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A B S T R A C T   

Caprock-sealing capability affected by fault activity is an important problem that needs to be resolved in hy
drocarbon accumulation analysis, especially for rifted basins. In this article, a quantitative model based on the 
mechanical properties estimated by geophysical logging was first established to characterize the brittle-ductile 
transition of mudstone caprocks. By establishing a burial depth reconstruction model, the brittle-ductile stage 
of the mudstone caprock at the termination time of fault activity (TTFA) was restored. Moreover, the caprock 
juxtaposition thickness (CJT) for brittle rock and the shale smear factor (SSF) for brittle-ductile rock were 
selected to quantitatively describe the sealing capacity of caprock controlled by faults. These mathematical 
methods were finally applied to a case study of the K gasfield in the Xihu Depression, East China Sea Basin. 
Compared with the sealing characterization based on the current mechanical properties, the brittle-ductile 
reconstruction at the TTFA and matching sealing evaluation better describe the effectiveness of the mudstone 
caprock. Additionally, the quantified sealing capacity and corresponding hydrocarbon response indicate that a 
CJT value of 56.1 m and an SSF value of 3.0 can be the threshold for caprock sealing and nonsealing in the study 
area. As a result, caprock with poor sealing led to vertical hydrocarbon leakage in the structural low zone and 
structural high zone, while strong sealing caprock located in the structural center zone effectively prevented the 
upward migration of hydrocarbons, thereby controlling the vertical hydrocarbon distribution in the K gasfield. In 
general, the evaluation accuracy of caprock sealing predominantly relies on the geological input to the model, 
especially the fluid pressure, rock mechanical parameters, and caprock and fault interpretation results, and it is 
also affected by further uncertainties arising from the sealing threshold definition and structural uplift.   

1. Introduction 

Caprocks with low permeability (or high capillary pressure) are 
effective top seals for hydrocarbon accumulation in petroliferous basins 
(Dott and Reynolds, 1969; Schowalter, 1981; Watts, 1987; Jin et al., 
2014). The effectiveness of the caprock affects the preservation of giant 
hydrocarbon reservoirs worldwide, such as the oil and gas fields 
distributed in the Tertiary basins of the Far East (Grunau, 1987), Arabian 
Basin of the Arabian Sea (Pierce, 1993), Vienna Basin of Austria (Fuchs 
and Hamilton, 2006), Bohai Bay Basin of China (Xue and Wang, 2020), 
and basins around the South China Sea (Wu et al., 2013). Therefore, the 
study of caprock sealing is of considerable importance in the analysis of 

hydrocarbon accumulation and preservation. 
In principle, the sealing capacity of the caprock varies dynamically 

throughout its geological history, gradually enhancing with the 
continual burial process, but may be diminished or completely 
destroyed in later geological events (He and Zhang, 1997; Jin et al., 
2013). The failure of caprock sealing can be genetically divided into 
three major mechanisms: capillary leakage (Schowalter, 1979; Watts, 
1987), hydraulic fracturing (Watts, 1987; Engelder and Lacazette, 1990) 
and the episodic movement of faults induced by tectonic motion and/or 
overpressure (Gartrell et al., 2006; Manzocchi et al., 2010; Hao et al., 
2015). For the laterally continuous cap layer, the sealing capacity of 
caprock can be statically evaluated by parameters, such as porosity, 
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permeability, pore throat radius, and capillary pressure (Lü et al., 1996; 
Ingram et al., 1997); therefore, the dynamic evolution of caprock sealing 
can be further analyzed by reconstructing capillary pressure (Gutierrez 
et al., 2000; Nygard et al., 2006; Jin et al., 2014). Moreover, from the 
perspective of hydraulic fracturing, the effective differential stress and 
rock tensile strength can be combined to reveal the seal failure caused by 
overpressure (Watts, 1987; Engelder and Lacazette, 1990; Sibson, 1996; 
Caillet et al., 1997) and to evaluate the risk of hydraulic fracturing in 
critical geological periods through overpressure evolution reconstruc
tion (Hao et al., 2015). However, the evaluation of caprock sealing in 
rifted basins or regions with developed faults is generally more 
complicated, as shear deformation during faulting tends to destroy the 
continuity of the caprock. 

Generally, the continual faulting process will gradually diminish or 
completely destroy the continuity of the caprock (Ingram and Urai, 
1999; Faerseth, 2006; Fu et al., 2019). The related shear deformation 
during the faulting process predominantly depends on the mechanical 
properties of the caprock, which usually changes significantly with 
increasing burial depth (Hamami, 1999; Fuenkajorn et al., 2012; 
Alqahtani et al., 2013). On the whole, normal consolidated rock that has 
been continuously buried but never uplifted generally undergoes three 
deformation stages: brittle, brittle-ductile and ductile (Runar et al., 
2006; Wang et al., 2019). To analyze the destruction from the fault to the 
continuity of the caprock, two effective parameters have been proposed 
for static-sealing quantitative evaluation. One is the caprock juxtaposi
tion thickness (CJT) (Lü et al., 2007) for brittle rock, and the other is the 
shale smear factor (SSF) (Lindsay et al., 1993) for brittle-ductile rock. 
Unfortunately, current studies and methods on caprock sealing 
controlled by faults are all focused on the present day brittle-ductile 
properties and sealing evaluation (Fu et al., 2015; Wang et al., 2019) 
but fail to involve the dynamic effects of fault activity on caprock seal
ing. Theoretically, caprock sealing controlled by faults varies with the 
brittle-ductile properties of the caprock in geological history. However, 
the shear deformation of the caprock predominantly depends on its 
mechanical properties during the fault active duration instead of the 
current duration because fault sliding ceases at the termination of fault 
activity. Therefore, the caprock sealing evaluation based on the current 
mechanical properties does not accurately address the effectiveness of 
analysis of caprock. As the dynamic aspects of sealing capability are an 
important foundation for analyzing hydrocarbon accumulation and 
preservation, further dynamic evaluation and systematic quantitative 
research are still required to increase the accuracy of caprock-sealing 
evaluation, thereby reducing the hydrocarbon exploration risk in rif
ted basins. 

Taking the K gasfield in the Xihu Depression in the East China Sea 
Basin as an example, this article aims to quantitatively reconstruct and 
evaluate the sealing capacity of mudstone caprock at the termination 
time of fault activity (TTFA), so as to reveal its hydrocarbon accumu
lation response. Two models were established to restore the brittle- 
ductile stage of caprock at the TTFA. One is a model for the critical 
conditions of the brittle-ductile transition, and the other is a recon
struction model of the paleoburial depth of the mudstone caprock at the 
TTFA. Furthermore, the caprock juxtaposition thickness (CJT) for brittle 
rock and the shale smear factor (SSF) for brittle-ductile rock were then 
selected to quantitatively describe the sealing capacity of caprock. These 
models and methods were applied to the K gasfield in the Xihu 
Depression, where Paleogene strata have developed three sets of 
regional mudstone caprocks: the Upper Huagang Formation (E3h1), 
Upper Pinghu Formation (E2p1) and Lower Pinghu Formation (E2p3). In 
this way, the sealing effectiveness of mudstone caprock under the con
trol of fault activity and its hydrocarbon accumulation response are 
systematically analyzed. 

2. Geological setting 

The Xihu Depression is located in the northeastern East China Sea 

Basin and occupies a surface area of approximately 46,000 km2 (Duan 
et al., 2017; Zhang et al., 2018) (Fig. 1a). It is surrounded by the 
Hupijiao, Haijiao, and Yushan Uplifts in the west and the Diaoyu Islands 
Uplift in the east (Fig. 1b). Generally, the tectonic evolution of the Xihu 
Depression consisted of a rifting stage (65.0–32.0 Ma), a thermal 
depression stage (32.0–5.0 Ma) and a regional subsidence stage (5.0 
Ma-present) (Ye et al., 2007; Zhang et al., 2009) (Fig. 2). During the 
rifting stage, the basin experienced major tectonic events involving the 
Oujiang and Yuquan movements and formed fault systems characterized 
by two major trends, NNE-NE and NNW-EW (Song et al., 2010; Abbas 
et al., 2018). Moreover, a series of grabens developed along the major 
faults after the Huagang Movement and Longjing Movement during the 
thermal depression stage, and then the Xihu Depression entered a stage 
of regional subsidence in the Pliocene that continued until the 
Quaternary. 

The sediments in the Xihu Depression are mainly composed of 
fluvial-delta-lacustrine, fjord-tidal flat, and shallow marine deposits 
(Abbas et al., 2018). They have been divided into different stratigraphic 
units comprising from bottom to top the Paleogene Baoshi (E2b), Pinghu 
(E2p) and Huagang (E3h) formations; the Neogene Longjing, Yuquan, 
Liulang, and Santan formations; and the Quaternary Donghai Formation 
(Fig. 2). However, only the E2b, E2p and E3h formations had most of the 
hydrocarbon accumulation and thus became the focus of petroleum 
exploration. The E2b Formation is composed of siltstone and mudstone 
divided into two members, E2b1 and E2b2, which can provide favorable 
reservoirs for oil and gas accumulation. The E2p Formation formed in a 
fjord-tidal flat sedimentary environment containing the main source and 
reservoir rocks and can be further subdivided into three members, E2p3, 
E2p2, and E2p1 from bottom to top (Xu et al., 2020). The E3h Formation 
is dominated by fluvial-delta-lacustrine deposits and forms laterally 
connected sandstone bodies and mudstone caprock (Zhang et al., 2018), 
which effectively prevents the vertical migration of hydrocarbons. 

