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The sealing ability of caprock is affected by many factors, such as cap thickness,
displacement pressure, fracture development, and lithology of caprock. Shale is
one of the ideal materials for oil and gas sealing cap formation due to its low
porosity and permeability. Microfractures can destroy the sealing property of
shale caprock. When buried deep enough, shale will change from toughness to
brittleness. In general, the greater the brittleness of shale, the more developed
the fractures will be. In areas with high tectonic stress, such as the anticline axis,
syncline axis and stratum dip end, the strata stress is high and concentrated, and
it is easier to generate fractures. When the stress state of the caprock changes,
new micro-cracks are formed or previously closed cracks are re-opened,
reducing the displacement pressure of the caprock. These micro-fractures
are interconnected to form microleakage spaces, which reduces the sealing
capacity of the caprock.
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Introduction

In recent years, the demand for oil and gas resources has been increasing daily, and the oil
and gas exploration and exploitation scale at home and abroad is increasing gradually. The
study of oil and gas accumulation conditions plays a vital role in oil and gas exploration. With
the deepening of the research on reservoir-forming conditions of significant oil and gas fields,
people gradually realize that the effectiveness of caprock plays a crucial role in reservoir-
forming. Among the hydrocarbon accumulation elements, hydrocarbon generation is the
basis and, trap is the condition, preservation is the key (Li et al., 1997). The caprock is the core
content of the study of oil and gas preservation conditions (Xiao et al., 2006), the quality of
caprock directly affects the formation, scale and preservation of the oil-gas reservoir. Caprock
lithology determines its sealing ability. The caprock lithology of some large oil and gas fields is
mainly evaporite and shale (Nederlof & Mohler., 1981). As a dense caprock, shale is
characterized by low porosity and permeability, so it is one of the ideal materials for oil
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and gas sealing caprock and plays a crucial role in the accumulation
and preservation of oil and gas (Jin et al.,, 2014).

So far, fruitful research results have been obtained, and a
relatively mature theoretical foundation has been formed on the
sealing property of shale caprock research. The thickness of
caprock (Zieglar, 1992; Lv et al, 2005), faults development
extent (Skerlec, 2002; Fu et al,, 2015) and diagenetic evolution
(Lu et al,, 2021) have direct or indirect effects on the sealing
ability of shale caprock. Most scholars at home and abroad
research shale fractures mainly focus on fractured oil-gas
reservoirs (Fu et al., 2022). However, the research on “micro
fracture damage of mudstone caprock” has not yet formed a
mature theoretical system.

Research progress on sealing of
caprock

The rapid development of the global petroleum industry
promotes the continuous updating and improvement of petroleum
geological theories. The study of oil-gas reservoir caprock has been
paid more and more attention by scholars at home and abroad. The
study of cap sealing can be roughly divided into four stages, as shown
in Table 1. In 1966, Smith introduced the concept of cap and fault
sealing (Smith, 1966). In 1987 Watts proposed the capillary sealing
mechanism and hydraulic sealing mechanism of caprock, which
promoted the qualitative evaluation of caprock and fault sealing
mechanism (Watts et al, 1987). In 1996, Lu put forward the
overpressure sealing mechanism and hydrocarbon concentration
sealing mechanism, and the method of using displacement
pressure, effective stress and tensile strength to evaluate the sealing
ability according to different sealing mechanisms, and established the
industry standard for sealing evaluation of caprock (Lv et al,, 1996). In
2013, Jin put forward the evaluation method of the dynamic evolution
process of the sealing capacity of shale caprock.

Factors affecting sealing ability of
caprock

The displacement pressure mainly determines the sealing

ability of caprock. The greater the displacement pressure, the
stronger the sealing ability of the caprock is (Dewhurst et al,

TABLE 1 Development history of cap sealing research.

Development stage

10.3389/feart.2022.1065875

1998). There is no direct relationship between cap thickness and
capillary sealing ability, so some scholars, such as Hubbert
(1953), believe that cap thickness has no significance on
capillary sealing ability.

However, some scholars believe that although there is no
direct functional relationship between caprock thickness and
capillary sealing capacity, it does not mean that caprock
thickness does not affect sealing capacity (Nederlof & Mohler.,
1981; Fu et al., 2003). The thicker the cap is, the more difficult it is
to be damaged by fracture. The thinner the cap thickness is, the
easier it is to be damaged by fracture and lose the continuity of
transverse distribution. Lv (2005) believed that the thicker the
caprock thickness, the larger the spatial distribution area, the
stronger the ability of caprock to seal gas, and the more
conducive to the accumulation and preservation of gas. Yuan
(2011) believes that the displacement pressure of caprock has
nothing to do with the thickness, but the height of the enclosed
gas column of caprock is related to the thickness; that is, the
larger the cap rocks thickness, the higher the height of the
enclosed oil and gas column, and the sealing ability of
caprock is stronger. Lou (2021) found that the influence of
clay minerals on rock sealing performance was related to
plasticity and water absorption. The excellent or medium
caprock was predominantly clayey mudstone, while the
inferior caprock was mainly silty mudstone. Due to the
influence of tectonic changes, most caprocks are destroyed in
two ways. One way is the tectonic uplift of denuded caprock,
which makes the thickness of the caprock thin or even exhausted
at the denuded place; Another way is that faults destroy the
caprock (Fu et al., 2003). Once the fault dislocates the caprock,
the continuous capping range of the caprock will be reduced, and
the sealing capacity of the caprock will change. If the length of the
fault is greater than the thickness of the caprock, the caprock will
be broken through by the fault, losing the ability to seal oil and
gas (Wibberley et al., 2008). If the caprock is thick enough, the
possibility of complete dislocation of the fault can be reduced.

