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A B S T R A C T   

The strike-slip fault-controlled ultra-deep fractured-vuggy carbonate reservoir is an increasingly important 
exploration target. However, the high heterogeneity of fault-controlled reservoirs and the ineffective methods 
available for pressure prediction make it difficult to assess the risk of potential overpressure in ultra-deep car
bonate reservoirs. Abnormal overpressure is common in the ultra-deep strike-slip fault-controlled carbonate 
reservoirs in the Shunbei Oilfield of the Tarim Basin. According to measured pressures, petroleum accumulation 
history, and fault framework, this study investigates the generation mechanisms of overpressure in fault- 
controlled carbonates and reconstructs the pressure evolution of reservoirs. Finally, the effect of strike-slip 
faults on current overpressure distribution is discussed. Measured pore pressure data from 90 wells showed 
that all reservoirs present in the major fault zones are normally pressured, and the reservoirs present far away 
from the major faults commonly develop overpressures. The distribution patterns of overpressure in the Middle- 
Lower Ordovician reservoirs coincide with areas with fault reactivation during the Himalayan Period. The results 
of the comprehensive analysis of petroleum accumulation history, fault activity, and well production suggested 
that dry gas generation is a primary cause of overpressure in the Middle-Lower Ordovician reservoirs. The 
relatively low temperature in the reservoir, in addition to the highly compartmentalized nature of overpressure, 
indicated that these overpressured gas migrate vertically into the Ordovician formation from deep strata along 
strike-slip faults. The pressure evolution restored by basin modelling and fluid inclusion showed that distinct 
differences in overpressure magnitude in the different reservoirs were formed at the stage of gas charging but not 
at the early stages of oil accumulation. The difference in physical properties of the two types of fault-controlled 
reservoirs resulted in different pressure distributions and oil-bearing levels in the ultra-deep carbonate reservoirs 
at present. The strike-slip fault zones are the primary pathways by which overpressured fluids migrate from the 
deeper Cambrian formation into the Ordovician reservoirs and act as barriers to separate the pressure systems in 
the ultra-deep carbonate reservoirs. These findings are expected to help mitigate the drilling risks with over
pressure in deep strike-slip fault-controlled carbonate reservoirs.   

1. Introduction 

Ultra-deep high-quality carbonate reservoirs have become increas
ingly important targets for petroleum exploration in many petroliferous 
basins. However, one of the most significant challenges in developing 
these reservoirs is assessing the risk of potential abnormal pressure 

(particularly overpressure) before drilling. Seismic velocity/porosity- 
vertical effective stress relationships are used to predict pore pressure 
in shales, and anomaly porosity that deviates from the regional normal 
compaction trend has been considered a direct indicator to detect ab
normality in pore pressure (Bowers, 1995; Eaton, 1972; Fillippone, 
1979; Swarbrick, 2001; Tingay et al., 2009; Zhang, 2011). However, 
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during the deep burial process in most carbonates, chemically-driven 
diagenetic processes (chemical compaction), rather than mechanical 
compaction, are the principal reason for porosity reduction (Bathurst, 
1972; Croize et al., 2013; Mallon and Swarbrick, 2008; Weller, 1959). 
Diagenesis, which includes dissolution and cementation, plays an 
important role in the formation and destruction of pores in deep car
bonates. Secondary pores, fractures, and caverns created by the frac
turing and dissolution of various fluids are usually predominant in the 
reservoir space in deep carbonates (Bathurst, 1972; Mazzullo and Harris, 
1991; Zhu et al., 2015). Variability in carbonate porosity caused by 
chemically-driven diagenesis leads to inherently unpredictable veloc
ity/porosity–depth relationships (Green et al., 2016). Therefore, 
considering carbonates as shales is inaccurate for pore pressure predic
tion in deep carbonates (Lubanzadio et al., 2002). Another problem 
leading to inaccurate pore pressure prediction outcomes in carbonates is 
that the internal physical properties of carbonate usually vary over a 
short distance owing to complex diagenetic processes (Bathurst, 1986; 
Green et al., 2016). Velocity/porosity-depth relationships provide only a 
local empirical fit, and these relationships are usually non-transferable 
unless they have a consistent lithostratigraphic context and the same 
overpressure generation mechanism (Drews et al., 2018; Green et al., 
2016; Mohamad et al., 2015). Moreover, the restricted seismic resolu
tion and ambiguity of seismic interpretation increase the risk of inac
curate pore pressure prediction. Published studies have reported the 
critical role of faults in the formation of fluid overpressure in two as
pects. First, faults act as lateral seals in overpressure compartments, thus 
hindering the discharge of pore fluid and causing pressure cells (Carver, 
1968; Dickey et al., 1968; Karlsen and Skeie, 2006; Warner, 1998); 
second, vertical pressure transfer through faults can induce significant 
changes in the pore fluid pressure of shallower formations (Grauls and 
Baleix, 1994; Karthikeyan et al., 2020; Luo et al., 2003; Zhang et al., 
2023). Petroleum reservoirs with overpressure compartments have been 
extensively discovered in extensional and compressional foreland ba
sins, and their distribution patterns have been investigated in a detailed 
manner (Byerlee, 2013; Darby and Funnell, 2001; Guo et al., 2016; 
Karthikeyan et al., 2020; Luo et al., 2007; Madon, 2007; Rice, 1992). 
However, different types of basins (such as extensional, compressional, 
and strike-slip basins) have distinct stress states, which create inevitable 
differences in their pressure fields (Yassir et al., 2002). 

The ultra-deep fault-controlled fractured-vuggy reservoirs in China’s 
three largest cratonic basins (namely, Tarim, Sichuan, and Ordos basins) 
have large petroleum resources (Ma et al., 2022; Zheng et al., 2022). 
Strike-slip faults play an important role in the development of 
fractured-vuggy reservoirs and petroleum accumulation (Deng et al., 
2022; Liu et al., 2023; Qi, 2020; Wang et al., 2022; Yu et al., 2022). 
However, the distribution patterns of overpressure in strike-slip fault-
controlled carbonate reservoirs have received less attention (Ozkale, 
2007; Peacock et al., 2017). The Shunbei Oilfield, which is the world’s 
deepest commercially developed oil and gas field, offers plentiful pe
troleum resources in the Ordovician reservoirs. However, a series of 
overpressure compartments have been discovered in the strike-slip 
fault-controlled carbonate reservoirs with an average burial depth of 
more than 7200 m. Most published studies suggested that the 
Carboniferous-Devonian strata are extensively overpressured, and the 
Ordovician carbonates are normally pressured in the cratonic region of 
the Tarim Basin (Liu et al., 2013, 2019; Lu et al., 2016a; Sun, 2003; 
Wang and Ye, 1998). Sun (2003) performed a statistical analysis of 
pressure testing data from more than 200 wells and reported that the 
average pressure coefficient of the Ordovician carbonate reservoirs in 
the Tabei Uplift is 1.10. Liu et al. (2019) reported that the maximum 
residual pressure of Ordovician carbonate reservoirs with a burial depth 
of more than 5000 m in the Tazhong Uplift is only 8 MPa. The discovery 
of strong overpressured carbonate reservoirs in the Shuntuoguole Low 
Uplift is contradictory to previously reported findings of the pressure 
state of the Ordovician carbonate strata. Therefore, it is important to 
explore overpressure formation and preservation in ultra-deep 

carbonate reservoirs and consider the possible effects of strike-slip faults 
on fluid pressure. 

