
581

http://journals.tubitak.gov.tr/earth/

Turkish Journal of Earth Sciences Turkish J Earth Sci
(2014) 23: 581-601
© TÜBİTAK
doi:10.3906/yer-1312-12

Carbonate sealing and its controlling factors: cap rock and inner barrier layers of 
Yingshan Formation on Tazhong Northern Slope, Tarim Basin

Xiaodong LAN1,*, Xiuxiang LÜ2,3

1School of Ocean Sciences, China University of Geosciences, Beijing, P.R. China
2School of Earth Science, China University of Petroleum, Beijing, P.R. China

3State Key Laboratory of Petroleum Resources and Prospecting, Beijing, P.R. China

* Correspondence: lansecup@163.com

1. Introduction
High-quality and undestroyed cap rock is indispensable 
for oil/gas accumulation. For most of the oil and gas basins 
in the world, cap rock could be shale, mudstone, halite, 
gypsum rock, dense limestone, evaporite, or volcanics (Fu 
et al., 2010). Klemme (1975, 1980) analyzed 334 oil fields 
around the world and found that shale cap rock accounted 
for 65%, evaporite for 33%, and limestone for only 2%. 
Recently, clastic cap rocks have been studied widely (Li et 
al., 1996; Lü and Fu, 1996; Zhang, 1998; Jiao and Gu, 2004; 
Lu et al., 2007), and a theoretical system was established 
to research the cap rock both in macroscopic evaluation 
and microscopic examination. At the macroscopic level, 
lithology, thickness, and distribution are investigated 
(Grunau, 1987; Lü et al., 2000; Zhang and Zhou, 2010). 
At the microscopic level, 3 types of sealing mechanisms 
are considered: capillary pressure sealing, overpressure 
sealing, and hydrocarbon saturation sealing (Watts, 1987; 

Cheng et al., 2006; Zhang et al., 2010; Fan et al., 2011; Yu et 
al., 2011). The parameters involve permeability, coreflood 
breakthrough pressure and time, average pore throat 
radius, and clay content. Generally, sealing capability is 
stronger with high clay content, low porosity, and low 
permeability. 

Carbonate rocks, such as dolomite, limestone, and 
marl, have high compaction resistance (37.15–44.80 
MPa), high hardness (776–1218 MPa), and small plastic 
coefficient (1.43–1.66) and compression coefficient (1.37–
3.18 MPa–1) (Yang and Zhang, 1994). As a hard and brittle 
rock, carbonate rock is not considered a good cap rock, 
because it is easily broken, and altered pores and fractures 
develop with underground denudation. However, with 
a complex diagenesis process of compaction, filling, and 
cementation, carbonate rock could become dense with 
certain sealing capability (Xu and Zhang, 2001). Especially 
with the presence of clay, its mechanical properties change 
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to low hardness and high plasticity, and carbonate rock 
could have good sealing capability. Carbonate cap rocks 
have been reported worldwide, for which the well-known 
examples are the Bashkirian dense limestone of the 
Upper Carboniferous in the Volga-Ural Basin, Russia; 
the Gzhelian argillaceous limestone of the Carboniferous 
(Peterson and Clarke, 1983; Alekseev et al., 1996; Proust 
et al., 1998; Li and Zhu, 2012); the argillaceous dolomite 
and shale of the Lower Triassic as the cap rock of the 
Khuff Reservoir in the Persian Gulf Basin (Beydoun, 1988; 
Kashfi, 1992; Alsharhan and Nairn, 1997); the thin-bed 
dense limestone of the Cretaceous as the cap rock of oil 
fields in the Dezful Depression, Iran (Bai, 2007); the dense 
limestone of the Kalash/Waha Formation as the cap rock 
of the Nubain/Sarir Formation of the Upper Cretaceous 
in the Sirte Basin, Libya (Parsons et al., 1980; Macgregor, 
1986; Tian et al., 2008); the thin- to medium-thick bed of 
silty crystalline dolomite as the paleo-oil reservoir of the 
Middle and Lower Cambrian in Tongshan and Wanshan, 
Guizhou, China (Mei et al., 2006); the thick-bed (100 m) 
dense micrite and micritic dolomite of the 4th member 
of the Leikoupo Formation as the direct cap rock of the 
Triassic gas reservoir in the western Sichuan Basin (Fan, 
2009); and the thin- to medium-thick bed of marl of the 
3rd member of the Feixianguan Formation as the direct 
cap rock of the Triassic gas reservoir in the eastern Sichuan 
Basin (Qin et al., 2011). 

