indicating that the pre-
cipitation process of C4 is influenced by the mixing of hydrothermal and 
formation fluids (Watkins et al., 2014; Wang et al., 2016). Therefore, the 
C4 precipitation fluid may be related to the thorough mixing of deep 
magmatic hydrothermal fluids and formation fluids or dissolution of 
early existing calcite.

U-Pb dating indicates that the precipitation time of D1 was during 
the late stage of the Yijianfang Formation to the early stage of the Upper 
Ordovician. At that time, the Yingshan and Yijianfang formations buried 
shallowly (Han et al., 2019; Wang et al., 2022, 2024). The REE distri-
bution pattern of fine-grained dolomite in D1 is similar to that of 
seawater cemented calcite (Fig. 6A–E), and both have similar δEu and 
(La/Yb) N values (Figs. 7 and 9). The 87Sr/86Sr values of fine-grained 
dolomite in D1 (av. = 0.70856), Mid-Late Ordovician seawater and 
seawater cemented calcite are in the same range (Figs. 8 and 10). These 
all indicate that the D1 precipitation fluid was closely related to 
seawater. The δ13CPDB and δ18OPDB ranges of D1 are consistent with 
those of the Ordovician dolomite formed in shallow burial depth of the 
Tarim Basin (Figs. 9 and 10; Veizer et al., 1999; Guo et al., 2017), which 
further indicates that the formation of D1 may be related to seawater 
concentration in the shallow burial period. D1 is mainly distributed 
along sutures, without accompanying evaporates or exposed structures, 
also indicating that the formation of D1 may be corresponding to 
shallow burial dolomitization (Guo et al., 2017).

The U-Pb dating indicates that the D2 precipitation time was during 
the Late Devonian-Early Carboniferous. D2 is mainly composed of sad-
dle dolomite, with typical δEu positive anomaly and HREE enrichment 
characteristics (Figs. 6F and 7), and the (La/Yb) N value is close to C3, 
indicating that the D2 precipitation process was influenced by high- 
temperature fluids (Davies and Smith, 2006; Yang et al., 2022a,b). 
The 87Sr/86Sr values of D2 are significantly different from those of C3. 
The 87Sr/86Sr values of D2 are higher than those of Ordovician seawater 
(Figs. 8 and 10), indicating that although the precipitation processes of 
D2 and C3 may be influenced by hydrothermal fluids, there may be 
differences in their fluid sources. Previous studies have shown that 
mantle derived magmatic hydrothermal fluids in the study area have 
Si-rich and F-rich characteristics (Wang et al., 2022, 2024). Due to the 
lack of Mg2+, magmatic hydrothermal fluids cannot cause large-scale 
hydrothermal dolomitization in the Mid-Lower Ordovician. Therefore, 
the D2 precipitation fluid is not closely related to magmatic hydro-
thermal fluids. In addition to magmatic hydrothermal fluid, hot brine 
from the deep strata also developed in the Tarim Basin, such as 

interlayer hot brine of Cambrian evaporates (Cai et al., 2001, 2008; 
Wang et al., 2022). Most of the hot brine was inherited from marine 
source fluid sealed in carbonate and sulfate rocks (Cai et al., 2001), 
which can provide sufficient Mg2+ for the precipitation of D2 (Boschetti 
et al., 2020). The Cambrian interlayer hot brine fully contacts with rocks 
rich in terrestrial detrital materials such as mudstone, gypsum 
mudstone, and mudstone in the evaporative platform, resulting in high 
87Sr/86Sr values (Davies and Smith, 2006; Cai et al., 2008). Cambrian 
saddle dolomite affected by Cambrian hot brine has typical δEu positive 
anomaly and high 87Sr/86Sr value characteristics, and its carbon and 
oxygen isotopes (av. δ18OPDB = − 8.9‰, av. δ13CPDB=− 0.88‰) is 
consistent with D2 (Table 2 and Fig. 9). Therefore, the D2 precipitation 
fluid may be related to the Cambrian interlayer hot brine. Meanwhile, 
saddle dolomites occurred in D1 indicate that the Cambrian hot brine 
may also influence the transformation of powder-fine grained dolomite 
in D1.