This study presents a comprehensive geological approach to gain a 
better understanding of overpressure formation and preservation in 
deep marine carbonate strata controlled by intra-cratonic strike-slip 
faults. The study combined geological factors with the characteristics of 
overpressured reservoirs to unravel the main reason for overpressure 
formation in fault-controlled reservoirs. The pressure evolution of these 
carbonates was reconstructed by basin modelling software and fluid 
inclusion PVT (pressure-volume-temperature) simulation. By linking 
overpressure formation with pressure evolution, the present-day pres
sure distribution patterns of deep carbonates were determined in light of 
the hydrocarbon accumulation history and fault framework. The find
ings of this study are expected to provide a better understanding of 
overpressure distribution patterns in deep burial carbonate reservoirs 
controlled by strike-slip faults. 

2. Geological background 

The Tarim Basin, located in northwest China (Fig. 1A), is the largest 
area for ultra-deep oil and gas resources in China, and it is estimated to 
have approximately 8.25 billion tons of recoverable reserves (Yang 
et al., 2021c). This basin is a microcontinent and has undergone 
long-term complex tectonic evolution, multi-stage transformation, and 
deformation (An et al., 2009; Wu et al., 2021; Yang et al., 2021b). The 
study site in this area is the Shuntuoguole Low Uplift (SLU), situated in 
the lower part of the structure between the two ancient uplifts of Tabei 
and Tazhong in the Tarim Basin. The study site is divided into four 
secondary tectonic spanning units from northwest to southeast: Shunbei 
Slope (SB), Shuntuo Low Uplift (ST), Shundong Slope (SD), and Shunnan 
Slope (SN) (Fig. 1B and C). 

During the Early Cambrian to Middle Ordovician, the Tarim Basin 
was in the stage of weak extension and was inundated by seawater 
owing to extensive transgression (Wu et al., 2020a; Zhang et al., 2015a). 
The SLU area was located in the center of a large cartonic carbonated 
platform with thick carbonate deposits. During the Middle Ordovician, 
the Tarim Basin underwent north-south compression owing to the sub
duction of the proto-Tethys Ocean. The northeast-oriented strike-slip 
fault zones of the SLU area started emerging because of the 
stress-induced transition from extension to compression (Yang et al., 
2020). During the Late Ordovician, the depositional environment of the 
SLU area evolved as a coastal and shallow sea (Wu et al., 2020a). The 
Late Ordovician successions consist of marine clastic rocks with a 
thickness of 500–1400 m in the SLU area, but these strata are absent in 
most regions of the Tazhong Uplift and Tabei Uplift. The SLU area 
evolved as a coastal, shallow sea and predominantly depositions of thick 
clastic rocks since the Silurian. When the Tarim Basin entered the stage 
of intense extrusion, the basin underwent extensive uplifting and erosion 
in the Late Silurian, which caused the absence of the top of the Upper 
Silurian and the Middle-Lower Devonian in the SLU area. The inherited 
strike-slip faults, which had intense activity, divided the study site into 
several blocks and appeared as high-steep vertical faults or 
flower-shaped structures on the section (Fig. 2). With the gradually 
retreating seawater, the basin’s sedimentary environment has under
gone a transformation from marine facies and marine-continental 
alternation facies to fluvial lacustrine continental facies during the 
Late Permian (Wu et al., 2020a). During the Mesozoic, the Tarim Basin, 
which is surrounded by orogenic belts, experienced frequent tectonic 
movement and severe erosion (Fig. 2). Since the Neogene, the Tarim 
Basin experienced rapid deposition owing to the remote effect of the 
intense collision of the Indian plate (Jia, 2004; Xu et al., 2011). The SLU 
area located far away from the areas affected by the strong compressive 
stress, which resulted in strike-slip fault activity is weak in the deep 
regions of the study site. (Jia et al., 2022). The Neogene and sedimentary 
sequences consist of terrestrial clastic rocks with a thickness of 
2200–3300 m. 
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The strike-slip faults present in the SLU area have a relatively minor 
slip distance of less than 2 km and are termed as intra-craton strike-slip 
faults (Deng et al., 2019; Han et al., 2017). The present-day fault pattern 
of the SLU area and its surrounding area is generally bounded by the 
N45◦E-oriented F1 fault zone, comprised of two distinct strike-slip fault 
systems in the south and north (Deng et al., 2022; Ma et al., 2012; Wu 
et al., 2012). The northern area is characterized by an “X” -shaped 
conjugate fault system formed by northwest-oriented and 
northeast-oriented strike-slip faults, whereas the southern area pre
dominantly has a single row of Northeast-oriented left-slip fault systems 
(Fig. 1C). During the Late Himalayan, the Northeast-oriented fault belts 
(F1, F4, and F8) in the central part of the SLU area had weak inherited 
activities. In contrast, the Northeast-oriented faults in the SN area and 
northwest-oriented faults remained inactive after the Middle-late Her
cynian and the Late Caledonian, respectively (Yun, 2021). 

The Cambrian and Ordovician carbonate rocks and marine shale 
constitute a complete source-reservoir-cap assemblage in the Tarim 
Basin (Fig. 1D). The significance of Cambrian source rocks is gradually 
gaining attention, as many petroleum resources have been discovered in 

the deep reservoirs (Zhu et al., 2022). The Lower Cambrian Yuertusi 
formation, widely distributed in the Tarim Basin, is a set of high-quality 
source rocks with a total organic carbon content between 2% and 16% 
(Wei et al., 2021; Zhu et al., 2016a). The Middle and Lower Ordovician 
(O1-2) fault-controlled fractured-vuggy carbonates are the most impor
tant petroleum reservoirs in the SLU area, which comprises the 
reservoir-seal pairs with the overlying thick marine mudstone of the 
Upper Ordovician. The strike-slip faults connect the Cambrian source 
rocks with the Middle and Lower Ordovician reservoirs, providing 
permeable conduits and space for petroleum transportation and storage 
(Deng et al., 2022; Jiao, 2017; Qi, 2016). 

3. Database and methods 

The direct pressure test is the most reliable method to obtain fluid 
pressure in the permeable layers (Lee et al., 2022). For low or 
non-permeable layers (such as mudstone and salt rock), fluid pressure is 
calculated based on well-logging, mud density, and various response 
characteristics (Bowers, 1995; Eaton, 1972; Fillippone, 1979; Radwan, 

Fig. 1. (A) The geographic location of the Tarim Basin in northwestern China. (B) Location map showing the tectonic units of the Tarim Basin and location of the 
Shuntuoguole Low Uplift (modified after Yu et al. (2022)). (C) The division of structural units in Shuntuoguole Low Uplift and the study well locations in this paper. 
(D) The stratigraphic column with petroleum systems elements (modified after Ma et al. (2022)). 
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2022; Swarbrick and Lahann, 2016). However, in the absence of 
continuous pressure testing, mud weight is often used as a proxy for pore 
pressure, which will help understand the characteristics of pressure 
variation as depth increases (Webster et al., 2011). However, mud 
weight is not always a valid proxy for pore pressure. Therefore, in this 
study, we performed a careful comparison between mud equivalent 
pressure and drill stem test data and selected mud weights consistent 
with the pressure measurement data so as to provide a general guide for 
judging the vertical trend of the pore pressure. The study collected 
drill-stem test pressure data of 90 wells present in the Middle and Lower 
Ordovician formations in the SLU area, and complementary mud weight 
data of those wells. This study used the pressure coefficient (ratio of pore 
pressure to hydrostatic pressure at the same depth) as a measure to 
determine the presence and magnitude of overpressure. The pressure 
coefficient was categorized as follows: ≤1.20 indicates normal pressure, 
≥1.20 indicates overpressure, and ≥1.60 indicates strong overpressure. 

Fault-controlled carbonate reservoirs have storage spaces of various 
sizes and intricate connection variances (Deng et al., 2022; Wu et al., 
2020b). The static characteristics of reservoirs with overpressure and 
those with normal pressure were determined by core samples and for
mation micro scanner image logging (FMI). Additionally, the dynamic 
seepage characteristics of these reservoirs were compared by build-up 
curves and production data. 