This research focuses on the K gasfield of the Pinghu Slope Belt, 
which is located in the central West Slope Belt (WSB) in the Xihu 
Depression (Fig. 1b and c). The hydrocarbons discovered thus far in the 
K gasfield are mainly natural gas, condensate and light oils (Shan et al., 
2015; Su et al., 2015), which are charged from the local mature source 
rocks and high-to overmature source rocks of the Western Sub Sag (WSS) 
(Ye et al., 2007; Shan et al., 2015; Zhang et al., 2018; Su et al., 2020). 
According to the stratigraphic configurations of source-reservoir-seal 
rock units, there are three main petroleum systems in the K gasfield 
(Fig. 2). The deepest buried lower petroleum system is located in the E2b 
interval, and the hydrocarbons generated from the local E2b source rock 
and the E2p3 source rock in the WSS are sealed under the E2p3 mudstone 
caprock. The middle petroleum system located in the E2p Formation has 
hydrocarbons charged from local E2p3 source rocks and the mature E2p3 
source rock in the WSS, and are sealed below the E2p1 mudstone 
caprock. However, due to the absence of local mature source rock, the 
hydrocarbons of the upper petroleum system in the E3h Formation came 
from the vertical leakage of underlying hydrocarbon accumulation 
through nonsealing caprock. In addition, the study area has developed 
normal fault systems dominated by NNE-NE trends (Cai and Zhang, 
2013; Yang et al., 2014) (Fig. 1c), which are more likely to affect the 
sealing capacity of mudstone caprock. Based on the oil and gas discov
ered thus far, there are great variations in the vertical distribution of 
hydrocarbons along different normal faults (Shan et al., 2015; Wang 
et al., 2021), indicating the destructive effect of faults on mudstone 
caprock. 

3. Data and evaluation methods 

The systematic quantitative evaluation of caprock sealing controlled 
by fault activity consists of the following three major steps: (1) detailed 
spatial descriptions of the mudstone caprocks and faults by combining 
well logging and seismic data, (2) quantitative characterization of 
brittle-ductile transition behaviors of caprocks and their brittle-ductile 
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reconstruction in critical geological time, and (3) quantitative evalua
tion of the sealing capability of mudstone caprocks in different brittle- 
ductile stages. 

3.1. Seismic and well-logging data and interpretation of caprocks and 
faults 

The detailed spatial interpretation of faults and mudstone caprocks is 
a vital foundation for analyzing the effectiveness of caprock sealing 
under fault destruction. In this research, a high-resolution 3D seismic 
volume with a dominant frequency of 60 Hz was collected to determine 

Fig. 1. (a) Tectonic map of the East China Sea Basin showing the location of the Xihu Depression. (b) Tectonic map of the Xihu Depression showing the location of 
the K gasfield. The study area is outlined by the blue box. (c) Structural map of the study area showing the normal fault systems, oil and gas reservoirs, exploration 
and production wells, and seismic profile. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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the spatial distribution and displacements of normal faults developed in 
the K gasfield. The fault polygon interpretation and fault displacement 
(or throw) measurement were carried out using Petrel software provided 
by the Schlumberger Company (Fig. 3). Furthermore, lithological log
ging interpretation data from 14 single exploration wells (Fig. 1c) were 

used to determine the location of mudstone caprocks, and then the well 
structural profiles were established to describe the lateral variation of 
the mudstone layer (Fig. 3a). Because the limited well positions do not 
capture the spatial range of mudstone in the entire study area, under the 
constraints of the stratum reflection interface, the thickness of three 

Fig. 2. Summary diagram showing the stratigraphy, source-reservoir-seal rock units, tectonic stages, and petroleum system in the K gasfield in the Xihu Depression.  

Fig. 3. (a) Well structural profile showing the mudstone caprock distribution in wells W10, Well W6 and Well W5. (b) The seismic profile AA′ showing the 
interpretation of mudstone caprock through seismic attribute tracking combined with logging lithological correction. The seismic interpretation horizons of T24, 
T25, T30, T32, T34, and T40 correspond to the top interface of E3h1, E3h2, E2p1, E2p3, E2b1 and E1, respectively. See Fig. 1c for the location of profile AA’. 
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major mudstone caprocks is further obtained through seismic attribute 
tracking combined with logging lithological correction (Fig. 3b). In this 
way, the spatial distribution of normal faults and mudstone caprocks in 
the study area was systematically revealed. All above data were 
collected from the China National Offshore Oil Corporation (CNOOC) 
Research Institute and the SINOPEC Shanghai Offshore Oil & Gas 
Company. 

3.2. Quantitative evaluation of the brittleness-ductility of mudstone 
caprock 

The mechanical properties of the rock determine the deformation 
behavior of the caprock and the internal structural type of the fault zone 
during fault activity. Previous studies have confirmed that there are 
significant disparities in the deformation mechanisms and internal 
structure of the fault zone between brittle and ductile caprocks (Fae
rseth, 2006; Fu et al., 2015, 2019; Vrolijk et al., 2016). Based on the 
caprock deformation mechanism, quantities of fractures are formed in 
mudstone in the process of brittle deformation, while the caprock in the 
brittle-ductile (semibrittle) deformation stage is typically characterized 
by clay smearing. Therefore, determining the brittle-ductile transition 
behaviors of mudstone caprock is another important basis for revealing 
the caprock sealing capability and its dynamic variations. 

3.2.1. Quantitative characterization of caprock brittle-ductile transition 
behaviors 

The mechanical properties of rock vary with diagenesis, tempera
ture, confining pressure, petrophysical characteristics, etc. (Hamami, 
1999; Fuenkajorn et al., 2012; Alqahtani et al., 2013), but in general, 
normal consolidated rock that has been continuously buried but never 
uplifted goes through three transition stages, including brittle, 
brittle-ductile (semibrittle) and ductile (Fig. 4a). In this research, based 
on the method proposed by Kohlstedt et al. (1995), the Byerlee friction 
law and Goetze criterion were combined with the Mohr-Coulomb frac
ture envelope to quantitatively determine the caprock brittle-ductile 
transition behaviors (Fig. 4b). 

According to the quantitative evaluation principle of Kohlstedt et al. 
(1995), the intersection of the Mohr-Coulomb fracture envelope and 
Byerlee’s law curve represents the critical transition from the brittle to 
brittle-ductile stage, while the intersection of the Mohr-Coulomb frac
ture envelope and Goetze’s criterion curve marks the beginning of the 
ductile stage (Fig. 4b). For these three basic curves, Byerlee’s law and 
Goetze’s criterion are more convenient to obtain under the principal 
stress coordinates. Byerlee’s law describes a sliding friction relationship 
that does not rely on rock type and sliding surface characteristics (e.g., 
roughness) (Byerlee, 1968, 1978), which is universally applicable to 
various sliding friction in nature. In principal stress coordinates, Bye
rlee’s law can be expressed as Equations (1) and (2). In addition, the 

Fig. 4. (a) Schematic diagram of the relationship between the burial history of normally consolidated rock and brittle-ductile transformation (after Wang et al., 
2019). (b) Quantitative characterization method for the brittle-ductile transformation behaviors of caprock (after Kohlstedt et al., 1995; Wang et al., 2019). (c) The 
strength envelope of shear and normal stresses on the Mohr-Coulomb strength criterion (after Zhao, 2000). 
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difference between the rock fracture strength and residual strength is 
called the stress drop (Δσ), and the stress drop decreases gradually with 
increasing ductility (Fig. 4a and b). Thus, when the stress drop is zero, 
the rock exhibits obvious rheological characteristics, and no brittle 
fracture occurs. Under this condition, the rock fracture strength (σ1-σ3) 
is approximately equal to the effective confining pressure (σ3) (Goetze, 
1971), and this empirical law is called Goetze’s criterion and can be 
expressed as Equation (3).  

σ1 − σ3 ≈ 3.7σ3, σ3 < 100 MPa                                                       (1)  

σ1 − σ3 ≈ 2.1σ3 + 210, σ3 > 100 MPa                                             (2)  

σ1 − σ3 ≈ σ3                                                                                 (3) 

where σ1 is the maximum principal stress, MPa; and σ3 is the minimum 
principal stress, MPa. 