The precipitation time and sequence of MCCFs record the intrusion 
time and evolution process of geological fluids in the Ordovician car-
bonate reservoirs in the study area. Therefore, the geological fluid 
evolution process recorded by MCCFs in the Yingshan and Yijianfang 
formations was concentrated seawater, meteoric water, organic acids, 
Mg-rich hot brine, Si and F-rich magmatic hydrothermal fluid, and 
mixed fluid of magmatic hydrothermal fluid and formation water 
(Fig. 11). The diverse types and geochemical differences of geological 
fluids and their corresponding MCCFs suggest that there was still fluid 
activity during the deep burial process of the tight Ordovician carbonate 
rocks in the platform-basin area of the Tarim Basin.

5.3. Structure-fluid coupled evolution of Ordovician in the platform-basin 
area

The statistical results of igneous rock age of orogenic belts around 
the Tarim Basin show that the subduction of the West Kunlun Ocean 
occurred in the Cambrian-Early Ordovician, and the uplift of the West 
Kunlun orogenic belt caused by collision closure mainly occurred in the 
Middle Ordovician-Silurian (Yuan et al., 2002; Zhang et al., 2019). The 
Altyn ocean subduction mainly occurred during the Cambrian-Middle 
Ordovician, and the collision closure and mountain uplift mainly 
occurred during the Late Ordovician-Devonian (Meng et al., 2013; Dong 
et al., 2018). The eastern section of the Southern Tianshan Ocean sub-
duction occurred during the Silurian-Early Devonian, and the collision 
closure formed mountains during the Mid-Late Carboniferous (Zhang 
et al., 2017). The western section of the Southern Tianshan Ocean 
subduction occurred during the Silurian-Early Carboniferous, and the 
collision closure occurred during the Late Carboniferous-Early Permian 
(Gao et al., 2009; Ren et al., 2017).

The connection between the Tarim Block and the Paleo-Asian and 
Tethyan tectonic systems results in a unified regional dynamic back-
ground between the Tarim Block and the peripheral orogenic belts 
(Wang et al., 2020b). The Tarim Block has a rigid characteristic, and the 
convergence or dispersion of plate edges is the source of internal tec-
tonic stress in the craton (Xu et al., 2011). This also provides a dynamic 
background for the formation of strike-slip faults and related structural 
fractures in the basin (Wang et al., 2020a, 2020b), as well as the activity 
of geological fluids (Fig. 12).

The precipitation time of D1 is consistent with that of calcite cements 
filled in macrofractures within the fault zone obtained by previous re-
searchers, and the related fluids are all related to seawater (Veizer et al., 
1999; Guo et al., 2017). During the Episodes I-III of the middle Cale-
donian Orogeny, the Tarim block was located between 10 ◦S and 25 ◦S 
(Fig. 12; Domeier and Torsvik, 2014; Domeier, 2018). In the Middle 
Ordovician, the ancient Kunlun Ocean began to subduct, and the West 
Kunlun terrane entered a collision and collage stage with the Tarim 
block. The passive continental margin in the southern part of the Tarim 
turned to the active continental margin (Li et al., 2018; Zhang et al., 
2018, 2019), and the Tarim block entered a regional compression stage. 