For microscopic fluid inclusion analyses, core samples were collected 
from eight wells (SB5, GLe2, MS5, ST1, SN1, SN4, SN501, GL2. Fluid 
inclusion micro thermometry analysis was performed at the National 
Key Laboratory of Petroleum Resources and Engineering of China Uni
versity of Petroleum (Beijing). The LINKAM THMS-G600 temperature- 
controlled stage was used in the experiment, which has a temperature 
measurement range of − 196 ◦C–600 ◦C. The accuracy of the freezing 
and heating data was ±0.1 ◦C and ±2 ◦C, respectively. The effectiveness 
of fluid inclusion homogenization temperatures was evaluated based on 
the fluid inclusion assemblage (FIA) concept (Goldstein and Reynolds, 
1994; Liu et al., 2013). In this research, the measured homogenization 
temperature is considered reliable only when the difference between the 
temperature measurements of FIA is less than 15 ◦C (Liu et al., 2013). 

Gas-phase and gas-liquid two-phase inclusions in minerals were 
analyzed using Raman spectroscopy to identify the gas-phase compo
nents (Caumon et al., 2014). The Laser Raman spectroscopy was per
formed using the Renishaw inVia Reflex Laser Raman spectrometer. The 
Raman characteristic peak of methane gas in the standard sample was 
detected at 2917.58 cm-1 at room temperature. The laser source used in 
the experiment had a wavelength of 532 nm, and the integration time 
was set to 25 s with a total of 10 integration times. 

Under the same temperature and pressure conditions, coeval 
aqueous inclusions and petroleum inclusions were trapped simulta
neously (Aplin et al., 1999, 2000; Karlsen et al., 1993; Nedkvitne et al., 
1993; Pironon and Bourdet, 2008). Therefore, the trapping pressure was 
determined mainly by combining the isochoric lines of the two systems 
(Aplin et al., 2000; Goldstein and Reynolds, 1994; Mullis, 1979). As for 
fluid composition, the hydrocarbon components were assumed to the 
approximate composition in oil inclusions. The assumed composition 
can be simulated when the gas-liquid ratio obtained by iterative calcu
lation had to be consistent with the measured values of inclusions at 
room temperature. Based on the assumed fluid composition proxy, the 
isochoric lines of coeval brine inclusions and hydrocarbon inclusions 
were simulated using the equation of state (Aplin et al., 1999, 2000). 

A specific method was used to determine the trapping pressure of gas 
inclusions, assuming that both the gas and liquid phases of the inclusions 
are homogeneous at the saturation pressure with the gas dissolving 
completely (Liu et al., 2018; Zhang et al., 2015b). This method involved 
six steps and was performed according to the method described by Liu 
et al. (2018) and Zhang et al. (2015b): (1) The initial composition and 
percentage components of the gas phase of inclusions were determined 
by the present-day composition of the gas reservoir. (2) The pressure 
was adjusted continuously according to the homogenization tempera
ture of the inclusions until the “vapor” value in PVTsim equaled zero. At 
this point, the pressure should be the minimum trapping pressure of the 
assumed initial inclusions, and the total molar volume should be 
determined. (3) The gas–liquid ratio of the inclusions at room temper
ature was calculated based on the initial composition. If the calculated 
ratio does not match the measured value, the input component was 
adjusted until both values were consistent. (4) The minimum trapping 
pressure was calculated by inputting the equivalent component, ho
mogenization temperature, and total volume of the inclusion. (5) The 
previous steps were repeated at a temperature slightly higher than the 
homogenization temperature for the total volume to determine another 
pressure value. By combining the two temperatures with the associated 
pressures, we established the pressure-temperature equation for the 
gas-bearing inclusions. (6) The trapping temperature of the brine in
clusions associated with gas inclusions was used to determine the 
trapping pressure by establishing line equations and was projected onto 
the burial/thermal history to determine their trapping time and paleo 
depth (Karlsen et al., 1993; Matapour and Karlsen, 2017). 

After accurate calibration of the Raman spectroscopic system, the 
Raman shift of the C–H symmetric stretching band of methane can be 
used to quantitative determine the internal pressure of methane-bearing 
inclusions under a closed system (Dubessy et al., 2001; Fabre and Couty, 

Fig. 2. Seismic section showing the stratigraphic distribution and the developments of strike-slip faults-controlled reservoirs.. (E–Q: Paleogene to Quaternary, K: 
Cretaceous, T: Triassic, P: Permian, D–C: Devonian to Carboniferous, S: Silurian, O3: Upper Ordovician, O1-2: Middle-Lower Ordovician, Є3: Upper Cambrian, Є1-2: 
Middle-Lower Cambrian, Є1-2y: Lower Cambrian Yuertusi formation.) 
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1986; Gao et al., 2017; Lin et al., 2007; Lu et al., 2007a). The gas 
composition from the separator test by PVT testing was selected as the 
initial composition for simulation. The gas components were repeatedly 
changed to simulation until the gas-liquid ratio and internal pressure 
matched the measured value at room temperature, and the equivalent 
gas component and corresponding inclusion volume were determined. If 
the inclusion volume remained constant, the trapping pressure was 
calculated based on homogenization temperature and inclusion volume. 
Only in the case of mixtures of CH4 with low concentrations (<10 mol 
%) of other components, this study simplified these inclusions to 
methane system, and used the formula developed by Lu et al. (2007b) to 
assess methane density in the inclusions, then calculated the trapping 
pressure by the thermodynamic equation established by Duan et al., 
1992. 

Basin models are used to quantitatively evaluate some fundamental 
processes of overpressure formation and their efficiency (Hantschel and 
Kauerauf, 2009). Because the estimation of fluid inclusion provides only 
single-point information at a particular time, this study used Petro
Mod2012.1 software to reconstruct fluid pressure evolution during the 
burial period. The distribution of strata and lithology was based on 
drilling wells’ cutting data, and various mixing ratios were applied to 
different components to ensure that modelled lithologies were consis
tent with the lithologic components of the actual strata (Table 1). The 
sedimentary age and durations of each unit were determined from 
published literature. The erosional thickness and denudation time of 
tectonic erosion events were determined from the results published by 
Zhang et al. (2000), and the thermal boundary conditions in basin 
modelling were derived from Liu et al. (2020) and Qiu et al. (2012). 

The Athy formula and Kozeny-Carman equation were used to 
quantify the porosity-depth relationship and the porosity-permeability 
relationship in the models, respectively (Hantschel and Kauerauf, 
2009). The Easy Ro% model proposed by Sweeney and Burnham (1990) 
was used for reconstructing the maturity evolution of source rock, and 
the Burnham TII Kinetics model proposed by Burnham and Sweeney 
(1989) was applied to simulate hydrocarbon generation. The kerogen 
type, TOC (total organic carbon) content, and HI (hydrogen Index) were 
referred to by Zhu et al. (2016b) and Wei et al. (2021). 

The pore pressure equation combined with the overpressure equa
tion related to petroleum generation to calculate the magnitude of 
overpressure in this model, and these two equations were proposed by 
Hantschel and Kauerauf (2009). The sensitivity of pressure solution 
depends on the connectivity of the highly permeable facies, and the two 

lithological parameters, compressibility and permeability control fluid 
flow and pressure formation (Hantschel and Kauerauf, 2009). These 
parameters are adjusted until a satisfactory match is reached between 
the modeled and the actual geological pressure. 