However, compared with the two curves above, the Mohr-Coulomb 
fracture envelope is more difficult to set up. This envelope curve re
flects the shear fracture strength (σ1-σ3) of the rock under various 
effective confining pressures (σ3) (Kohlstedt et al., 1995; Petley, 1999; 
Wang et al., 2019) (Fig. 4b). This curve requires a large number of rock 
mechanic experimental data of different mudstones to be obtained by 
quadratic fitting. However, offshore core samples are scarce and difficult 
to obtain, especially mudstone as a caprock. Therefore, there are 
obvious limitations in fitting the Mohr-Coulomb fracture envelope from 
experimental rock data when core samples are unavailable for labora
tory testing. Based on the fact that many factors affecting rock me
chanics also affect other physical properties, rock strength can be 
effectively estimated from geophysical logging data, such as porosity, 
velocity, and elastic modulus (McNally, 1987; Horsrud, 2001; Chang 
et al., 2006). Nevertheless, the empirical equations summarized thus far 
are only applicable to the acquisition of unconfined rock strength 
(Chang et al., 2006), and they cannot directly represent the fracture 
strength under different effective confining pressures. Therefore, we 
propose a new method and procedure based on geophysical logging to 
establish the Mohr-Coulomb fracture envelope of mudstone caprock, 
and the specific description is as follows. 

Theoretically, the Mohr-Coulomb fracture envelope represents the 
limit equilibrium condition of the Mohr-Coulomb strength criterion 
(Fig. 4c), which meets the principal stress law shown in Equation (4) and 
Equation (5). Thus, when the effective confining pressure (σ3) and 
mechanical parameters (internal friction angle ϕ and rock cohesion C) of 
the given mudstone are all determined, the shear fracture strength (σ1- 
σ3) can be calculated and utilized to fit the Mohr-Coulomb fracture 
envelope. For the determination of effective confining pressure (σ3), 
previous studies have confirmed that the effective stress on the frame
work of porous media predominantly depends on the external stress and 
internal pore-fluid pressure in the media (Terzaghi, 1923; Bishop, 1959; 
Li et al., 1999). Therefore, for subsurface mudstone with different burial 
depths, the effective confining pressure acting on it can be equivalent to 
the difference between the overburden pressure (PO) and pore-fluid 
pressure (PF), as written in Equation (6). However, because the 
limited measured pore pressures (from the drill stem test and wireline 
formation test) cannot meet the evaluation requirements at different 
burial intervals, geophysical logging data (measured as sonic travel 
time) are applied as an efficient dataset for continuous pressure obser
vation by using the equivalent depth method (Hottman and Johnson, 
1965; Magara, 1968; Webster et al., 2011). On the other hand, the 
mechanical properties of subsurface mudstones at different depths can 
also be quantitatively determined through geophysical logging data. As 
shown in Equation (7), cohesion (C) is a function of the dynamic 
modulus of elasticity (Ed), shale volume content (Vsh), volume 
compression coefficient (Cb) and the constant m related to the angle of 
internal friction (ϕ) (Deere and Miller, 1966). Ed and Cb can be calcu
lated from the logging curves of mudstone density (ρm), S-wave travel 
time (Δts) and P-wave travel time (Δtp), as shown in equations (8)–(10) 

(Wang et al., 2007). It is also convenient to estimate Vsh from the 
gamma-ray curve according to Equation (11) and Equation (12). 
Furthermore, the curve of P-wave velocity (Vp) can be used to estimate 
the internal friction angle (ϕ) of mudstone, as written in Equation (13) 
(Lal, 1999) and Equation (14). Finally, combined with the constant m 
determined by Equation (15) (Sun et al., 2016), the effective confining 
pressure and corresponding shear fracture strength of mudstone at 
different burial depths can be obtained, thus constructing the 
Mohr-Coulomb fracture envelope. 

For the selection of data, because the current depth interval of the 
mudstone caprocks is insufficient to describe the Mohr-Coulomb frac
ture envelope that varies with burial depth, we also selected noncaprock 
mudstone with Vsh close to the mudstone caprock for calculations. 
Consequently, the critical confining pressure condition for the brittle- 
ductile transition can be effectively determined by combining the 
Mohr-Coulomb fracture envelope with the Byerlee friction law and 
Goetze criterion and finally converted to the corresponding burial depth. 
In this way, the brittle-ductile stage of mudstone caprocks with different 
burial depths is effectively determined. 

σ1 = σ3
1 + sinϕ
1 − sinϕ

+ 2C
cosϕ

1 − sinϕ
(4)  

σ1 − σ3 = σ3
2sinϕ

1 − sinϕ
+ 2C

cosϕ
1 − sinϕ

(5)  

σ3 =PO − PF = ρmgh − PF (6)  

C=
0.025mEd

Cb
(8Vsh + 4.5(1 − Vsh)) × 10− 3 (7)  

Ed =
ρm

(
3Δt2
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p

)

Δt2
s

(
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p

) (8)  
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Δtp

⎛

⎜
⎜
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(

1
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)

+

(

1
ρm

)3

e

(

1
ρm

)

⎞

⎟
⎟
⎠

1.5 (9)  

Cb =
3Δt2

pΔt2
s

ρm

(
3Δt2

s − 4Δt2
p

) (10)  

Vsh =
2GCUR⋅Vsh

′

− 1
2GCUR − 1

(11)  

V ′

sh =
GR − GRmin

GRmax − GRmin
(12)  

ϕ= sin− 1
(

Vp − 1000
Vp + 1000

)

(13)  

Vp =
1

Δtp
(14)  

m=
2cosϕ

1 − sinϕ
(15)  

where σ1 is the maximum principal stress, MPa; σ3 is the minimum 
principal stress, MPa; ϕ is the rock internal friction angle, ◦; C is the 
cohesion of rock, MPa; PO is the overburden pressure from sediments, 
MPa; PF is the pore-fluid pressure of the mudstone, MPa; ρm is the rock 
density, g/cm3; g is gravitational acceleration, 9.8 m/s2; h is the thick
ness of the sediments above the mudstone caprock, m; m is the constant 
related to the angle of internal friction; Ed is the dynamic modulus of 
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elasticity, MPa; Cb is the volume compression coefficient of rock, MPa− 1; 
Vsh is the shale volume content, %; Δts is the S-wave travel time, μs/m; 
Δtp is the P-wave travel time, μs/m; GCUR is the regional empirical co
efficient, 3.7 for Tertiary strata and 2 for the strata deposited before the 
Tertiary; GRmax and GRmin are the gamma values of pure mudstone and 
pure sandstone, respectively; and Vp is the P-wave velocity, m/μs. 

3.2.2. Reconstruction of caprock brittleness-ductility at the termination 
time of fault activity (TTFA) 

Since the shear deformation of the caprock no longer occurs with the 
termination of fault activity, the deformation characteristics of the 
mudstone caprock depend on its brittle-ductile properties during the 
fault active period rather than the current properties. Therefore, errors 
would occur when directly using the brittle-ductile properties deter
mined by the current burial depth to assess the integrity or sealing ca

pacity of the caprock. To characterize the effectiveness of the top seal 
more accurately, the mechanical properties of the caprock need to be 
restored to the fault active period for evaluation. However, as the 
movement of faults is generally episodic and cumulative (Blair and 
Bilodeau, 1988; Cartwright et al., 1995; Rykkelid and Fossen, 2002; 
Jackson and Rotevatn, 2013), it is difficult to obtain the exact time of 
each episodic fault movement throughout geological history. Consid
ering that the shear deformation of the caprock will continue until the 
last activity of the fault, we choose the termination time of the last fault 
activity (TTFA) as the critical time point for the brittle-ductile recon
struction of caprock. Moreover, the burial depth at the top of the fault 
(hft) can provide a valid indication for the termination of the last fault 
activity (Fig. 5a). 

The burial depth restoration of the mudstone caprock at the TTFA is 
the key to determining the paleobrittle-ductile characteristics. Theo
retically, with increasing burial depth, overburden pressure leads to a 

Fig. 5. (a) Conceptual diagram showing the 
brittle-ductile stage of the caprock at present 
and at the termination time of fault activity 
(TTFA). HTTFA and HCurrent represent the 
thickness of the stratigraphic interval from 
the central position of the mudstone caprock 
to the top of the fault at the TTFA and the 
present, respectively. hms and hft represent 
the current burial depth of the mudstone 
caprock and the top of the fault, and hmst is 
the paleoburial depth of the mudstone 
caprock at the TTFA. (b) The conceptual 
model showing the change in stratum 
thickness and density with burial depth at 
the TTFA and present. HW represents the 
thickness of water discharged due to 
compaction after TTFA, and the corre
sponding mass and density mathematical 
models are shown in Equations (16)–(20). 
(c) An example of measuring the current 
burial depth of mudstone caprock (hms) and 
the top of the fault (hft). (d) The density- 
depth relationship of well W5 in the struc
tural low zone.   
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reduction in porosity and loss of pore water, thereby reducing the 
thickness of the deposited formations. By establishing a normal 
compaction tendency, porosity or density logging can be applied to 
reconstruct the thickness changes of sedimentary layers during 
compaction history (Perrier and Quiblier, 1974; Yuan and Qian, 1986; 
Mou, 1993; Shao et al., 1999). Generally, the “slice” method has rela
tively high accuracy in determining the paleoburial depth of strata 
(Perrier and Quiblier, 1974), but it is not suitable for large-scale work 
where reconstruction time points vary over a wide range. Therefore, a 
simplified model was proposed in this article to quantitatively restore 
the paleoburial depth of the mudstone caprock at the TTFA. 