The Tazhong Low Rise is located in the Central Uplift, 
Tarim Basin, which is the largest petroliferous inland 
basin in China. Since the discovery of a hundred-million-
ton condensate field of the Yingshan Formation in the 
Lower Ordovician of well block Zhonggu 43, commercial 
oil and gas flows have been encountered in more than 
50 wells, including highly productive wells such as well 
M21 with 74 t oil/day and 144,000 m3 gas/day, and well 
M42 with 45 t oil/day and 94,000 m3 gas/day. Apparent 
oil and gas reserves of 700 × 106 TOE in the Yingshan 
Formation could be confirmed and are all sealed by the 
dense limestone of the Lianglitag Formation and the inner 
barrier layers in the Yingshan Formation itself. In this 
study, the sealing capability of these 2 types of carbonate 
sealing was evaluated, and the evaluation parameters and 
criteria were established.

2. Geological setting
The Tazhong Low Rise, with an area of 27.5 × 103 km2, 
is located in the Central Uplift, Tarim Basin. As seen 
in Figure 1, it is a large complete anticline with several 
WNW-striking secondary structural zones, where the 
eastern structure is higher than the western structure and 
both exhibit a bird-foot shape (Wu et al., 2005; Li et al., 
2009). The Tazhong Low Rise is divided into the Northern 
Slope and Southern Slope by the Central Fault Belt. Two 

sets of fault networks developed on the Northern Slope, 
the thrust faults in the NW direction and strike slip faults 
in the NE direction (Wu et al., 2012).

In the Tazhong Low Rise, marine carbonate beds 
developed in the Ordovician, Cambrian, and Upper 
Sinian. At present, most of the exploration wells are on 
the Tazhong Northern Slope, but the majority of wells did 
not penetrate through the Ordovician. The Sangtamu and 
Lianglitag Formations are in Upper Ordovician series, 
and the Yingshan and Penglaiba Formations are in Lower 
Ordovician series (Figure 2). As the high-quality regional 
cap rock, the Sangtamu Formation is primarily dark gray 
calcareous mudstone with little siltstone and thinly bedded 
limestone. The Lianglitag Formation is primarily light gray 
micrite, biosparite, intrasparite, bindstone, and marl. The 
Lianglitag Formation can be subdivided into 5 lithologic 
members, the compact limestone in the 3rd to the 5th 
members that can be direct cap rock for the Yingshan 
Formation. The Yingshan Formation is not mostly drilled 
through on the Northern Slope and consists of limestone, 
dolomite, and their gradual transitions. The formation 
is divided into 4 members: the 1st member is primarily 
composed of intrasparite, the 2nd member is primarily 
composed of intramicrite and micrite, the 3rd member is 
primarily composed of dolomitic limestone interbedded 
with micrite, and the 4th member is primarily composed 
of dolomitic limestone, limy dolomite, and dolomite. 
The Yingshan Formation is a large-scale gas-condensate 
reservoir that is quasi-layer distributed and controlled by 
weathering crust (Zhou et al., 2006; Yang et al., 2007; Han et 
al., 2008; Lin et al., 2012). As the direct cap rock, the 3rd to 
5th members of the Lianglitag Formation directly control 
the oil/gas distribution in the Yingshan Formation. Oil/gas 
exploration shows that the Yingshan Formation has more 
than one oil/gas pay zone. For example, wells M20 (Figure 
3) and M35 indirectly indicate that several barrier layers 
exist in the Yingshan Formation. The individual barrier 
layers are as thick as a few meters to tens of meters with 
some lateral continuity, dense lithology, high resistivity 
(deep and shallow resistivities are more than 1000 Ω m, 
as shown in Figure 3), and low permeability. These barrier 
layers are designated as high-resistivity layers in the 
following discussion. 