4. Results 

4.1. Present day pressure of the reservoir 

The pressure test data revealed that abnormal overpressure had 
developed and was widely distributed in the Middle-Lower Ordovician 
carbonated reservoirs in the SLU areas. However, significant differences 
existed in the pressure states of three secondary structural units (Fig. 3). 
Particularly, the pressure coefficient in the Middle-Lower Ordovician 
reservoirs in the Tabei Uplift in the northern margin of the study area 
ranged from 1.01 to 1.47. By contrast, no overpressure reservoirs were 
discovered in the adjacent SB area. The ST area showed a mix of normal 
pressure and locally developed strong overpressure, with the pressure 
coefficient ranging from 0.96 to 1.79. The SN area was characterized by 
overall overpressure, with the pressure coefficient ranging from 1.17 to 
1.65. Regarding lateral distribution, the pressure coefficient tended to 
increase from the northern to the southern tectonic unit gradually. 
However, the reservoir with the maximum pressure coefficient was 
observed near the Northeast-oriented faults in the ST area. Strike-slip 
faults separated the basin into many isolated pressure systems (Fig. 3). 
The reservoirs with normal pressure were mainly distributed in bands 
following the direction of major strike-slip faults, while reservoirs with 
overpressure were distributed between the fault zones or on the sec
ondary inner faults (Figs. 3 and 4). Additionally, the reservoirs located in 
different sections of the same strike-slip fault zones were segmented, but 
they did not show any discernible difference in the pressure state and all 
were in the normal pressure state (Figs. 3 and 4). 

The significant variation in drilling mud density observed in the 
Middle-Lower Ordovician reservoirs indicated the presence of at least 
two distinct pressure structures in the study area. For wells far from the 
major fault zones, the equivalent fluid pressure lines calculated based on 
mud density demonstrated gradual deviation from the hydrostatic 
pressure curve in the Carboniferous strata and exhibited significant 
deviation from the hydrostatic pressure curve at the top of the Ordovi
cian. The different variation trends in equivalent fluid pressure indicated 
the presence of at least two vertical overpressure systems: the C–O3 
weak overpressure system and the O2–S overpressure system (Fig. 5A 

Table 1 
Modeled stratigraphy and input parameters for modelling wells.  

Strata/event Begin age (Ma) Litho mixture ration (%) Present or erosion thickness (m) 

SB5 GLe2 MS5 SN5 SN4 

N + Q 23 30ss, 40sil, 30sh 3066 2242 2200 1003 1005 
E 65 40sil, 60sh 120 162 166 730 723 
EROSION 6 80  − 190 − 200 − 200 − 120 − 120 
K 137 60ss,40sh 832 683 918 376 407 
EROSION 5 210  − 400 − 400 − 400 − 350 − 350 
T 251 50ss,30sil,20sh 756 793 578 605.5 538.5 
EROSION 4 258  − 40 − 40 –40 − 40 − 40 
P 290 45dia, 25il,30sh 533 501.5 546 445 384 
EROSION 3 300  − 210 − 210 − 210 − 130 − 130 
C 350 20ss, 10sil, 50sh, 20lime 262 175 526 581 594 
D 370 30ss, 30sil, 40sh 144 163.5 17 85 80 
EROSION 2 428  − 260 − 260 − 260 / / 
S 440 30ss, 30sil, 40sh 1078 1146 1066 / / 
EROSION 1 445  − 130 − 130 − 130 − 100 − 100 
O3 460 80sh, 20lime 537 1333 1480 2591 2673 
O2yj 470 100lime 92.2 153 172 141.5 144 
O1-2y 480 100lime 607.8 594 564 414.5 452 
O1p 490 80lime, 20dol 390 328 350 432 459 
Є 521 100dol 2020 2863 2863 1280 1300 
Є1y 541 100sh 30 20 20 20 20 

ss = sandstone; sil = siltstone; sh = shale; dia = diabase; lime = limestone; dol = dolomite, the absolute value of the negative number indicates the erosional amount. 
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and B). However, when drilling into the core of the fault zone, the fluid 
pressure significantly decreased, indicating that abnormal pressure has 
not developed in the Middle-Lower Ordovician reservoirs in this area at 
present (Fig. 5C). 

4.2. Overpressure reservoir characteristics 

A comprehensive analysis of the dynamic and static reservoir char
acteristics was performed in strike-slip fault-controlled carbonate 

reservoirs with overpressure and those with normal pressure in the SLU 
area. The formation micro-scanner image (FMI) logging data showed 
that the carbonated reservoirs with overpressure were characterized by 
fractures (Fig. 6A). During drilling encounters in the reservoir with 
overpressure, slight or no leakage of drilling mud occurred, and the 
pressure build-up curve was characterized by bilinear flow. The 
exploited fractured reservoirs produced a large volume of water, and the 
pressure dropped rapidly (Fig. 6C; Table 2). These dynamic and static 
characteristics indicated that reservoirs with overpressure had a 

Fig. 3. Distribution of wells with abnormal pressured and overpressured Middle-Lower Ordovician reservoir and strike-slip faults in the Shuntuoguole area. (Strong 
overpressure: Pressure coefficient >1.6, Overpressure: Pressure coefficient >1.2, Normal overpressure: Pressure coefficient <1.2). 

Fig. 4. The distribution of present pressure in the Middle-Lower Ordovician reservoir from different fault zones. Reservoirs near the major fault appear to be 
normally pressured (Pressure coefficient (Pc) < 1.20), and reservoirs far away from the major fault seem to be overpressured (Pc > 1.20). 
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relatively small reservoir scale and lacked connectivity with the outside 
reservoirs. By contrast, normal-pressured reservoirs developed many 
fractures and cavities (Fig. 6B). Drilling into cavities and mud losses 
often appeared in reservoirs with normal pressure in the major fault 
zones. The pressure build-up curve showed adequate capacity for 
reservoir and percolation (Table 2). Normal pressured fractured-vuggy 

reservoirs in the exploitation had produced a large volume of petro
leum (Fig. 6B). The comparison of the dynamic and statics character
izations of reservoirs under different pressure states suggest that the 
connectivity of the strike-slip fault with the outside and the reservoir 
scale may be critical to the formation of abnormal pressure. 

Fig. 5. Validated equivalent fluid pressure calculated by mud density suggested there are two kinds of pressure structures in the Shuntuoguole area. The circle part of 
(B) is magnified and shown in (C) to display that fluid pressure decreases significantly in reservoirs when drilling into the major fault zone. 

Fig. 6. Formation micro-scanner image (FMI) of overpressure reservoir and normal pressure reservoirs and their daily production. The Middle-Lower Ordovician 
reservoir with a pressure coefficient of 1.70 is characteristic of fractures, and high water-yield (A, C). The reservoir with a pressure coefficient of 1.15 is characterized 
by fractures and cavities and high-yield petroleum (B, D). These two wells are present in the major fault and around this fault. 

Table 2 
Dynamic and static characteristics of overpressured carbonate reservoirs.  

Reservoir type Pressure 
coefficient 

Location Pressure build curve Drilling into the cave and mud 
loss 

Formation testing 

Fractured reservoir 1.70 Secondary inner fault Slight or no leakage High yield water and yield condensate gas, oil 
pressure drops quickly 

Fracture-vuggy 
reservoir 

1.15 Major strike-slip fault 
zone 

Drilling into caves and lots of 
mud losses 

High-yield condensate oil  

S. Zeng et al.                                                                                                                                                                                                                                     



Marine and Petroleum Geology 158 (2023) 106515

8

4.3. Petroleum accumulation history 

A large number of fluid inclusions are distributed within the fracture- 
filling calcite veins, appearing as isolated groups or trails. They occurred 
as single-phase inclusions (only oil, water, or gas), liquid-dominated bi- 
phase inclusions (water–gas, oil–gas), and tri-phase fluid inclusions 
containing solid bitumen (oil, gas, and solid bitumen). Comprehensive 
analysis of microscopic petrography and cathodoluminescence charac
teristics suggested that there are at least three stages of calcite veins in 
Middle-Lower Ordovician formations (Fig. 7). These calcite veins had 
obvious cutting characteristics and the occurrence of secondary in
clusions with blue fluorescence in the heal fractures. In situ U–Pb dating 
of calcite veins suggested that these calcites were respectively formed at 
474-444 Ma, 441-403 Ma, and 374-326 Ma, as well as 295.9–232 Ma, 
which were consistent with the periods of fault activity analyzed by 
seismic profile (Li et al., 2023). Calcite-filling U–Pb dating constrains the 
onset of late oil charge to the Late Permian. 