Without considering chemical reactions (e.g., mineral trans
formation, dissolution and cementation), the depth, thickness, and 
porosity of the sedimentary layer vary continuously during normal 
compaction, but the solid mass remains unchanged (Mou, 1993). 
Assuming that the total mass of the sedimentary strata (solid and fluid) 
remains conserved before and after compaction, the thickness of sedi
mentary layers during the critical geological time can be restored by 
density logging curves, and the detailed steps are as follows. First, we 
defined the interval from the mudstone caprock (central position) to the 
top of the fault as an entire stratigraphic layer, and thus, the thickness of 
this stratigraphic interval at the TTFA (abbreviated as HTTFA) is equiv
alent to the paleoburial depth of the mudstone caprock (abbreviated as 
hmst) at the bottom position (Fig. 5a). In addition, the current thickness 
of the stratigraphic interval from the center of the mudstone caprock to 
the top of the fault (abbreviated as HCurrent) can be determined by the 
current burial depth of the mudstone caprock (hms) and the top of the 
fault (hft). Based on the principle of constant mass of sedimentary ma
terials, the total weight of the stratigraphic interval from the center of 
the mudstone caprock to the top of the fault at the TTFA should be equal 
to the current weight of the sedimentary interval plus the weight of the 
water that has been discharged, as shown in the geological model 
(Fig. 5b). In a given unit area, the mathematical model derived from the 
above geological model can be written as Equation (16) and combined 
with Equation (17) to obtain the relationship as Equation (18). More
over, due to the sedimentary layer is continuously compacted as the 
burial depth increases, the bulk density is generally expressed as a 
function of depth (D(h)). Therefore, the average density of the strati
graphic interval (from the mudstone caprock to the top of the fault) on 
the present day and the TTFA can be obtained by the mathematical 
integration shown in Equation (19) and Equation (20), and the relevant 
burial depth can be measured by using the seismic interpretation section 
(Fig. 5c). On the other hand, the density compaction curve usually varies 
due to vertical lithological changes at different structural locations. 
Thus, the function of bulk density changing with burial depth (D(h)) 
needs to be fitted according to different locations, and Equation (21) is 
the bulk density variation function of well W5 located in the structural 
low zone (Fig. 5d). Once the function of D(h) is established, by incor
porating Equations (19)–(21) into Equation (18), the paleoburial depth 
of the mudstone caprock at the TTFA can be computed. In this way, the 
brittle-ductile stage of mudstone caprocks at the TTFA can be further 
determined by comparison with the critical burial depth of the 
brittle-ductile transition. 

HTTFA ⋅ DTTFA = HCurrent⋅DCurrent + HW ⋅DW (16)  

HW =HTTFA − HCurrent (17)  

HTTFA =HCurrent⋅
DCurrent − DW

DTTFA − DW
(18)  

DCurrent =
1

hms − hft
⋅
∫hms

hft

D(h)⋅dh
(
hms − hft =HCurrent

)
(19)  

DTTFA =
1

hmst − 0
⋅
∫hmst

0

D(h)⋅dh (hmst − 0=HTTFA ) (20)  

D(h)= − 0.00000003 ⋅ h2 + 0.00034 ⋅ h + 1.6019
(
R2 = 0.6149

)
(21)  

where HTTFA is the thickness of the sedimentary interval from the 
mudstone caprock to the top of the fault at the termination time of fault 
activity (TTFA), m; DTTFA is the average density of the sedimentary in
terval from the mudstone caprock to the top of the fault at the TTFA, g/ 
cm3; HCurrent is the thickness of the sedimentary interval from the 
mudstone caprock to the top of the fault on the present day, m; DCurrent is 
the average density of the sedimentary interval from the mudstone 
caprock to the top of the fault on the present day, g/cm3; HW is the 
thickness of water discharged due to compaction after TTFA, m; DW is 
the density of formation water, 1.03 g/cm3; hms is the current burial 
depth of mudstone caprock, m; hft is the burial depth at the top of the 
fault, m; D(h) is the function of bulk density that varies with burial 
depth; h is the burial depth, m; and hmst represents the paleoburial depth 
of the mudstone caprock at the TTFA, m. 

3.3. Quantitative evaluation of the sealing capability of mudstone caprock 

Since mudstone in different deformation stages has distinct defor
mation mechanisms, the evaluation of sealing capacity should be char
acterized from different aspects. In this article, the method of caprock 
juxtaposition thickness (CJT) and shale smear factor (SSF) are adopted 
to evaluate the sealing capacity of brittle and brittle-ductile mudstone 
caprocks, respectively. 

3.3.1. Quantitative evaluation of the sealing capability of brittle mudstone 
With the increase in shear deformation caused by fault sliding, 

fractures occur in the brittle mudstone and gradually interconnect to 
form networks, resulting in greater permeability and less sealing capa
bility (Anderson, 1994; Bolton and Maltman, 1998; Ingram and Urai, 
1999; Jin et al., 2014) (Fig. 6a). Under this condition, the vertical 
permeability of mudstone caprock is predominantly affected by the two 
major factors of fault displacement (or throw) and mudstone thickness. 
Generally, increasing fault displacement will lead to an increase in strain 
and more fracture development, while a thin mudstone layer is more 
conducive to the generation of an interconnected fracture network (Fu 
et al., 2019). All these factors have contributed to the reduction of 
caprock-sealing capability and the occurrence of hydrocarbon leakage. 
For this reason, the juxtaposed thickness of the caprock after faulting 
(CJT) (Lü et al., 2007) is used to quantitatively characterize the vertical 
connectivity of the fracture (Fig. 6d) and thus to evaluate the top sealing 
ability of the mudstone caprock. The CJT is defined as the difference 
between the thickness of the caprock and the fault throw, as expressed in 
Equation (22). 

CJT =MT − T = MT − Dsinα (22)  

where CJT is the caprock juxtaposition thickness (m), MT is the thick
ness of the mudstone (m), T is the fault throw (m), D is the fault 
displacement (m) and α is the dip angle of the fault (◦). The values of MT, 
T, D and α can be obtained from seismic interpretation profiles. 

3.3.2. Quantitative evaluation of the sealing capability of brittle-ductile 
mudstone 

Mudstone subjected to the brittle-ductile stage is difficult to cut 
through by faults. Since mudstone has obvious competence compared 
with brittle lithologies (e.g., sandstone), faults are preferentially 
generated in brittle strata and present vertical segmented growth 
(Lehner and Pilaar, 1997; Sperrevik et al., 2000; Rykkelid and Fossen, 
2002; Doughty, 2003) (Fig. 6b). As a result, plastic mudstone will be 
dragged into the fault zone during the faulting processes and form a 
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Fig. 6. Deformation mechanisms and sealing quantitative evaluation of mudstone caprock. (a), (b), and (c) show the brittle, brittle-ductile and ductile deformation 
mechanisms of mudstone caprock controlled by fault activity, respectively (after Fossen, 2010; Fu et al., 2019). (d) The method of caprock juxtaposition thickness 
(CJT) for brittle rock (Lü et al., 2007). (e) The method of the shale smear factor (SSF) for brittle-ductile rock (Lindsay et al., 1993). 

Fig. 7. (a), (b), and (c) show the mudstone thickness and normal fault distribution of the E3h1, E2p1, and E2p3 caprocks, respectively. The brittle-ductile recon
struction results of mudstone located in different well positions are represented by yellow dots (brittle stage) and red dots (brittle-ductile stage). (d) Distribution 
characteristics of mudstone caprocks and faults on the BB′ profile; see Fig. 7a for the location. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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typical shale shear zone. (Doughty, 2003; Davatzes and Aydin, 2005; 
Cuisiat and Skurtveit, 2010; Wang et al., 2020). Previous studies have 
proven that continuous shale/mudstone smears can effectively prevent 
upward leakage of hydrocarbons (Lindsay et al., 1993; Yielding et al., 
1997; Fulljames et al., 1997; Childs et al., 2007); therefore, caprock 
sealing can be evaluated by analyzing the shale smear continuity. The 
continuity of shale smears predominantly depends on the ratio of fault 
throw and mudstone thickness, which can be quantitatively determined 
by the shale smear factor (SSF) (Lindsay et al., 1993), as written in 
Equation (23). 

SSF =
Fault throw

Mudstone layer thickness
(23)  

where the SSF is dimensionless and the fault throw and mudstone layer 
thickness are in meters. The fault throw data can be measured from the 
seismic interpretation profiles, and the mudstone layer thickness can be 
interpreted by a combination of logging curves and seismic attributes. 
Therefore, by combining the two quantitative methods, CJT and SSF, the 
sealing capability of mudstone caprock with different brittleness- 
ductility can be systematically evaluated. 

4. Results and discussion 

4.1. Spatial distribution of normal faults and mudstone caprocks in the K 
gasfield 

Combining drilling data, geophysical logging and seismic interpre
tation, the thickness of the three major mudstone caprocks is obtained, 
as shown in Fig. 7. For the shallowest buried E3h1 caprock, thick 
mudstone with a thickness of more than 150 m is widely distributed to 
the south of well W5 and east of well W12, showing a decreasing trend 
from the structurally lower position to the structurally higher position 
(Fig. 7a). However, the E2p1 caprock has a relatively thin thickness 
distribution, mostly 30–100 m, except for mudstones with a thickness of 
100–120 m distributed in the southern part of well W6 (Fig. 7b). In 
addition, the E2p3 caprock, whose thickness is mainly 100–180 m, shows 
a similar changing trend to E2p1 (Fig. 7c). Overall, these three caprocks 
have a thinner thickness in the structurally higher position and the 
eastern part of well W2, and the thickness of E3h1 is generally thicker 
than that of E2p1 and E2p3. 