J. Wang et al.                                                                                                                                                                                                                                    Marine and Petroleum Geology 170 (2024) 107161 

11 



The northeast oriented compression stress from the southwest edge had 
been the main stress in the inner basin (Wu et al., 2018, 2020 ab, 2021). 
Under this stress, the Tazhong ancient uplift lifted, forming a large 
northwest trending fault-uplift (Wu et al., 2018). Affected by the remote 
compressive stress of the southwestern plate edge, the overall structure 
of the study area was gentle, and the Yingshan and Yijianfang forma-
tions were stably deposited (Tang et al., 2014). In the late stage of the 
middle Caledonian (End of the middle Ordovician), a collision occurred 
between the southeastern part of the Tarim block and the Qaidam block, 
leading to the closure of the South Altyn Ocean (Dong et al., 2018), 
resulting in strong northwest compressive stress from the southeastern 
edge of the basin. Meanwhile, the ancient Kunlun Ocean on the south-
western edge began to close (Li et al., 2018; Zhang et al., 2017, 2018, 
2019), and the compressive stress on the southwestern edge continued 
to increase (Fig. 12). At this time, the northern part of the block was 
resisted by the South Tianshan oceanic crust, forming a reaction force 
from north to south, but the stress was relatively weak (Zhang et al., 
2017). The stress generated by block edge activity was mainly trans-
mitted to the interior of the basin through horizontal stress (Wu et al., 
2018, 2020 ab, 2021). Under the influence of horizontal compressive 
stresses in different directions and sizes in the southwest, southeast, and 
north of the basin, the strike-slip fault system in the study area began to 
develop (Fig. 12). Due to the relatively small scale of strike-slip fault in 
the early stage, the corresponding structural fractures in carbonate rocks 
of the Yingshan and Yijianfang formations was limited (Wu et al., 2018, 
2020 ab, 2021). The precipitation of powder-fine grained dolomites was 
not related to the structural fractures, but the tectonic activity might 
cause the migration of concentrated seawater along suture lines. The 
precipitation time of D1 is in good agreement with the activity of 
strike-slip fault at the end of the middle Ordovician (Figs. 12 and 13), 
which furtherly indicates the formation of the D1 is closely related to the 
activity of strike-slip faults and regional tectonic movements (Fig. 12). 
At this time, the Yijianfang Formation was in a shallow burial stage 
(Tang et al., 2014), and the seawater sealed in the formation was 
concentrated and transported along suture lines, resulting in local 

shallow burial dolomitization in the limestone (Fig. 12).
At the end of the Episodes III of the middle Caledonian Orogeny 

(Terminal Ordovician), the orogenic movements on the southern and 
northern margins of the basin continued. The ancient Tianshan Ocean in 
the north strongly subducted towards the central Tianshan block, while 
the western Kunlun block in the south and the Tarim block continued to 
collide strongly (Yuan et al., 2002; Gao et al., 2009; Ren et al., 2017; 
Zhang et al., 2017, 2019). The Altyn tectonic domain in the southeast 
margin was strongly folded and orogenic, causing the Tarim block to be 
compressed from multiple directions around the basin (Dong et al., 
2018). The entire basin was in a strong compression environment, the 
NE trending strike-slip faults in SLU began to develop on a large scale 
based on early faults, forming a series of faults with relatively wide fault 
cores and fracture zones (Wu et al., 2020a, Wang et al., 2024). Influ-
enced by the above orogenic activities, the Ordovician in the study area 
was risen and eroded at the top (Wu et al., 2020a), and the strike-slip 
fault communicated with the surface (T70 reflector) (Fig. 12; Wang 
et al., 2024). The forming-fluid of C1 was meteoric water, and the pre-
cipitation time was consistent with the erosion time of the Ordovician, 
indicating that C1 recorded the structure and fluid response in the 
Ordovician in the study area formed by the Episode III of the Caledonian 
Orogeny (Fig. 12).