These oil-bearing inclusions appeared colorless and transparent or 

brown under transmitted light and emitted green-yellow and blue-white 
fluorescence under ultraviolet fluorescence (Fig. 8A–G). Inclusion oils 
with different physical chemistry properties usually exhibit different 
fluorescence colors under ultraviolet fluorescence, which is a significant 
indicator of distinguishing different generations of inclusions (Goldstein 
and Reynolds, 1994; Ryder, 2005). By reducing the artificial error in the 
determination of fluorescence color by the naked eye, 
micro-fluorescence spectroscopy can be used to evaluate the maturity of 
oil inclusions accurately (Liu et al., 2009; McLimans, 1987; Stasiuk and 
Snowdon, 1997). The Microfluorescence spectra of different petroleum 
inclusions reveal apparent differences in thermal maturity of the two 
types of oil inclusions (Fig. 9), and suggest that at least two stages of oil 
have filled into the Ordovician reservoirs in the study area. 
Liquid-dominated bi-phase inclusions (water and gas) and single-vapor 
inclusions were detected in SN5 samples, and oil-bearing inclusions 
with fluorescence were rarely observed (Fig. 8H and I). 

Homogenization temperatures reflect the trapping temperature only 
when the water or oil in the fluid inclusions is saturated with respect to 

Fig. 7. Plane-polarized light (PPL) and cathodoluminescence photomicrographs showed that there are three stages of calcite veins with cutting characteristics. C1 
exhibited dark red cathodoluminescence characteristics under cathode rays. C2 exhibited bright red cathodoluminescence under a cathode ray. C3 had no lumi
nescence under a cathode ray. 
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gas (Goldstein and Reynolds, 1994; Karlsen et al., 1993; Nedkvitne et al., 
1993; Roedder, 1972). In a system with co-existing oil and aqueous in
clusions, the gas content in aqueous inclusions will likely be very close to 
or reach saturation, but petroleum inclusions are likely to be 
under-saturated (Bhullar et al., 1999; Matapour and Karlsen, 2017; 
Matapour et al., 2019). Considering the potential risk of fluid inclusion 
re-equilibration in the calcite (Bourdet et al., 2008; Larson et al., 1973; 
Prezbindowski and Larese, 1987), the minimum homogenization tem
peratures of the aqueous inclusions coeval with petroleum inclusions 
were applied to reflect the minimum trapping temperature for the oil 

inclusions. By projecting the homogenization temperature of fluid in
clusions onto the basin burial history curve, the timing of the petroleum 
charge can be determined (Karlsen et al., 1993). The homogenization 
temperature of aqueous inclusions associated with yellow-fluorescent 
oil inclusions ranged from 70 ◦C to 90 ◦C and 85 ◦C to 110 ◦C in wells 
SB5 and GLe2, respectively (Fig. 10), corresponding to the oil accumu
lation during the Late Caledonian (Fig. 11). The homogenization tem
perature of aqueous inclusions associated with blue-white fluorescent 
oil inclusions ranged from 100 ◦C to 125 ◦C and 120 ◦C–135 ◦C in wells 
SB5 and GLe2, respectively (Fig. 10), corresponding to the oil 

Fig. 8. Photomicrographs of fluid inclusions in the fractured-filling calcite in the Middle-Lower Ordovician reservoirs. (A) Yellow fluorescence hydrocarbon in
clusions under UV light. (B) Trail distribution hydrocarbon inclusion with blue fluorescence under UV light. (C) Coeval aqueous inclusions associated with oil in
clusions. (D) Yellow fluorescence oil inclusions under UV light. (E) Oil inclusions and coeval aqueous inclusions in healed micro-fracture. (F) Group distribution oil 
inclusions with light blue fluorescence under UV light (G) Vapor-single and liquid-vapor biphase hydrocarbon inclusions co-exist in calcite. (H) Group distribution 
gas inclusions with vapor-single phase and liquid-vapor biphase. (I) Group distribution vapor single inclusions. Loil = Liquid oil, V=Vapor, Lw = Liquid water. 

Fig. 9. The fluorescence spectrum shows the maturity of different oil inclusion in the SLU area.  

S. Zeng et al.                                                                                                                                                                                                                                     



Marine and Petroleum Geology 158 (2023) 106515

10

accumulation during the Late Hercynian (Fig. 11). The homogenization 
temperature of gas-water bi-phase inclusions associated methane in
clusions in well GLe2 ranged from 145 ◦C to 165 ◦C, which indicated 
that gas formation occurred mainly during the Himalayan Period 
(Figs. 10 and 11). 

4.4. Paleo-pressure recovered from fluid inclusions 

Fluid inclusion is an effective method for determining the pressure of 
the diagenetic fluid, which is based on the hypothesis that the initial 
physical and chemical properties of the fluids can be recorded in in
clusions under well preservation (Aplin et al., 1999; Goldstein and 
Reynolds, 1994; Pironon and Bourdet, 2008). However, the fluid in
clusions in carbonate minerals are prone to leakage of initially entrap
ped fluid and filling with other diagenetic fluid by thermal of barometric 
stress, which led to changes in the volume and composition of fluid in
clusions (Bourdet et al., 2008; Goldstein and Reynolds, 1994). Fluid 
inclusions with relatively low Th and gas volume percentages in a fluid 
inclusion assemblage were selected to recover paleo-pressure in this 
study, because they were likely to preserve the initial composition of the 
fluid. The hydrocarbon composition from Middle-Lower Ordovician in 
well SB5 was selected to be the initial composition for simulation 
(Table 3), because of low maturity and less gas charge. The gas 
composition from the separator test by PVT testing was selected as the 
initial composition for the simulation of methane-bearing inclusions 
(Table 3). 

The pressure state of the reservoir during key accumulation periods 
was evaluated by the restored trapped pressure of hydrocarbon in
clusions formed in different geological periods using fluid inclusion PVT 
simulation. Samples from the Ordovician reservoirs present in the major 
fault zones (SB5, MS5, SN1, SN4, and GL2), and samples from the res
ervoirs present far away from major fault zones (GLe2, ST1, SN501, and 
SN5) were used to restore the paleo-pressure of the Middle-Lower 
Ordovician reservoirs. The method proposed in Section 3 was applied 
to calculate the trapping pressure of petroleum inclusions. Tables 4–6 
present the results of paleo-pressure restored by fluid inclusions. The 

paleo-pressure coefficient of the Middle-Lower Ordovician reservoir in 
well SB5 ranged from 1.00 to 1.01, and the pressure state in the two oil 
accumulations is characterized by normal pressure. Similarly, in well 
FY1, the paleo-pressure state of the reservoir developed normal pressure 
during the late Caledonian and Hercynian Periods, with pressure co
efficients of 1.03 and 1.12, respectively. 

Gas-bearing inclusions were observed in the Middle-Lower Ordovi
cian reservoir located in the SLU area. The gas components in these 
inclusions were analyzed at room temperature using a Laser Raman 
spectrometer, and the Raman shifts indicated that methane was the 
predominant component in the vapor phase (Fig. 12). To reduce un
certainty, three methods were used to calculate the pressure of the gas- 
bearing inclusions. The results showed that the pressure coefficients of 
the Middle-Lower Ordovician reservoir far from major faults during the 
Himalayan Period were generally above 1.60, and higher than those in 
samples collected from areas near major faults (Tables 5 and 6). The 
paleo-pressure, as restored by the gas-bearing inclusions, supports the 
possibility that gas formation led to strong overpressure in the carbonate 
rocks present in the research area. 