The plane polygons and vertical geometry of the faults interpreted 
from 3D seismic volume are also shown in Fig. 7. The faults in the study 
area can be generally divided into three categories according to the 
topmost position of the fault in the spatial content (Fig. 7d). The first 
type of fault has a terminal position located in or above the E3h1 
caprock, and the corresponding fault activity could have caused defor
mation in the E3h1, E2p1, and E2p3 caprocks. However, the topmost 
position of the second type of fault is located between the E3h1 and E2p1 
caprocks, and its movement only affected the continuity of the E2p1 and 
E2p3 caprocks. Furthermore, the third type of fault with a top end po
sition below the E2p1 caprock only had an effect on the sealing capacity 
of the E2p3 caprock. The increasing number of the first, second, and third 
types of faults indicates that the E2p1 and E2p3 caprocks experienced 
more shear deformation caused by fault activity compared with the E3h1 
caprock deposited later (Fig. 7a–c). However, the sealing capability of 
caprock controlled by faults needs to be further analyzed in conjunction 
with the brittle-ductile properties of mudstone. 

4.2. Brittle-ductile characteristics of mudstone caprock in the K gas field 

4.2.1. Critical conditions for the mudstone brittle-ductile transformation 
The caprocks distributed in the E3h1, E2p1 and E2p3 formations are 

dominated by gray mudstone, and the shale volume content (Vsh) of the 
gray mudstone is generally greater than 70%. To obtain more evaluation 
data, in addition to the mudstone acting as caprock, noncaprock 

mudstone with greater than 70% was also selected to establish the 
evaluation model of brittle-ductile transformation (Fig. 8a). In this way, 
quantitative calculations were performed on 5 wells for which all rele
vant logging data were available, and the fitted Mohr-Coulomb fracture 
envelope was combined with Byerlee friction law and Goetze’s criterion 
to determine the critical conditions for mudstone brittle-ductile trans
formation. The critical confining pressures for mudstone transformation 
from the brittle to brittle-ductile stage and from the brittle-ductile to 
ductile stage are 19 MPa and 95 MPa, respectively (Fig. 8b). As the 
effective confining pressure is a function of depth, the critical confining 
pressure can be approximately equal to the critical burial depths of 
2071.0 m and 7680.0 m, respectively. Therefore, the E3h1, E2p1 and E2p2 
mudstone caprocks with a current burial depth of 2500–4800 m are all 
in the brittle-ductile (semibrittle) stage. However, due to the difference 
in paleoburial depth, the mudstone caprock may be in a different 
deformation stage at the termination time of fault activity (TTFA). 

4.2.2. Brittle-ductile characteristics of mudstone caprock at the TTFA 
The quantitative method for determining the paleoburial depth was 

applied to restore the brittle-ductile stage of the caprock at the termi
nation time of fault activity (TTFA), and we calculated this for the 
mudstone caprocks in the Upper Huagang and Upper and Lower Pinghu 
Formations, and the results are shown in Table 1. Comparing the 
reconstructed burial depth with the critical burial depth for the brittle- 
ductile transformation, the shallowly buried E3h1 caprock was gener
ally in the brittle stage at the TTFA, except for the mudstone that had 
entered the brittle-ductile stage in wells W8, W9, W9-1 and W14 
(Fig. 7a). The reconstruction results show that the E2p1 caprock had two 
main stages of brittleness and brittleness-ductility (semibrittleness) at 
the TTFA. In detail, the mudstone caprocks in the brittle stage are 
concentrated in the central areas around wells W5 and W6, while the 
mudstone caprocks entering the brittle-ductile stage are mainly located 
around well W2 and the northern part of well W9 (Fig. 7b). However, for 
the deepest buried E2p3 caprock at the TTFA, the mudstone was 
generally in the same brittle-ductile stage as the current mudstone, 
except for the mudstone located near well W6 (Fig. 7c). Therefore, from 
the perspective of rock shear deformation, the E2p3 mudstone caprock 
dominated by brittle-ductile deformation was more likely to form a shale 
smear zone to prevent the vertical leakage of hydrocarbons unless it lost 
continuity. In contrast, the E3h1 mudstone caprock dominated by brittle 
deformation was more likely to form a connected fracture network 
under the sliding of faults, resulting in reduced sealing capacity and 
hydrocarbon leakage. Nevertheless, the sealing capacity of mudstone 
caprock still needs to be comprehensively analyzed in combination with 
fault displacement and mudstone thickness. 

4.3. Caprock-sealing capability and hydrocarbon accumulation response 

Spatially continuous mudstone caprock serves as an effective top 
barrier to prevent the vertical leakage of hydrocarbons. However, fault 
activity will destroy the integrity of the mudstone caprock and increase 
the vertical permeability, thereby reducing its ability to seal hydrocar
bons. Considering the deformation mechanisms of mudstone in different 
stages, the sealing properties of brittle and brittle-ductile mudstones 
were quantitatively evaluated by the caprock juxtaposition thickness 
(CJT) and shale smear factor (SSF), respectively. Furthermore, com
bined with the hydrocarbon accumulation and distribution in the K 
gasfield, two critical thresholds were determined to separate the sealing 
and nonsealing mudstone caprocks and finally revealing the hydrocar
bon accumulation response controlled by mudstone caprock sealing. 

4.3.1. Relationship between caprock juxtaposition thickness (CJT) and 
vertical hydrocarbon accumulation 

The caprock juxtaposition thickness (CJT) can quantitatively 
describe the destruction of fault activity on the integrity of brittle 
mudstone caprock. When the fault throw is greater than the caprock 
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thickness, the caprock is completely broken by the fault and loses its 
sealing ability. Conversely, the caprock layer will maintain continuity in 
the lateral direction when the fault throw is less than the caprock 
thickness, thus sealing a certain height of the hydrocarbon column. 
However, in general, vertical leakage of hydrocarbons will occur when 
the juxtaposition thickness after faulting is less than a critical value. 

In the K gasfield in the Xihu Depression, CJT was calculated for 
mudstone caprock in the brittle deformation stage at the TTFA. The 
mudstone caprocks in E3h1 and E2p1 are the regional caprocks covering 
the upper and middle petroleum systems in the K gasfield, respectively. 
Although the main hydrocarbon charging time (Pliocene) determined 
from fluid inclusions (Shan et al., 2015; Su et al., 2015) was significantly 
later than the duration of fault activity (Paleogene) in the study area 
(Wang et al., 2021), the integrity of the mudstone caprock has been 
destroyed to varying degrees by fault activity and allowed some hy
drocarbons to pass through the caprock. Generally, hydrocarbon oc
currences above and below the caprock can provide an indication of the 
effectiveness of caprock sealing. The hydrocarbon accumulations or 
shows above the regional caprock indicate possible vertical leakage, 
while the concentrated accumulation of hydrocarbons below the 
caprock demonstrates the effective top seal of the cap layer. Statistics on 
the CJT of mudstone caprocks reveal that the E3h1 caprock has a 
significantly larger CJT value than the E2p1 caprock, indicating a 
stronger vertical sealing ability (Fig. 9). Furthermore, the threshold 
value of CJT for caprock sealing can be approximately determined by 
the relationship between the evaluated CJT and the corresponding 
vertical hydrocarbon distribution. According to the occurrence of oil and 
gas matching the caprock (Fig. 9), none of the mudstone caprocks with a 
CJT value equal to or greater than 56.1 m has experienced hydrocarbon 
vertical leakage, while most mudstone caprocks with a CJT value less 
than 56.1 m have contributed to the vertical migration of hydrocarbons. 
Therefore, the threshold value of CJT (abbreviated as CJTthreshold) for 
caprock sealing in the K gasfield can be approximately defined as 56.1 
m, which represents the statistical law that vertical leakage of hydro
carbons will occur when the CJT value of caprock is less than 56.1 m. 

Sections CC′ and DD′ are taken as examples to illustrate the effect of 

CJT on hydrocarbon migration and accumulation (Fig. 10). In profile 
CC′, the hydrocarbons generated from WSS migrated laterally along the 
SE-NW direction, and the vertical distribution of hydrocarbons varied 
with the CJT value of the caprock (Fig. 10b). The E2p1 caprock has a CJT 
value less than 56.1 m at well W5, resulting in obvious vertical leakage 
of hydrocarbons. However, the CJT value of the E2p1 caprock at well W6 
is greater than the threshold value; therefore, the hydrocarbons are all 
sealed below the caprock. In addition, the E3h1 caprock has a CJT value 
significantly greater than the threshold value (56.1 m) and generally 
acts as an effective top seal for the upper petroleum system. However, 
the E2p1 caprock in the DD’ profile completely lost its continuity due to 
the large fault displacement, resulting in a large scale of hydrocarbon 
leakage (Fig. 10d). All these results illustrate the control of the juxta
position thickness of brittle mudstone caprock on hydrocarbon migra
tion and accumulation. 