3. Cap rock characteristics and sealing function
3.1. Lithology 
The 3rd to 5th Lianglitag members are dense limestone 
and form the direct cap rock for the Yingshan Formation. 
The lithology and thickness of drilling cuttings from the 
3rd to 5th Lianglitag members in 30 wells (7799 m in total, 
Figure 4a) was examined and the presence was determined 
of 56% micrite (4399 m long) (Figure 5a), 32% marl (2499 
m long) (Figure 5b), 8% silty crystalline limestone (653 
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m long), 2% argillaceous limestone (121 m long), and a 
little dolomitic limestone and dolomite. The lithology of 
high-resistivity layers of the Yingshan Formation in 20 
wells was examined (1507 m in total, Figure 4b) and the 
presence was determined of 55% micrite (832 m long) 
(Figure 5c), 5% marl (77 m long), 17% silt-size crystalline 
limestone (262 m long), 2% argillaceous limestone (32 m 
long), 20% dolomitic limestone (294 m long), and a little 
dolomite (Figure 5d). These 2 types of carbonate sealing, 
i.e. the cap rock and high-resistivity barrier layers, on the 
Tazhong Northern Slope are primarily micrite. The 3rd to 
5th members of the Lianglitag Formation are more shaly, 
and high-resistivity layers in the Yingshan Formation are 
more dolomitic.
3.2. Thickness and distribution
The 3rd to 5th members of the Lianglitag Formation 
cover the whole Tazhong Northern Slope and its thickness 
reduces from about 300 m at the Tazhong No. 1 Fault 
belt (279 m in well M43) to several meters at the Central 
Fault Belt. The cap rock in the Tazhong No. 10 structural 
belt is nearly 200 m thick; for example, it is 190 m in well 
M19 and 247 m in well M42. Additionally, the 4th to 5th 

members are lost in most parts of the western Tazhong 
Low Rise and form the thicker cap rock in the east and 
thinner in the west (Figure 6). The 3rd to 5th members 
of the Lianglitag Formation are 100 m to 200 m thick 
on average, e.g., 114 m in well M55 and 115 m in well 
M9. Its thickness in the east is more than 300 m with a 
maximum of more than 800 m, e.g., 306 m in well M27, 
522 m in well M49, and 854 m in well M60. The dense 
limestone is widely distributed with a large thickness and 
makes a good sealing for the oil/gas zones in the Yingshan 
Formation.

As seen in the fence diagram in Figure 6, there are 6 
high-resistivity layers with stable distribution within the 
1st and 2nd members of the Yingshan Formation: 1) the 
upper section of the 1st member, denoted Y1-G1; 2) the 
lower section of the 1st member, denoted Y1-G2; 3) the 
upper-1 section of the 2nd member, denoted Y2-G1; 4) 
the upper-2 section of the 2nd member, denoted Y2-G2; 
5) the upper-3 section of the 2nd member, denoted Y2-
G3; and 6) the lower section of the 2nd member, denoted 
Y2-G4. Note that the Yingshan Formation was denuded 
gradually from the Tazhong No. 1 Fault Belt to the Central 

Figure 1. Location and top of structure of the Yingshan Formation on the Northern Slope, Tazhong Low Rise.
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Fault Belt and this resulted in the disappearance of the 1st 
member and part of the upper section of the 2nd member 
near the Tazhong No. 10 Fault Belt. Therefore, high-
resistivity layers Y1-G1 and Y1-G2 of the 1st member 
were preserved near the Tazhong No. 1 Fault Belt, but 
were denuded with the pinch-out of the 1st member 
toward the Central Fault Belt. High-resistivity layer Y1-