5. Discussion 

5.1. Effect of strike-slip faults on overpressure generation 

The generation of abnormal overpressure in the sedimentary basins 
can be classified into three categories: (1) increase in compressive stress 
caused by disequilibrium compaction and tectonic compression. (2) 
increase in fluid volume caused by temperature increase, diagenesis, 
hydrocarbon generation, and cracking to gas, and (3) fluid movement 
and processes related to density differences between fluids and gases 
caused by hydraulic head, osmosis, and buoyancy (Osborne and Swar
brick, 1997; Tingay et al., 2009; Zhao et al., 2018). 

Conditions that favor disequilibrium compaction are higher sedi
mentation rates and poor permeability (Bowers, 1995; Osborne and 
Swarbrick, 1997). The Upper Ordovician is a thick sequence of 
fine-grained low-permeability sediments, which is an ideal condition for 

Fig. 10. Homogenization temperature histograms of petroleum and associated aqueous inclusions, showing the temperature of petroleum filling and entrapment in 
different stages. 
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overpressure generation through disequilibrium compaction. However, 
when the Upper Ordovician mudstone sequence in the SB area entered 
the stage of continuous rapid deposition (sedimentation rate of >200 
m/Ma) during the Himalayan period, its burial depth was approximately 
5 km (Fig. 13). The Upper Ordovician mudstone sequence was too 
compacted to result in retention of a large amount of pore fluid. 
Furthermore, the thickness of the Upper Ordovician mudstone layer 
increases from northwest to southeast, but the Middle-Lower Ordovician 
reservoirs’ high-magnitude overpressures develop mainly in the middle 
of the SLU area (Figs. 2 and 3). More importantly, the magnitude of 
overpressure in the Middle-Lower Ordovician carbonates was stronger 
than that of the overlying Upper Ordovician mudstone strata (Fig. 5). 
Thus, the high-magnitude overpressure in the Middle-Lower Ordovician 
reservoir was not derived from the abnormal overpressure in adjacent 
low permeability mudstone sequence. The SLU area is located in the 
center of the cratonic region, far away from the orogenic belt. The dip 
angle of the Middle-Lower Ordovician reservoir does not exceed 3◦ (Qi, 
2016), which suggested the Ordovician formation did not experience 
any such intensive horizontal shortening that could conceivably 
generate high-magnitude overpressure. Hence, stress-related mecha
nisms would not explain the high-magnitude overpressure in the 
Middle-Lower Ordovician carbonates of the SLU area. 

Published studies have quantitatively calculated the magnitude of 
overpressure formed through several hypothesized fluid expansion 

Fig. 11. Burial and thermal history diagram of the Middle-Lower Ordovician reservoirs in the SLU area showing the time of petroleum charging and fault movement 
in different secondary tectonic units (SB, ST, SN areas). The fault movement is referred to (Yun, 2021), and the minimum homogenization temperature of aqueous 
inclusions associated with petroleum inclusions is selected to determine petroleum charging time. 

Table 3 
Compositions of petroleum used to model the pressure, and volume of the 
Middle-Lower Ordovician petroleum inclusions.  

Mole fraction 
/% 
Component 

Well 

SB5 MS5 SN4 GL2 

CO2 0.87 1.38 13.51 4.71 
N2 5.78 3.42 2.81 4.26 
C1 17.36 74.00 80.91 90.74 
C2 7.49 9.07 1.46 0.25 
C3 6.14 6.79 0.88 0.02 
iC4 1.24 1.84 0.16 0.01 
nC4 3.49 2.74 0.13 0.01 
iC5 1.37 0.51 0.09  
nC5 2.31 0.23 0.05  
C6 3.50 0.02   
C7 4.74    
C8 5.95    
C9 4.94    
C10 4.61    
C11
+ 30.21    

C1––CH4; C2––C2H6; C3––C3H8; nC4 = n-butane; iC4 = isobutane; nC5 = n- 
pentane; iC5 = isopentane; C6 = hexane; C7 = heptane; C8 = octane; C9 =

nonane; C10 = decane; C11
+ = alkane with C number ≥11. 
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mechanisms under ideal conditions (Luo and Vasseur, 1992; Tremosa 
et al., 2021; Wangen, 2001). These results indicated that all the pro
posed fluid expansion mechanisms other than gas generation could 
contribute only minorly to overpressure formation (Barker, 1990). In 
addition, the paleo-pressure data collected from several published 
studies (Chen et al., 2020; Liu et al., 2013, 2019; Lu et al., 2016b; Si 
et al., 2017) on petroleum inclusions in the Middle-Lower Ordovician 
reservoirs located in the SLU area and surrounding areas also showed 
that oil accumulation occurred in reservoir with normal pressure and gas 
inclusions were formed under overpressured conditions (Fig. 14). The 
reservoir with overpressure in the SLU area, as shown in Fig. 5, had been 
produced a large volume of gases during the exploitation, and the gas 
production corresponds closely with the pressure coefficient of the 
Middle-Lower Ordovician reservoirs (Fig. 15A and B). Within the limits 
of the observation, we tentatively suggest that overpressures are pri
marily generated in the Middle-Lower Ordovician carbonates owing to 
increase in fluid volume caused by gas generation. 

Published studies on kinetics simulation experiments suggested that 
the threshold temperature for crude oil cracking to gas ranged from 
160 ◦C to 200 ◦C (Claypool and Mancini, 1989; Horsfield et al., 1992; 
Pan et al., 2010; Schenk et al., 1997; Waples, 2000). However, high fluid 
pressure may inhibit the cracking of deep crude oil (Behar and Van
denbroucke, 1996; Dominé and Enguehard, 1992; Hill et al., 1996). No 
agreement has been arrived upon the threshold temperature for crude 
oil cracking to gas, which hindered the understanding of the causes of 
overpressure related to gas generation in the study area. Statistical 
analysis of reservoir temperature and the gas-to-liquid ratio of many 

wells in the SLU area indicated a significant change in the gas-to-liquid 
volume ratios at a formation temperature of 165 ◦C–170 ◦C (Fig. 15C). 

The maximum temperature of the Ordovician reservoirs in the ST 
area was always below 170 ◦C (Li et al., 2022), which was not high 
enough to generate massive dry gas by in-situ oil cracking to gas. 
Therefore, in-situ oil cracking to gas alone cannot explain the strongest 
overpressure developed in the ST area. Previous geochemical studies 
suggest that the gas in the ST area was mainly generated by the thermal 
cracking of kerogen, and crude oil in the Middle-Lower Ordovician 
formation of well ST1 had the distribution characteristics of n-alkane 
molar concentration by gas invasion (Chen, 2016; Ma et al., 2021). The 
present-day temperature of the Middle-Lower Ordovician reservoirs in 
the SN area was more than 180 ◦C (Li et al., 2022). Higher dry co
efficients (0.95–1.00) and relatively heavy carbon isotopic signatures 
with average δ13C1 and δ13C2 values of − 36.4‰ and − 32.5‰ of nature 
gases in the SN area, indicated that the nature gases are associated 
thermogenic gas (Ma et al., 2021; Zhou et al., 2019). However, the 
absence of large-scale bitumen in the Middle-Lower Ordovician forma
tion indicated that no large-scale oil cracking occurred in the 
Middle-Lower Ordovician reservoir of the SN area during geological 
periods (Zhou et al., 2019). The dry gas in the Middle-Lower Ordovician 
reservoirs of the SN area might not have originated mainly from the 
in-situ cracking of early charged crude oil but from the cracking gas in 
deeper petroleum reservoirs. Moreover, the distribution of the highly 
compartmentalized nature of overpressure is coincident with areas of 
continuous fault movement (F1, F4, and F8) during the Late Himalayan 
Period (Figs. 3 and 11). Hence, the upward movement of overpressured 

Table 4 
Trapping pressure of oil inclusions in the Middle-Lower Ordovician formations.  