During the late Caledonian Orogeny, the Tarim block was located 
between 0◦ and 15◦N (Domeier and Torsvik, 2014; Domeier, 2018). The 
orogenic movement at the southern edge of the Tarim block ended, and 
the subduction of the South Tianshan Ocean weakened and gradually 
closed, but continued to transmit compressive stress into the block (Gao 
et al., 2009; Ren et al., 2017; Zhang et al., 2017, 2019). At this time, the 
North Altyn orogeny at the southeastern edge of the basin was strong, 
and the interior of the basin was subjected to strong compressive stress 
from the southeast direction (Dong et al., 2018). The NE trending 
strike-slip faults continued to be active, forming a series of en echelon 
distributed faults in the Upper Ordovician and Silurian, and the 
strike-slip faults communicated downwards with the source rocks of the 
Yuertus Formation (Wu et al., 2020a; Wang et al., 2024). The first stage 

Fig. 11. Types, geochemical characteristics and timing of diagenetic fluids in the Ordovician Yingshan and Yijianfang formations in the SLU.
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Fig. 12. Coupling evolution of tectonic movements and diagenetic fluids and formation of corresponding MCCFs in the Ordovician Yingshan and Yijianfang for-
mations in the SLU of the Tarim Basin. The activity time of the West Kunlun Orogenic Belts is after Zhang et al. (2019). The activity time of the Altyn Orogenic Belts is 
after Dong et al. (2018). The activity time of the Kulugetage Orogenic Belts is after Zhang et al. (2017). The activity time of the West South Tianshan Orogenic Belts is 
after Ren et al. (2017). The plate drift path was after Domeier and Torsvik (2014) and Domeier (2018). The burial and thermal history was modified from Yang et al. 
(2021). Affected by the activities of the surrounding orogenic belt, the Tarim Basin undergone complex and varied stress evolution, which led to the development of 
multiple stages of strike-slip fault activities and complex fault-fracture system in the basin. Through petrographic and geochemical analysis, multi-stage micro-
fractures consistent with strike-slip fault activity and surrounding orogenic movements were discovered, and their fillings simultaneously recorded fluid activity that 
matched tectonic activity.
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of oil and gas filling occurred in the study area (Li et al., 2010; Wu et al., 
2013; Lu et al., 2020). When organic acids entered the Ordovician 
Yingshan and Yijianfang formations accompanied by oil and gas, they 
participated in the precipitation of micro-carbonate veins of C2 
(Fig. 12).

In the early stage of the Hercynian Orogeny, the Tarim block was 
located between 20◦N and 25◦N (Domeier and Torsvik, 2014; Domeier, 
2018). Due to the closure of the North Kunlun Ocean in the southern part 
of the Tarim block during the late Devonian and the subduction of the 
South Tianshan Ocean in the northern part of the block, the continental 
margin orogeny was strong (Gao et al., 2009; Ren et al., 2017; Zhang 
et al., 2017). Due to the greater influence of compressive and torsional 
stress caused by the subduction of the Southern Tianshan Ocean, the 
study area was influenced by compressive stress from the north, and the 
strike-slip fault was inherited and developed based on the fault formed 
by the Caledonian Orogeny (Fig. 12; Wu et al., 2018). The precipitation 
time of D2 is 358 ± 17Ma, which is consistent with the tectonic move-
ment and the strike-slip fault activity during the late Devonian in the 
study area, indicating a close relationship between the formation of D2 
and regional tectonic movement (Fig. 12). At the end of the Devonian, 
the burial depth of the Cambrian gypsum-salt rock reached 5000m, and 
the formation temperature reached 140 ◦C (Cai et al., 2001, 2008). 
Tectonic movement made the strike-slip faults connect the Cambrian 
gypsum-salt rock in the study area (Wu et al., 2018). The sealed 
high-temperature Mg-rich hot brine surged up along the fault into the 
fractures of the Yingshan and Yijianfang formations, causing local hy-
drothermal dolomitization, forming D2 mainly composed of saddle 
dolomite (Fig. 12).