The sealing property of caprock is closely related to the
diagenetic evolution stage. The porosity and permeability of
mudstone decrease with the increase in burial depth,
indicating that it can effectively seal oil and gas only when it
reaches a certain burial depth. When the burial depth of
mudstone increases continuously and reaches a specific
diagenetic stage, the plasticity of the rock will decrease, and

Lithology

Establishment of oil and gas sealing concept (before 1966)
Exploration of the sealing mechanism of caprock (1966-1996)
Quantitative evaluation of Caprock Sealing (1997-2012)

Study on the dynamic evolution of sealing capacity of caprock (2013-)
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FIGURE 1
Schematic diagram of micro-crack damage to caprock.

the brittleness will increase. Under the action of over-pressure
and other geostress, the shale caprock is prone to produce micro-
fractures, thus reducing the displacement pressure. Therefore,
the vertical evolution of the effective caprock capacity of
mudstone caprock is from poor to good to poor. The main
reason for the poor sealing of deep, dense mudstone is fracture
(Lu, 2021).

Destruction of shale caprock by
microfractures

The degree of fracture development is generally positively
correlated with the content of brittle minerals in rocks (De Paola
etal,, 2009; Algahtani et al., 2013). The more brittle minerals such
as quartz, feldspar and carbonates are contained, the more brittle
shale and the more uncomplicated fractures are to develop (Ding,
2012). With the increase of burial depth and the enhancement of
the degree of compaction diagenesis (late diagenetic stage), shale
will undergo a process from toughness to brittleness. When the
burial depth of shale is deep enough, the brittleness is enhanced,
and cracks are easily produced due to the influence of tectonic
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stress, thus reducing the capillary sealing capacity. Corcoran and
Dore used the density and strain at fracture to quantitatively
judge the transformation process of shale from brittleness to
toughness. In the brittle stage, the density of shale is greater than
2.5 g/em’, and the strain before fracture is less than 3%. In the
transition stage, the density of shale is 2.5-2.25 g/cm?, and the
strain is 5%-8%. In the ductile stage, the density of shale is less
than 2.25 g/cm?, and the strain is more than 8%.

Shale caprock usually contains a large number of micro-
fractures. In areas with high tectonic stress, such as anticline axis,
syncline axis and stratum dip end, stratum stress is high and
concentrated, and fractures are developed (Brantut et al., 2011;
Raduha et al., 2016). These micro-fractures are often isolated and
closed under regular stress. When the stress state of the caprock
changes, new micro-cracks would form or previously closed
cracks would re-open, reducing the displacement pressure
(Mildren et al.,, 2002). These micro-cracks are interconnected
to form micro-leakage Spaces, which will reduce the sealing
capacity of the caprock (Wu, 2020). Even locally continuous
shale intervals can fail due to excessive fractures in local areas, as
shown in Figure 1. The main mechanisms that cause the change
of caprock stress include tectonic extrusion, tectonic uplift and
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abnormally high-pressure fluid (Lamarche et al., 2012; Orlic &
Wassing., 2013). Among them, the caprock failure caused by
faults belongs to the category of vertical sealing of faults, and its
evaluation method has been relatively mature. However, since
cracks are “invisible”, there is still a lack of effective evaluation
methods.

Expectations

1) We can subdivide diagenetic stages by combining the
formation and evolution of faults and fractures. In this
way, the dynamic evolution process of the sealing capacity
of caprock can be further studied

2) The rock mechanics of the caprock has changed dramatically
during burial and uplift, and the condition of brittle-ductile
transition is still a complex problem. Perhaps we can establish a
quantitative characterization method for the transition from
brittleness to toughness through a triaxial compression test,
acoustic  emission  characteristics, micro  deformation
mechanism and deformation characteristics of the cap structure.

3) The existence of a large number of microcracks in the
caprock is not necessarily a bad thing. When there is no
large fault in the basin as the bottom oil and gas
transportation channel, many micro-fractures developed
in mudstone, shale and siltstone can be connected to
form a vertical migration channel of oil and gas. When
the stress field of the local layer changes, micro-cracks are
easily produced at the high part of the trap. Oil and gas
migrate to the upper reservoir along the vertical channel
composed of fractures. Corcoran and Doré, 2002, Downey,

1984, Lv et al., 1996, Smith, 1966, Watts, 1987.
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