Sample Current depth/m Thoil/◦C Thaqu/◦C Gas-liquid ratio/% Paleo-depth/m Trapping time/Ma Trapping pressure/MPa Pressure coefficient 

SB5 7426.9 65.5 80.4 7.6 2200 423 21.10 1.00 
7426.9 63.9 103.5 6.3 2800 290 27.74 1.01 

FY1 7382.5 58.3 86.8 6.8 3035 418 30.64 1.03 
7382.5 72.4 113.7 8.4 4618 237 50.69 1.12 

GLe2 7388.5 80.6 109.4 11.3 3811 271.9 40.34 1.08 

Thoil = Homogenization temperature of oil inclusion, Thaqu = Homogenization temperature of aqueous inclusion. 

Table 5 
Trapping pressure of gas-bearing inclusions in the Middle-Lower Ordovician formations by PVT simulation.  

Sample Depth/ 
m 

Gas-liquid ratio/ 
% 

P-T equation Trapping temprature/ 
◦C 

Trapping pressure/ 
MPa 

Trapping time/ 
Ma 

Paleo-depth/ 
m 

Pressure 
coefficient 

ST1 7860.2 9.5 P = 2.76T- 
333.6 

163.0 116.28 17.5 6880 1.72 

SN1 6531.2 12.4 P = 2.56T- 
343.9 

163.3 74.93 15.8 6280 1.22 

SN5 6378.0 13.0 P = 2.46T- 
351.9 

182.5 97.05 11.6 6072 1.63 

SN4 6361.2 12.8 P = 2.09T- 
312.4 

183.8 71.74 13.5 6000 1.21 

SN501 6411.7 15.2 P = 2.37T- 
354.1 

183.2 79.85 8.6 6195 1.31  

Table 6 
Trapping pressure of gas-bearing inclusions in the Middle-Lower Ordovician formations by Raman shifts and PVT simulation.  

Sample Depth/ 
m 

System vmeas vreal Gas-liquid 
ratio/% 

Pressure in 
25 ◦C 
/MPa 

Trapping 
temperature 
/◦C 

Trapping 
pressure 
/MPa 

Trapp-ing 
time 
/Ma 

Paleo- 
depth 
/m 

Pressure 
coefficient 

GLe2 7386 CH4–H2O- 
X 

2916.158 2916.243 10.2 5.29 155.2 128.8 5.3 7172 1.83 
2916.158 2916.435 10.6 4.61 155.2 113.8 5.3 7172 1.62 

MS5 7609 2916.505 2916.590 12.3 4.05 158.0 78.54 11.5 6977 1.15 
2916.510 2916.595 12.6 4.04 158.0 74.11 11.5 6977 1.08 

GL2 5457 2907.720 2912.511 Density 
0.20 

/ 148.9 53.02 30 4905 1.10 

X is shown there are other components besides methane and water. 
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gas could lead to significant overpressure in shallow reservoirs through 
open faults. 

5.2. Effect of strike-slip faults on pressure evolution 

In the ancient marine carbonate formations, paleo-pressure is key 
but very difficult to reconstruct (Amrouch et al., 2011; Beaudoin et al., 

2014; Harrison and Summa, 1991; Mello and Karner, 1996). Based on 
the present-day pressures and paleo-pressures from the fluid inclusion, 
the pore pressure evolution of Middle-Lower reservoirs was restored by 
PetroMod2012.1 software. The principle of the software and modelling 
parameters were previously described in the preceding section. In this 
study, the aim of the pressure simulation was to show the different 
overpressure evolution in two types of fault-controlled reservoirs 

Fig. 12. Raman characteristic peaks of nature gas component in fluid inclusions from six wells (ST1, SN5, SN4, GL2, MS5, GLe2). The P-T lines recovered by 
methane-bearing aqueous inclusions of Wells ST1, SN5, SN4. The dashed lines represent the homogeneous temperature of coeval aqueous inclusions, and the red dots 
represent the trapping temperature and pressure of methane-bearing inclusions. 

Fig. 13. Sedimentation rates and buried depth of the bottom of the Upper Ordovician shale sequence for wells SB5 and SN4.  
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(located either in major fault zones or far away from these fault zones) 
under the background of petroleum geology. 

The pressure evolutional trend of the two types of reservoirs in wells 
MS5 and GLe2 was similar before the Himalayan Period but exhibited 
significant differences in pressure increments during the Himalayan 
Period (Fig. 16). The Lower Cambrian source rocks in the SLU area 
entered the hydrocarbon generation threshold and began to generate oil 
during the Early Ordovician (Li et al., 2022; Qiu et al., 2012). During the 

Late Ordovician, the coincidence between the time of the oil window 
and the stage of intense fault activity led to oil migrating upward from 
the Cambrian source rock to the Ordovician reservoirs along open major 
faults. However, oil generation did not always form overpressure in 
source rock, especially when the proportion of expulsion exceeds 25% 
(Guo et al., 2012). Therefore, during this stage, oil generation could 
form only minor residual pressure in Middle-Lower Ordovician reser
voirs (Fig. 16). 

Fig. 14. Schematic diagram of the paleo-pressure coefficient of Middle-Lower Ordovician reservoirs in the Tarim Basin recovered by petroleum inclusions, showing 
paleo-pressure coefficient of Middle-Lower Ordovician reservoirs during different stages of petroleum accumulation. 

Fig. 15. (A) Crossplot of pressure coefficient vs. dry coefficient. (B) Cross plot of statistical cumulative gas production vs. pressure coefficient. (C) Crossplot of gas-oil 
ratio vs. temperature. (D) Crossplot of gas-oil ratio vs. pressure. The N represents the number of measured points. 
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By the end of the Carboniferous Period, the late mature source rock 
and the strike-slip fault reactivation enabled the migration of liquids 
with higher gas-oil ratio condensate oil. When the tectonic movements 
were relatively strong, strike-slip faulting drove the upward migration of 
multiple petroleum fluids into the Middle-Lower Ordovician fractured- 
vuggy reservoirs (Karlsen and Skeie, 2006; Tingay et al., 2009; Yu 
et al., 2022). However, Oil accumulation was not thought to cause sig
nificant changes in fluid pressure in fractured-vuggy reservoirs with 
high porosity and permeability of well MS5 near the major fault. The 
relatively poor physical properties made it difficult for oil to migrate 
into fractured reservoirs, which led to poor levels of oil-bearing and 
hydrostatic pressures in Middle-Lower Ordovician reservoirs during the 
Late Caledonian Period and Late Hercynian Period. Therefore, the small 
volume of oil charging also did not generate excessive residual fluid 
pressure in the Middle-Lower Ordovician reservoir of well GLe2. 

During the Cenozoic Period, the Cambrian source rocks entered the 
dry gas state (Li et al., 2022; Qiu et al., 2012). During the Himalayan 
Period, weakly active strike-slip faulting made it difficult to drive the 
upward migration of fluid. However, overpressure usually drives fluid to 
move vertically into the overlying lower-pressured sediments (Hunt, 
1990; Karlsen and Skeie, 2006). As subsidence progresses and formation 
temperature increases, the overpressures formed by oil cracking to gas in 
deeper Cambrian strata provided forces for the vertical migration of gas. 
Because of the difference in the reservoir’s physical properties, dry gas 
charging led to the build-up of high-magnitude overpressure in the 
fractured reservoirs (GLe2) but not in the fractured-vuggy reservoirs 
(MS5). At present, both the burial depth and the temperature of the 

Middle-Lower Ordovician reservoir reached their greatest values, as well 
as fluid pressure (Fig. 16). However, the Middle-Lower Ordovician res
ervoirs in the SB area’s northwest-oriented faults (SB5) have been 
maintaining normal pressure because of a lack of gas charging (Fig. 16). 