G1 is 0–65 m thick (65 m in well M17 and 50 m in well 
M14); layer Y1-G2 is 0–30 m thick (21 m in well M29 and 
16 m in well M58). Of the 4 high resistivity layers in the 
2nd member, layer Y2-G1 is 20–65 m thick (43 m in well 
M25); layer Y2-G2 is 10–30 m thick (18 m in well M61 
and 23 m in well M19); layer Y2-G3 is 10–30 m thick (21 
m in well M53); and layer Y2-G4, which is penetrated by 

Figure 2. Generalized stratigraphy and lithology of Sangtamu Formation, Lianglitag Formation, and Yingshan Formation.
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only a few wells, is 10–50 m thick (42 m in well M20). As 
mentioned previously, the high-resistivity layers and the 
reservoir beds constitute sequential seal–reservoir bed 
assemblages.

3.3. Sealing capability
The layers of oil and gas accumulations in the lower 
reservoir beds of the 1st and 2nd members of the Yingshan 
Formation (Figure 7) are all sealed by the 3rd to 5th 

Figure 3. Characteristics of high-resistivity layers of Yingshan Formation in Well M20.
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members of the Lianglitag Formation and the inner high-
resistivity layers. The barrier layers not only seal oil and 
gas zones but also influence the movement of underlying 
fluid. Multiple volcanic hydrothermal activities took place 
on the Tazhong Northern Slope (Jia et al., 1995; Jin et 
al., 2006), and hydrothermal fluid was retained in place 
by barrier layers to reform and improve the Yingshan 
reservoir beds. For example, faults developed in the area 

near well M35 in the east of the Tazhong Northern Slope, 
and hydrothermal fluid reformed the reservoir beds along 
the faults. Hydrothermal activity in the reservoir beds of 
the 1st and 2nd members of the Lianglitag Formation can 
be clearly tracked by means of various fingerprints, such 
as pyrite filling in the fractures in a core sample (Figure 
8a). Similarly, the reformation of the 5th member of the 
Lianglitag Formation by hydrothermal fluid is detected 

Figure 4. Lithologic characteristics of the carbonate cap rock in the Northern Slope of Tazhong Low Rise: a) 3rd to 5th 
Lianglitag members; b) high-resistivity layers of Yingshan Formation.

Figure 5. Characteristic core sample of the carbonate cap rock from on Northern Slope of Tazhong Low Rise: a) 
micrite, altered pores filled with calcite, well M35, 4983.4 m, O3l

5; b) pelitic limestone, well M36, 4881.0 m, O3l
3; c) 

micrite, altered pores filled with calcite, well M48, 5882.0 m, O1y; d) dolomite, well M49, 5644.6 m, O1y.
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due to the formation of calcite recrystallization in the holes 
of a core sample recovered from this formation (Figure 
8b). Coarse-grained dolomite and hydrothermal dolomite 
developed away from the faults to form honeycomb 
dolomite (Figures 8c and 8d). Medium- to fine-grained 
dolomite developed farther away from the faults. 
Silicification and hydrothermal metasomatism developed 
in the deeper reservoir beds near the faults (Figures 8e and 
8f). 

4. Samples and method
The sealing capability of carbonate rock is difficult to 
evaluate with a single indicator or technique; the only way 
is to integrate the laboratory analysis, log-data analysis, 
and geological interpretation of sedimentary facies, 
stratigraphic correlation, diagenetic evolution, etc. The 
petrophysical properties of cap rock were investigated 
through the parameters of coreflood displacement 
pressure, permeability, porosity, density, and specific 
surface area and the analysis of micropore composition. 
The coreflood displacement pressure is the most direct 