In the middle-late stages of the Hercynian Orogeny, the Tarim block 
was located between 25◦N and 40◦N (Domeier and Torsvik, 2014; 
Domeier, 2018). Since the late Carboniferous, the central and northern 
Tarim Basin was in the stress relaxation stage after the West Kunlun and 
Altyn orogenies (Dong et al., 2018; Zhang et al., 2019). Meanwhile the 
southern Tianshan area was also in the temporary tension stage at this 
time, so a regional tensile stress field was formed (Gao et al., 2009; Ren 
et al., 2017; Zhang et al., 2017), resulting in a large area of volcanic 
rocks in the early-middle Permian to erupt in a fissure style, forming the 
Permian igneous province in the Tarim Basin (Fig. 12; Ma et al., 2013). 
The continental collision orogeny in the western part of the southern 
Tianshan Mountains occurred at about 299~250 Ma (Gao et al., 2009; 
Ren et al., 2017). The fault activity of the Tarim Basin in the late 
Permian generally migrated from the southern part of the basin to the 
northern part (Wu et al., 2018). The strike-slip fault system in the study 
area has inherited activities (Wu et al., 2021). Magmatic hydrothermal 
fluid entered the Yingshan and Yijianfang formations along the fault 
zone and fracture system, forming C3 (Fig. 12). At the same time, the 
study area experienced the second stage of oil and gas charging (Ma 
et al., 2013; Wang et al., 2024). As the magmatic hydrothermal fluid 
mixed with the formation fluid, the fluid temperature decreased and 
might form C4 (Fig. 12).

At the end of the Triassic, the South Tianshan orogeny almost ended 
(Ren et al., 2011). Since the Jurassic, the Tabei area had been in the 
stress relaxation stage after the South Tianshan orogeny, and regional 
tectonic extension occurred (Deng et al., 2019). The entire study area 
was still in the NNW oriented tensile and torsional stress field, and the 
strike-slip fault undergone inherited sinistral tensile and torsional. 
During the late Yanshan-early Himalayan, due to the Himalayan 
orogeny, the Tarim block escaped and rotated clockwise (Zhang et al., 
2013), and the entire study area was still in an NWW oriented tensile 
and torsional stress field, forming an NNE trending dextral extensional 
torsional normal fault. However, the impact of strike-slip fault activity 
on the Yingshan and Yijianfang formations was relatively small (Wu 
et al., 2021); no micro-carbonate vein records related to the Indosinian, 
Yanshan, and Himalayan orogenies were found in the samples. Studies 
have shown that the Yingshan and Yijianfang formations in the study 
area experienced the third stage of hydrocarbon (mainly gas) charging 

during the Himalayan orogeny (Ma et al., 2013).

6. Conclusions

(1) According to the occurrence, interrelationships, and U-Pb dating 
of MCCFs, there are four stages of MFC and two-stages of MFD in 
the Ordovician Yingshan and Yijianfang formations in the SLU. 
The formation order of these MCCFs is D1, C1, C2, D2, C3, and 
C4. MCCFs recorded the evolution of geofluids during the burial 
process of carbonate rocks in the study area, including seawater, 
meteoric water, organic acids, Mg-rich hot brine, magmatic hy-
drothermal fluids, and mixed fluids of hydrothermal fluids and 
formation fluids.

(2) The precipitation times of MCCFs have a good correspondence 
with orogeny around the Tarim Basin and active times of strike- 
slip faults in the platform basin area. The formation of D1, C1, 
C2, D2, C3, and C4 in the Ordovician Yingshan and Yijianfang 
formations in the SLU was consistent with the tectonic activities 
and corresponding fluids in the late Middle Ordovician, late 
Ordovician, late Caledonian orogeny, early Hercynian and Mid- 
late Hercynian, respectively. This not only indicates a close 
connection between fluid activity and tectonic activity in sedi-
mentary basins, but also confirms that the formation of MCCFs in 
carbonate formations is closely related to regional tectonic-fluid 
coupling activities. This study provides a good example for 
studying macro-scale tectonic-fluid coupling activities in basins 
using MCCFs.
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