Because the present-day temperature of the Middle and Lower 
Ordovician formation in the SN area is higher than 180 ◦C (Liu et al., 
2020), it is challenging to find reliable oil inclusions to restore 
paleo-pressure at oil charging. As shown in Fig. 14, oil filling might not 
generate significant overpressure in the Middlle-Lower Ordovician for
mations of the SLU area, especially when the oil filling amount was not 
large. Furthermore, the abnormal overpressure generated from early oil 
accumulation was likely to dissipate because of multi-stage tectonic 
uplifts in the Caledonian and Hercynian Periods. The pressure evolu
tional trend in the fractured reservoirs far away from major faults (SN5) 
was similar to the fractured-vuggy reservoirs in major fault zones (SN4) 
in the process before the Himalayan period, and both of them were 
characterized by normal pressure. The overpressure magnitude of the 
two types of reservoirs underwent different changes at the stage of gas 
charging (Fig. 16). 

5.3. Effect of strike-slip faults on overpressure distribution 

The process of faulting can create not only caves of different sizes, 
pores, and fractures in deep-buried carbonates along the major faults but 
also secondary network fractures in damage zones located far from the 
strike-slip fault (Caine et al., 1996; Cilona et al., 2019; Sibson, 1977). 
The fracture-cavern assemblages along the strike-slip faults and the 

Fig. 16. The pressure evolution of the Middle- Lower Ordovician reservoirs near the major fault (SB5, MS5, SN4) and far from the major fault (GLe2, SN5), showing 
the discrepant pressure increasing trend in different reservoirs during the Himalayan period. The red stars represent the trapping pressure and time results of hy
drocarbon inclusions recovered by the PVT simulation method and Raman shifts method. The red dots are the drilling measured data. The black curves are from basin 
modelling/burial history analysis. 
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adjacent fractures generally enhanced the bulk porosities and perme
abilities in low-porosity carbonates and provided important storage 
space for hydrocarbon accumulation in low-porosity carbonates (Caine 
et al., 1996; Deng et al., 2022; Qi, 2020; Sibson, 1977). Recently pub
lished studies on the porosity of fault-controlled carbonate reservoirs in 
the Tarim Basin have emphasized the difference between 
fractured-vuggy and fractured reservoirs, with porosities ranging from 
5% to 45% and from 3% to 8%, respectively (Deng et al., 2022; Ma et al., 
2022; Qi, 2020). 

Fractured reservoirs have limited storage space and high self-sealing 
ability when compared with fractured-vuggy reservoirs, which provides 
a more favorable environment for overpressure generation and preser
vation. Fractured-vuggy reservoirs are often connected to other cavities 
through faults (Deng et al., 2022), which have a relieving effect on the 
increase in fluid overpressure. Hence, strong overpressure created by gas 
generation develops only in fractured reservoirs located far from major 
faults, not near the fault zones. 

Widespread crack-seal textures and multiperiod secondary in
clusions in the cement indicate that pressure pulse associated with 
subsurface fluid migration may have been episodic (Cox, 2010; Laubach 
et al., 2004; Ramsay John, 1980; Renard et al., 2006). Most of the fluid 
activity periods were related to strike-slip activity that corresponded 
with a structural activity stage (Deng et al., 2022; Li et al., 2023; Yang 
et al., 2021a; Yu et al., 2022), which indicated that regional structural 
activity might play an important role in fluid flow in ultra-deep for
mations of the SLU area. The northwest-oriented strike faults remained 
inactive after the Late Ordovician Period, and the northeast-oriented 
strike faults remained continuously active (Yun, 2021). In addition, 
the trend of northeast-oriented strike-slip fault in the SLU area corre
sponded to the present-day maximum regional horizontal stress, favor
ing slip along faults and openness and connection of internal associated 
fractures between these two first-order major (Deng et al., 2022; Yun, 
2021). Open fractures facilitated the upward migration of deep gas 
along the faults into the Middle-Lower Ordovician reservoirs located far 

from the faults of the ST and SN areas and led to overpressure buildup 
(Fig. 17). However, the continuous activity of northeast-oriented faults 
in the ST area promoted further opening of the faults and fractures, 
which promoted more gas to fill into Middle-Lower Ordovician reser
voirs and created stronger overpressure than in the SN area. The 20 wells 
in the study area with more than 1000 tons of oil equivalent per day 
were all located in the ST area, which confirms that the areas with 
continuously active faults during the Himalayan Period have more 
abundant petroleum resources. By contrast, inactive northwest-oriented 
strike-slip and lower maturity of source rocks could not provide suffi
cient driving forces for petroleum charging into Middle-Lower Ordovi
cian reservoirs and maintained hydrostatic pressure in the SB area. 

The thick mudstone in the Upper Ordovician and stable tectonic 
environment provided good sealing ability, which facilitated the pres
ervation of the overpressure from the Himalayan Period to the present 
day. The Cambrian carbonate reservoir, covered by a thick evaporitic 
rock, is located close to the Yuertusi source rock.There is a higher pos
sibility that the Cambrian carbonate reservoir is filled with large-scale 
petroleum than the Middle-Lower Ordovician reservoir. Furthermore, 
the temperature of the Lower Cambrian reservoir in the SLU area has 
already exceeded the threshold for crude oil cracking. The strong 
overpressure in the Middle-Lower Ordovician strata transmitted by deep 
fluid suggests that the unexplored Cambrian reservoir sealed by the 
evaporitic rock may have overpressure with an even higher magnitude 
(Fig. 18). 

6. Conclusions 

Based on comprehensive geological research on the overpressure of 
Middle-Lower Ordovician reservoirs in the SLU area, the following 
conclusions can be drawn: 

The measured pressure and mud density data of Middle-Lower 
Ordovician formations show that overpressure developed in the areas 
located between first-order major faults, but normal pressure generally 

Fig. 17. Schematic illustration of hydrocarbon migration and accumulation in the Shuntuoguole area. The location is shown in Fig. 1.  
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developed in fault zones. 
The geological processes and overpressured reservoirs characteris

tics suggest the overpressure in Middle-Lower Ordovician reservoirs was 
mainly caused by overpressured gas charging from the Cambrian for
mations, and the difference in gas accumulation caused by multi-stage 
fault activity resulted in the compartmentalized distribution pattern of 
overpressure. 

The pressure evolution restored by basin modelling and fluid inclu
sion indicates that oil accumulation did not form significant paleo- 
overpressure in two types of reservoirs that are far away from the 
major faults and around the major faults. The difference in over
pressurization between the two types of reservoirs began to be evident at 
the stage of gas charging. 

This study provided a better understanding of the generation and 
distribution of overpressure in ultra-deep carbonate reservoirs 
controlled by intra-cratonic strike-slip faults. The results indicate that 
strike-slip faults not only provide a primary pathway for the migration of 
overpressured gas from the deeper Cambrian formation into the Middle- 
Lower Ordovician fault-controlled reservoirs, but also act as barriers to 
divide the reservoirs into isolated pressure systems. When selecting deep 
exploration targets, the fractured-vuggy reservoirs with normal pressure 
that are located in the major strike-slip fault zones may hold great po
tential for liquid petroleum exploration, while potential overpressure in 
fractured reservoirs that are located far away from the major strike-slip 
fault zones should be concerned. 
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