parameter indicating the sealing capability by actual 
measurement. In this study, 12 core samples from the 
3rd to 5th members of the Lianglitag Formation, 9 core 
samples from the high-resistivity layers in the Yingshan 
Formation, and 5 core samples from the Yingshan 
reservoir beds were tested for displacement pressure. From 
each full-size core sample a core plug with the diameter of 
2.5 cm was cut perpendicular to the bedding plane and 
was sequentially washed with a solvent, dried, desalinized 
by flooding or leaching, and dried. Each core plug was 
then saturated with a solution of aviation kerosene in a 
PH-2 type vacuum saturation apparatus for 4 days. The 
kerosene-saturated core plug was placed in the rubber 
sleeve of a core holder and circumferential liquid pressure 
was applied outside the rubber sleeve by means of a high-
pressure pump so that the surface of the core plug was 
completely sealed by the rubber sleeve. Pure nitrogen gas 
was then injected into the core plug at a predetermined 
driving pressure. At the time (t1) of gas breakthrough at 
the outlet-end of the core plug, the injection pressure was 
recorded as the penetration pressure (P1). After saturating 

Figure 8. Model of reservoir bed reformation with hydrothermal fluid intrusion by carbonate cap rock: a) pyrite-filled fracture 
in a core of marl, from 4812-m depth in well M36; b) hydrothermal dissolution vugs in a core, from 5001-m depth in well M35; 
c) honeycomb pores in a core of hydrothermal dolomite with recrystallization, from 5225-m depth in well M36; d) crossed nicols 
microscope view of saddle dolomite, from 5234-m depth in well M36; e) crossed nicols microscope view of cherty limestone, 
from 5241-m depth in well M36; f) cherty limestone core piece, from 5241-m depth in well M36.
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the same core plug with the formation water, the injection 
procedure was repeated, at the end of which a new 
penetrating pressure (P2) and new breakthrough time (t2) 
were obtained. The Poiseuille equation, modified by the 
integral transformation (Huang and Hao, 1994) as in Eq. 
(1) below, was used to establish the relation between the 
penetrating pressure and breakthrough time. Eventually, 
Eq. (2) below was utilized to estimate the displacement 
pressure (P0). In order to ensure accuracy, the doubtful 
core samples were retested using the FYKS-2 type porosity 
and permeability tester, which was operated under high-
temperature overburden pressure. 

 (1)

 (2)

Here, t is the breakthrough time, L is the sample length, 
q is the injection flow rate; µ is the injection fluid viscosity, 
ra is the correction parameter, Pi is the penetration pressure, 
and P0 is the displacement pressure.

Meanwhile, the cores, drill cuttings, and their thin-
sections were examined under microscope, and statistical 
analysis was performed on the logging data, e.g., gamma 
ray (GR), porosity, fracture porosity, and electric resistivity.

5. Results and sealing evaluation
5.1. Sealing effectiveness
5.1.1. Dense limestone in the 3rd to 5th members of the 
Lianglitag Formation
Sun et al. (2008) analyzed the relationship between cap 
rock thickness and the amount of reserves and found that 
40 m is the minimum thickness for a gas reservoir with 
medium recovery efficiency and with the reserves of more 
than 400 × 106 m3/km; 100 m is the minimum thickness 
for a gas reservoir with high recovery efficiency and with 
the reserves of more than 1 × 109 m3/km. The cap rock of 
the 3rd to 5th Lianglitag members is generally more than 
80 m thick. From the relationship between thickness and 
the underlying oil and gas reserves it can be deduced that a 
cap rock thicker than 100 m can seal the oil and gas zones 
(Figure 9). For the seal thickness of more than 200 m, both 
the oil/gas recovery and gas/oil ratio (GOR) increase with 
increasing thickness, indicating an efficient sealing for gas.

The increase in shale content and decrease in porosity 
and permeability give the carbonate rock better sealing 
capability. The conventional GR log readings and the 
shale content also show a positive correlation. Statistical 
analysis of the log data in oil/gas wells has shown that the 
GR response of carbonate cap rock is less than 20 API in 
the pay zone in the Lianglitag reservoir bed, in the well 

blocks of M45 and M83 (Figure 10), and is more than 20 
API in the pay zone in the Yingshan reservoir bed, in the 
well blocks of M8-43 and M5-7. Therefore, a GR response 
of 20 API is considered to be an important evaluation 
parameter for the sealing capability of the 3rd to 5th 
Lianglitag members.