4.3.2. Relationship between the shale smear factor (SSF) and vertical 
hydrocarbon accumulation 

The continuity of mudstone caprock in the brittle-ductile deforma
tion stage can be quantitatively assessed by the shale smear factor (SSF). 
On the whole, mudstone caprock is vertically sealed when shale smears 
in the fault zone maintains continuity. However, once the SSF exceeds a 
critical threshold, the continuity of shale smears will be destroyed, 
leading to upward migration of hydrocarbons. Additionally, the 
threshold value of the SSF on shale smear continuity generally varies 
with the scale of the fault. Small faults with a displacement less than 15 
m remain continuous when the SSF changes from 1 to 50 (Faerseth, 
2006), while large-scale faults whose displacements are greater than 15 
m usually have a threshold value of a SSF between 4 and 8 (Yielding, 
2002; Doughty, 2003; Faerseth, 2006). For the specific study area, the 
SSF threshold for shale smear continuity can be determined in detail 
based on the hydrocarbon occurrences above and below the caprock. 

At the termination time of fault activity, the mudstone caprocks of 
E2p1 and E2p3 in the K gas field were generally in the brittle-ductile 
deformation stage, which serve as the top seals for the middle and 
lower petroleum systems, respectively. According to the SSF calculation 

Fig. 8. (a) An example of using geophysical logging data to estimate the mechanical properties of mudstone in well W5. GR is the gamma ray, DEN is the 
compensated density, Δtp is the P-wave travel time, Vsh is the shale volume content, ϕ is the rock internal friction angle, C is the cohesion of rock, σ3 is the minimum 
principal stress, and σ1 is the maximum principal stress; (b) Quantitative model to determine the critical effective confining pressure of the brittle-ductile trans
formation of mudstone caprocks in the K gasfield in the Xihu Depression. The black dashed line represents the forecast tendency of the Mohr-Coulomb frac
ture envelope. 
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Table 1 
Reconstruction results of the brittle-ductile stage of the mudstone caprock at the termination time of fault activity (TTFA).  

Mudstone caprock Well hms  hft  HCurrent  DCurrent  hmst  Brittle-ductile stage 

BDTH present day TTFA 

E3h1 W1 3797.1 2790.8 1006.3 2.4 1467.0 2071.0 brittle-ductile brittle 
E3h1 W2 3758.5 2535.0 1223.5 2.4 1727.6 2071.0 brittle-ductile brittle 
E3h1 W3 3625.2 3288.0 337.2 2.4 527.9 2071.0 brittle-ductile brittle 
E3h1 W4 3628.8 2913.2 715.6 2.4 1066.0 2071.0 brittle-ductile brittle 
E3h1 W5 3600.3 3272.1 328.2 2.4 513.2 2071.0 brittle-ductile brittle 
E3h1 W5-1 3621.0 3283.2 337.8 2.4 528.5 2071.0 brittle-ductile brittle 
E3h1 W5-2 3615.1 3264.2 350.9 2.4 547.8 2071.0 brittle-ductile brittle 
E3h1 W6 3238.2 2944.0 294.2 2.4 445.7 2071.0 brittle-ductile brittle 
E3h1 W6-3 3234.5 2936.3 298.2 2.4 451.3 2071.0 brittle-ductile brittle 
E3h1 W6-5 3230.4 2919.3 311.1 2.4 469.7 2071.0 brittle-ductile brittle 
E3h1 W7 3506.7 2699.9 806.8 2.4 1172.7 2071.0 brittle-ductile brittle 
E3h1 W8 2668.3 708.9 1959.5 2.1 2112.2 2071.0 brittle-ductile brittle-ductile 
E3h1 W9 2929.0 1019.5 1909.5 2.1 2181.0 2071.0 brittle-ductile brittle-ductile 
E3h1 W9-1 2925.8 1017.0 1908.8 2.1 2179.2 2071.0 brittle-ductile brittle-ductile 
E3h1 W10 2954.2 1475.5 1478.7 2.2 1816.0 2071.0 brittle-ductile brittle 
E3h1 W10–S 2950.6 1486.2 1464.4 2.2 1801.4 2071.0 brittle-ductile brittle 
E3h1 W10–H 2956.1 1471.5 1484.6 2.2 1822.2 2071.0 brittle-ductile brittle 
E3h1 W11 3116.6 1747.0 1369.6 2.2 1752.5 2071.0 brittle-ductile brittle 
E3h1 W11-2 3110.0 1753.9 1356.1 2.2 1737.0 2071.0 brittle-ductile brittle 
E3h1 W12 3029.2 1885.8 1143.4 2.2 1494.0 2071.0 brittle-ductile brittle 
E3h1 W13 3300.4 2314.1 986.3 2.3 1366.3 2071.0 brittle-ductile brittle 
E3h1 W14 2665.1 469.3 2195.8 2.0 2267.1 2071.0 brittle-ductile brittle-ductile 
E2p1 W1 4398.8 2790.8 1608.0 2.4 2292.6 2071.0 brittle-ductile brittle-ductile 
E2p1 W2 4460.6 2535.0 1925.6 2.4 2656.5 2071.0 brittle-ductile brittle-ductile 
E2p1 W3 4220.9 3288.0 932.9 2.4 1422.3 2071.0 brittle-ductile brittle 
E2p1 W4 4262.1 2913.2 1348.9 2.4 1962.4 2071.0 brittle-ductile brittle 
E2p1 W5 4290.2 3272.1 1018.1 2.5 1544.2 2071.0 brittle-ductile brittle 
E2p1 W5-1 4292.2 3283.2 1009.0 2.5 1532.3 2071.0 brittle-ductile brittle 
E2p1 W5-2 4280.5 3264.2 1016.3 2.4 1540.7 2071.0 brittle-ductile brittle 
E2p1 W6 4013.5 2944.0 1069.5 2.4 1577.3 2071.0 brittle-ductile brittle 
E2p1 W6-3 4010.0 2936.3 1073.7 2.4 1582.2 2071.0 brittle-ductile brittle 
E2p1 W6-5 4007.6 2919.3 1088.3 2.4 1600.4 2071.0 brittle-ductile brittle 
E2p1 W7 4153.5 2699.9 1453.6 2.4 2069.1 2071.0 brittle-ductile brittle 
E2p1 W8 3028.2 708.9 2319.4 2.1 2519.7 2071.0 brittle-ductile brittle-ductile 
E2p1 W9 3406.6 1019.5 2387.1 2.2 2736.1 2071.0 brittle-ductile brittle-ductile 
E2p1 W9-1 3401.1 1017.0 2384.1 2.2 2731.6 2071.0 brittle-ductile brittle-ductile 
E2p1 W10 3432.8 1475.5 1957.3 2.2 2402.8 2071.0 brittle-ductile brittle-ductile 
E2p1 W10–S 3429.5 1486.2 1943.3 2.2 2389.4 2071.0 brittle-ductile brittle-ductile 
E2p1 W10–H 3425.9 1471.5 1954.4 2.2 2397.9 2071.0 brittle-ductile brittle-ductile 
E2p1 W11 3520.7 1747.0 1773.7 2.3 2262.1 2071.0 brittle-ductile brittle-ductile 
E2p1 W11-2 3512.4 1753.9 1758.5 2.3 2245.2 2071.0 brittle-ductile brittle-ductile 
E2p1 W12 3511.2 1885.8 1625.4 2.3 2114.1 2071.0 brittle-ductile brittle-ductile 
E2p1 W13 3934.1 2314.1 1620.0 2.4 2212.0 2071.0 brittle-ductile brittle-ductile 
E2p1 W14 3031.0 469.3 2561.7 2.1 2670.5 2071.0 brittle-ductile brittle-ductile 
E2p3 W1 4450.3 2790.8 1659.5 2.4 2361.1 2071.0 brittle-ductile brittle-ductile 
E2p3 W2 4620.8 2535.0 2085.8 2.4 2859.9 2071.0 brittle-ductile brittle-ductile 
E2p3 W3 4668.9 3288.0 1380.9 2.5 2060.1 2071.0 brittle-ductile brittle 
E2p3 W4 4600.1 2913.2 1686.9 2.4 2419.2 2071.0 brittle-ductile brittle-ductile 
E2p3 W5 4800.7 3272.1 1528.6 2.5 2261.2 2071.0 brittle-ductile brittle-ductile 
E2p3 W5-1 4810.1 3283.2 1526.9 2.5 2260.4 2071.0 brittle-ductile brittle-ductile 
E2p3 W5-2 4785.6 3264.2 1521.4 2.5 2250.3 2071.0 brittle-ductile brittle-ductile 
E2p3 W6 4423.4 2944.0 1479.4 2.4 2045.6 2071.0 brittle-ductile brittle 
E2p3 W6-3 4419.5 2936.3 1483.2 2.4 2049.6 2071.0 brittle-ductile brittle 
E2p3 W6-5 4415.0 2919.3 1495.7 2.4 2063.7 2071.0 brittle-ductile brittle 
E2p3 W7 4517.2 2699.9 1817.3 2.4 2551.1 2071.0 brittle-ductile brittle-ductile 
E2p3 W8 3326.0 708.9 2617.2 2.1 2853.7 2071.0 brittle-ductile brittle-ductile 
E2p3 W9 3680.1 1019.5 2660.6 2.2 3048.4 2071.0 brittle-ductile brittle-ductile 
E2p3 W9-1 3678.4 1017.0 2661.4 2.2 3048.2 2071.0 brittle-ductile brittle-ductile 
E2p3 W10 3679.4 1475.5 2203.9 2.2 2699.8 2071.0 brittle-ductile brittle-ductile 
E2p3 W10–S 3675.8 1486.2 2189.6 2.2 2686.5 2071.0 brittle-ductile brittle-ductile 
E2p3 W10–H 3671.2 1471.5 2199.7 2.2 2693.4 2071.0 brittle-ductile brittle-ductile 
E2p3 W11 3866.0 1747.0 2119.0 2.3 2688.4 2071.0 brittle-ductile brittle-ductile 
E2p3 W11-2 3859.3 1753.9 2105.4 2.3 2674.0 2071.0 brittle-ductile brittle-ductile 
E2p3 W12 3949.7 1885.8 2063.9 2.3 2663.5 2071.0 brittle-ductile brittle-ductile 
E2p3 W13 4415.0 2314.1 2100.9 2.4 2826.5 2071.0 brittle-ductile brittle-ductile 
E2p3 W14 3200.5 469.3 2731.2 2.1 2856.0 2071.0 brittle-ductile brittle-ductile 