In addition to shale content and porosity from log 
data, the sealing capability of carbonate was also evaluated 
by testing displacement pressure (Pd) and calculated 
displacement pressure (Pc). Generally, the higher the shale 
content and the lower the porosity were, the higher the 
displacement pressure was, which indicates good sealing 

Figure 9. Variation of oil/gas output and gas-oil ratio with 
respect to the thickness of 3rd to 5th members of Lianglitag 
Formation.

Figure 10. Gamma ray (GR) response of different oil- and/or 
gas-producing layers in various well blocks.
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capability. Out of 13 core samples of the 3rd to 5th members 
tested, breakthrough was observed only in 3 samples at 
the pressure of 14 MPa (Table 1). Shale content (GR) and 
porosity (Φ) were correlated with the testing displacement 
pressures (Pd) to obtain the calculated displacement 
pressure (Pc). A comparison of the displacement pressures 
of core samples from 4 wells (Figure 11) showed that the 
sealing capability was poor for displacement pressures 
of less than 14 MPa, excluding faults’ interference. For 
example, oil and gas seem to have migrated up through 
the cap rock (Pc < 14 MPa) and were accumulated in the 
overlying 1st to 2nd Lianglitag members in the region of 
wells M62 and M54. On the other hand, the cap rock in 
the region of wells M49 and M46 seems to successfully 
prevent the oil/gas migration with Pc of more than 14 
MPa. Therefore, the displacement pressure of 14 MPa is 

considered to be the lower limit for the sealing capability 
of carbonate cap rock in the 3rd to 5th Lianglitag members.
5.1.2. High-resistivity layers in the Yingshan Formation
Based on the test results obtained from 9 core plug samples 
of high-resistivity layers and from 5 core plug samples of 
the reservoir bed (Table 2), the displacement pressures of 
high-resistivity layers are found to be greater than 3 MPa 
and those of reservoir beds are found to be less than 3 MPa. 
Moreover, relatively high displacement pressures observed 
in the core samples of dolomitic limestone (4.70 MPa in 
sample M27-GY1 and 4.13 MPa in sample M47-GY1-2) are 
attributed to dolomitization and low intercrystal porosity. 
Note that the displacement pressures in dolomite samples 
were observed to be less than in limestone samples for the 
same porosity, as shown by 2 related curves in Figure 12. 

Figure 11. The measured porosity and displacement pressure data (in red) for the core samples from 4 wells drilled through the 
effective sealing sections of the 3rd to 5th members of the Lianglitag Formation.

Figure 12. Variation of displacement pressure as a function of porosity in the 
high-resistivity layers of Yingshan Formation.
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The regression equations for these 2 curves were used to 
calculate the displacement pressures in the formations of 
pertinent lithology and for the prevailing level of porosity. 
Despite the displacement pressures in the samples of 
high-resistivity inner layers of the Yingshan Formation 
being lower than those of the samples of the 3rd to 5th 
members of the Lianglitag Formation, the exploration 
of the Tazhong Northern Slope has proven the isolated 
vertical zonation of the hydrocarbon accumulation in the 
Yingshan reservoir beds (Figures 7 and 13). For example, 
evidence for efficient sealing capability of high-resistivity 
layers is encountered in wells M20 and M63.