Note: hms: Current burial depth of mudstone caprock, m; hft: burial depth at the top of the fault, m; HCurrent: thickness of the stratigraphic interval from the central 
mudstone caprock to the top of the fault on the present day, m; DCurrent: current average density of the stratigraphic interval from the central mudstone caprock to the 
top of the fault, g/cm3; hmst: paleoburial depth of the mudstone caprock at the TTFA, m; and BDTH: critical depth transformation from the brittle to brittle-ductile stage. 
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of the brittle-ductile mudstone and the corresponding oil and gas oc
currences (Fig. 11), the critical threshold of shale smear continuity can 
be determined to be 3.0. Thus, mudstone caprock with an SSF greater 
than 3.0 usually loses its continuity, thereby resulting in vertical leakage 
of hydrocarbons. Profiles EE′ and FF′ are taken as cases to illustrate the 
effect of the SSF on hydrocarbon migration and accumulation (Fig. 12a 
and Fig. 12b). For the EE′ profile in the structural high zone, hydro
carbon accumulations mainly came from the lateral charging of hydro
carbons generated by the mature source rock in the WSS. The E2p1 
caprock around well W13 was in the brittle-ductile deformation stage at 
the TTFA, and mudstone with a continuous shale smear (SSF<3.0) 
effectively prevented the upward migration of hydrocarbons under the 
caprock (Fig. 12b). However, when the laterally migrated hydrocarbon 
encountered the E2p1 caprock with an SSF greater than 3.0 near well 
W14, the hydrocarbon in the middle petroleum system had leaked to the 
upper petroleum system. For the FF’ profile in the structural low zone, 
the SSF value of the E2p1 mudstone caprock around wells W1 and W2 is 
greater than 3.0, thus resulting in a large scale of hydrocarbon migration 
through the caprock and accumulation in the reservoir within the upper 
petroleum system (Fig. 12c and d). 

4.3.3. Comparison between the current and TTFA caprock-sealing 
evaluation 

In terms of current mechanical properties, the sealing capability of 
E3h1, E2p1 and E2p3 caprocks during the brittle-ductile (semibrittle) 
stage should be quantitatively evaluated by the SSF. However, the 
reconstructed paleodepths show that most mudstones were still in the 
brittle stage at the TTFA, especially the E3h1 and E2p1 caprocks. 
Therefore, errors may occur when the SSF method is incorrectly applied 
to evaluate the caprock that is undergoing brittle deformation, and this 
deviation in the sealing evaluation will directly affect the judgment on 
the effectiveness of the caprock. 

Theoretically, when the SSF and CJT methods are applied to assess 
the sealing capability of the same caprock, the following three situations 
will appear due to disparities in fault throw (T) and mudstone thickness 
(MT) (Fig. 13). In the first case, the fault throw and mudstone thickness 
satisfy the relationship of CJT > CJTthreshold (the threshold of juxtapo
sition thickness for caprock sealing) and SSF<1- CJTthreshold/MT, and 
the difference in brittleness-ductility will not contribute to changes in 
the evaluation results of caprock sealing. Taking the E2p1 caprock near 

well W6 as an example, the mudstone caprock at this location is 
currently in the brittle-ductile (semibrittle) stage but was in the brittle 
stage at the TTFA. The SSF and CJT results matching the current and 
TTFA situation all indicate that it is an effective top seal. However, in the 
second case where the fault throw and mudstone thickness meet the 
relationship of (1-SSFthreshold)MT < CJT < CJTthreshold and 1-CJTthres

hold/MT < SSF < SSFthreshold (the threshold of shale smear factor for 
caprock sealing), the evaluation results from the different methods will 
show disparities. Taking the E2p1 caprock around well W5 as an 
example, the mudstone is also currently in the brittle-ductile (semi
brittle) stage but was in the brittle stage at the TTFA. However, the SSF 
evaluation based on the current brittle-ductile stage indicates the 
effective sealing of the caprock, whereas the CJT evaluation corre
sponding to the TTFA implies the presence of vertical hydrocarbon 
leakage. The hydrocarbon occurrence further confirms that the CJT 
evaluation matching the brittle deformation of mudstone at the TTFA 
reveals the caprock sealing more accurately. Nevertheless, when the 
fault throw and mudstone thickness satisfy the third conditions of re
lationships CJT<(1- SSFthreshold)MT and SSF > SSFthreshold, the evalua
tion results of these two methods are again consistent, and the E2p1 
caprock around well W4 supports this interpretation. As shown in 
Fig. 13, whether brittle or brittle-ductile mudstone is present, a large 
fault throw will cause it to lose continuity (or integrity) and result in 
vertical leakage of hydrocarbons. However, in general, the brittle- 
ductile reconstruction and corresponding sealing evaluation at the 
TTFA can describe the effectiveness of the mudstone caprock more 
accurately. 

4.3.4. Hydrocarbon accumulation model for the control of caprock sealing 
Due to the distinction in the brittle-ductile stages, three major 

mudstone caprocks, E3h1, E2p1 and E2p3, in the K gasfield have under
gone varying shear deformations at the TTFA. Therefore, the caprock 
sealing controlled by the fault throw and mudstone thickness has further 
affected hydrocarbon accumulation and distribution, and the model can 
be summarized in Fig. 14. 

With respect to the E2p3 mudstone caprock with a thickness of mostly 
100–180 m, the typical shale smear zone was formed at the TTFA due to 
its brittle-ductile deformation, and the shear deformation induced by 
fault activity failed to break the continuity of mudstone, except for that 
in well W1 in the structural low zone. Although the E2p1 mudstone 

Fig. 9. Determination of the threshold of juxtaposition thickness of mudstone caprock in the K gasfield in the Xihu depression.  

F. Wang et al.                                                                                                                                                                                                                                   



Marine and Petroleum Geology 134 (2021) 105352

14

Fig. 10. (a) and (b) show the normal faults, mudstone caprocks, and corresponding hydrocarbon distribution characteristics in the CC′ profile. (c) and (d) show the 
normal faults, mudstone caprocks, and corresponding hydrocarbon distribution characteristics in the DD′ profile. See Fig. 7a for locations. 

Fig. 11. Determination of the threshold of 
the shale smear factor of mudstone caprock 
in the K gasfield in the Xihu depression. The 
continuity of the cap layer is judged by the 
hydrocarbon occurrences above and below 
the cap layer. The hydrocarbon shows above 
the regional caprock usually indicate the 
vertical leakage caused by the discontinuous 
caprock, while the concentrated accumula
tion of hydrocarbons below the caprock 
demonstrates the effective top seal of the 
continuous cap layer. However, when the 
continuity cannot be effectively determined 
due to the influence of lateral migration, the 
cap layer is defined as a “continuous or 
discontinuous” state.   
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caprock was still dominated by brittle-ductile deformation at the TTFA, 
the thinner thickness (30–100 m) made it more likely to lose its conti
nuity under a large fault displacement. Thus, only the structural center 
zone of the K gasfield presents a good vertical sealing capacity. For the 
shallowly buried E3h1 caprock with the largest thickness (150–300 m), 
the brittle deformation before the TTFA made the caprock sealing pre
dominantly determined by mudstone juxtaposition thickness. However, 
fault activity with a small displacement allowed the cap layer to 
continuously juxtapose in the lateral direction, so that the E3h1 caprock 
maintained a strong sealing capability. Therefore, based on the deter
mined sealing threshold values of CJT and SSF, hydrocarbon migration 
and accumulation in the K gasfield occurred via the following process. 
At the beginning of hydrocarbon charging, the hydrocarbons generated 
from the WSS migrated laterally to the adjacent structural low zone, the 
E2p1 and E2p3 caprocks with a large SSF (>3.0) allowed the hydrocar
bons to migrate upwards to the upper petroleum system (such as that in 
well W1), while the rest of the hydrocarbons continued to migrate 
laterally to the structurally higher positions. Furthermore, as the 
mudstone caprock in the structural center zone had a strong sealing 
capability (SSF<3.0, CJT>56.1 m), vertical leakage of laterally 
migrated hydrocarbons rarely occurred, and wells W6 and W13 support 
this interpretation. However, the thinner mudstone caprock in the 
structural high zone lost its sealing ability due to high SSF values (>3.0), 
such as those in well W14, which allowed the vertical leakage of hy
drocarbons into the upper petroleum system. In this way, the caprock- 

sealing characteristics have affected the vertical accumulation and dis
tribution of hydrocarbons in the K gasfield. 

4.4. Uncertainty analysis 

Quantitative evaluation of caprock-sealing capability is not an exact 
science. The evaluation models and methods described in the previous 
section predominantly depend on the precision of fluid pressure pre
diction, mechanical property estimation, and seismic interpretation 
models. The definition of the sealing threshold value is simultaneously 
affected by the amount of statistical data and the detailed judgment of 
hydrocarbon migration direction. Further uncertainties arise from the 
brittle-ductile transformation caused by structural uplift during 
geological history. All these uncertainties should be taken into consid
eration when quantitatively assessing the sealing capability of caprocks 
controlled by fault activity. 

4.4.1. Fluid pressure prediction 
The effective confining pressure of mudstone at different burial 

depths needs to be calculated in conjunction with fluid pressure. How
ever, the lack of measured pressure data (drill stem test or wireline 
formation test) commonly prevents a detailed pressure description. In 
the most ideal case, each continuous prediction model based on 
geophysical logging can be locally calibrated using the measured pres
sure data from drilling wells. The prediction model incorporated with 

Fig. 12. (a) and (b) show the normal faults, mudstone caprocks, and corresponding hydrocarbon distribution characteristics in the EE′ profile. (c) and (d) show the 
normal faults, mudstone caprocks, and corresponding hydrocarbon distribution characteristics in the FF′ profile. See Fig. 7a for locations. 
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locally derived parameters ensures the accuracy of the pressure 
description. Failing this, the pressure prediction model could be cali
brated by pressure data from nearby wells or adjacent parts in the same 
area. However, in frontier exploration areas where pressure data are 
scarce or do not exist, the fluid pressure of shallow buried mudstone 
could be equivalent to hydrostatic pressure, but the forecast deviation 
will appear in the abnormal pressure interval due to the absence of 
pressure data calibration. 

4.4.2. Mechanical property estimation 
In practice, core samples of mudstone caprock are mostly unavai

lable for mechanical laboratory testing, especially in offshore petrolif
erous basins. As a practical approach to this problem, many empirical 
equations have been proposed that relate the mechanical properties 
(internal friction angle, dynamic modulus of elasticity, and cohesion) to 
the measurable parameters of geophysical logging (such as velocity, 
density, and porosity). Basically, the mechanical-physical property 
relationship of a specific mudstone formation should be established 
based on the calibration of core laboratory tests in the given field. 

However, in most cases where there are no laboratory testing data 
available for calibration, the best way is to use empirical equations for 
mechanical properties derived from measurable physical properties. 
Nevertheless, there are many empirical models for different rock types 
under various geological settings to choose from. Thus, the prediction 
results may be more likely to deviate from reality when using empirical 
relationships that do not match the geological conditions of the study 
area. For this reason, understanding the applicable range of the empir
ical models and applying them to the most suitable object is the key to 
diminishing the potential uncertainty in the mechanical parameter 
estimation of the caprock. 

4.4.3. Seismic interpretation model 
For the problems associated with quantitatively characterizing 

caprock sealing, major uncertainty arises from the related basic data 
obtained through geological interpretation. The major factors affecting 
the quantitative analysis of caprock sealing are the precision of fault 
interpretation, displacement measurement and mudstone caprock 
thickness acquisition. Different qualities of 3D seismic volume will 

Fig. 13. Summary diagram of the comparison between the current sealing evaluation and caprock sealing evaluation at the TTFA. MT represents the thickness of 
mudstone, T represents the fault throw, D is the fault displacement, α is the dip angle of fault, CJTthreshold is the critical threshold of caprock juxtaposition thickness, 
and SSFthreshold is the critical threshold of the shale smear factor of mudstone caprock. 

F. Wang et al.                                                                                                                                                                                                                                   



Marine and Petroleum Geology 134 (2021) 105352

17

contribute to interpretation results, and high-resolution seismic volume 
subjected to seismic denoising tends to yield more accurate interpreta
tion models. In addition, the fault throw corresponding to different 
mudstone caprocks should be measured from detailed three- 
dimensional horizon mapping and fault surfaces. However, due to the 
difference in vertical resolution between seismic data and logging data, 
the determination of the mudstone caprock thickness entirely based on 
seismic data will inevitably deviate from the logging and drilling lith
ological interpretation to a certain extent. 

4.4.4. Sealing threshold value 
In this contribution, we used statistical analysis to establish the 

threshold value between sealing and nonsealing mudstone caprocks. 
However, two major uncertainties still exist for the scientific definition 
of the threshold value. One of the factors is the amount of valid data (SSF 
and CJT) adopted to determine the threshold value of sealing, especially 
effective data close to the actual threshold. Generally, limited data are 
more likely to produce a large value interval between sealing and non
sealing, thereby increasing the uncertainty of the threshold value. As the 
number of available data increases, the uncertainty interval between the 
sealing and nonsealing of caprock will gradually be diminished, making 
the threshold value defined based on statistical analysis closer to the 
actual threshold value. Another factor is the accuracy of judging the 
hydrocarbon migration direction. The sealing and nonsealing of caprock 

depends on whether vertical hydrocarbon leakage occurs. Therefore, the 
actual evaluation process usually focuses on explaining the current hy
drocarbon distribution above and below the caprock from the perspec
tive of vertical migration while ignoring the influence of lateral 
migration. However, a detailed description of hydrocarbon migration 
requires systematic geological analyses, such as structural evolutionary 
history, hydrocarbon generation history, migration carrier analysis, and 
geochemical tracking. Analyses from different perspectives may lead to 
different conclusions; therefore, multiple solutions from geological an
alyses greatly enhance the uncertainty of migration direction judgment. 

4.4.5. Structural uplift 
In addition to the problems associated with evaluation methods and 

models, the other major uncertainty comes from the brittle-ductile 
transformation caused by structural uplift. In this research, we have 
only discussed normal consolidated rock that has been continuously 
buried but never uplifted. However, tectonic uplift events are common 
in basins with complex tectonic evolution. Sedimentary basins that have 
undergone structural uplift will result in a decrease in confining pres
sure, which may cause the caprock to transform from a ductile stage to a 
brittle stage. According to the research of Ingram and Urai (1999) and 
Nygard et al. (2004, 2006), the uplifted caprock from the maximum 
burial depth to a shallower structural location belongs to 
over-consolidated (OC) rocks, and the brittleness of over-consolidated 

Fig. 14. The conceptual model showing the sealing capability of mudstone caprocks controlled by fault activity and the corresponding hydrocarbon migration and 
accumulation responses. 
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(OC) rock can be quantitatively characterized by the over-consolidation 
ratio (OCR). Generally, a higher OCR implies that more fractures could 
occur during uplift, thereby diminishing the sealing capability of the 
caprock. Therefore, to accurately determine the effectiveness of the 
caprock, the uncertain possibility of structural uplift should also be 
considered when quantitatively assessing caprock sealing. 

5. Conclusions 

This article proposes a quantitative model for brittle-ductile transi
tion behavior and a reconstruction model of the burial depth to char
acterize the brittle-ductile stage of caprocks at the termination time of 
fault activity (TTFA) to evaluate the caprock sealing controlled by fault 
activity from a dynamic perspective. In the K gasfield in the Xihu 
Depression, the effective confining pressure of 19 MPa (or 2071.0 m in 
burial depth) was the critical transition from the brittle to brittle-ductile 
stage, and the brittle-ductile property reconstruction at the TTFA and 
matching sealing evaluation have better characterized the effectiveness 
of the mudstone caprocks. Moreover, the corresponding oil and gas 
response has revealed that a CJT value of 56.1 m and an SSF value of 3.0 
are the thresholds for caprock sealing and nonsealing, which controlled 
the vertical distribution of hydrocarbons in different structural positions 
in the K gasfield. 

The mathematical models and methods proposed in this research can 
be effectively improved by enhancing the precision of fluid pressure 
prediction, mechanical property estimation, and seismic interpretation 
models. Additionally, in the practice of oil and gas exploration, the 
quantitative methods and corresponding results derived from this study 
have great potential for application in the following analyses: (1) 
combining the dynamic evolution of capillary pressure to analyze the 
hydrocarbon accumulation scale sealed by the effective caprock; (2) 
integrating brittle-ductile behavior quantification and over- 
consolidation ratios (OCR) to understand the caprock-sealing disparity 
caused by structural uplift; and (3) simulation or prediction of the hy
drocarbon accumulation process based on hydrocarbon generation and 
expulsion history, migration carrier characterization, and caprock- 
sealing evaluation. 
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