Although the porosity difference between the high-
resistivity layers and their underlying reservoir beds varies 
widely, the displacement pressure differential between 
them is high in general. A high-resistivity layer can provide 
a seal for the underlying oil and gas zone, provided that the 
pressure difference is at or above the critical value of 6 MPa. 
When the pressure difference is less than 6 MPa, oil and 
gas shows are found in the overlying reservoir beds (Table 
3) and the underlying reservoir bed may produce oil, gas, 
water, or nothing, which is the indication of poor sealing 
capability of such high-resistivity layers, as observed 
in wells M32, M9, and M59. If the pressure differential 
is greater than 6 MPa, oil/gas/water or nothing may be 
found in the overlying reservoir bed, but the underlying 
reservoir bed will produce oil and/or gas, which indicates 
the good sealing capability of such high-resistivity layers. 
For instance, in well M35, as the overlying reservoir bed 
produces water the underlying reservoir bed produces oil 
and gas, indicating the good sealing capability of the high-
resistivity layer (Table 3). Consequently, the difference 
of 6 MPa is considered to be the lower limit of sealing 
capability of high-resistivity layers. 
5.2. Controlling factors of carbonate cap rock
5.2.1. Sedimentation
The original sedimentary facies directly influenced the 
distribution and the sealing capability of the cap rock. 
According to Yuan et al. (2012), the sedimentary facies 
of the Yingshan Formation are of the slope-edge platform 
and open platform. The major sedimentary facies of 
high-resistivity layers were deposited in the interbank 
seas and low-lying platforms with deep seawater and low 
depositional energy, which resulted in the development 
of micrite, silty crystalline limestone, and biomicrite with 
medium to large bed thickness.

During the sedimentation of the 3rd to 5th members of 
Lianglitag Formation, the reef flat became smaller and the 
interbank sea deposition of mainly argillaceous limestone 
with substantial thickness occurred in between the 
platform margin reefs. The lithology of these sediments 
then controlled the sealing capability of the cap rock. In 
general, primarily the argillaceous limestone (in samples 

M12-L and M36-L) and secondarily the micrite (in samples 
M62-L and M54-L) exhibit strong sealing capability. 
However, the dolomitic limestone and dolomite (in sample 
M36-CY2-1) have weak sealing capability. For the same 
porosity, the sealing capability of dolomitic limestone (in 
sample M47-GY1-2) is less than that of micrite (in sample 
M47-GY1-1). The difference in displacement pressure and 
porosity relationship for limestone and dolomite (Figure 
12) may be attributed to mineral matrix porosity. For 
the carbonate cap rock, the greater the thickness is, the 
more difficult is the fracturing-induced destruction of the 
sealing capability that is stronger due to the hydrocarbon 
saturation and limited capillarity.
5.2.2. Diagenesis
Analyses conducted on the core samples have revealed 
that the carbonate rock experienced complex porosity 
changes during late diagenesis. Primary pores were 
formed in the deposition phase, and secondary pores were 
formed in the early diagenesis (exposure) phase. Most of 
the pores were partially preserved through the changes 
in the late diagenesis phase and, hence, a good reservoir 
bed was formed by the carbonate rock, which otherwise 
would have become a cap rock upon the destruction and 
vanishing of those pores. In particular, the late filling 
and cementation by calcite, recrystallized dolomite, and 
silicification during diagenesis significantly influenced 
the development of sealing capability of the cap rock. The 
observations and analyses conducted on 31 thin sections 
of high-resistivity layers revealed (Table 4; Figure 14) that 
the cement content was generally more than 10% and up 
to 31%, while the cement content in the reservoir bed was 
generally less than 10%. SEM images of the rock specimens 
from the 3rd to 5th members of the Lianglitag Formation, 
which is relatively dense with high cement content, show 
that an intergranular pore of calcarenite was filled with 
coarse-grained calcite (Figure 15a) and an intergranular 
hole was only 1 to 2 µm in diameter due to the presence 
of illite or other clay minerals (Figures 15a and 15b). 
Calcite was the main cement that filled the intergranular 
pores, early pores, fractures, and crevices. The thin-section 
analyses conducted using polarized light and cathode-
ray luminescence provided the detection of 2 phases of 
cement formation in a sample (Figures 16a and 16b) and 
even 4 phases of cement formation in another sample 
(Figures 16c and 16d). Both phases of cement formation 
occurred through the complex and everlasting diagenesis 
during the long process of deep burial. However, early 
microcrystalline cement residues are still observed in 
individual samples (Figure 16, marked I). Calcite cement 
seems to help the improvement of sealing capability, just 
as a limy mudstone (mudstone with an adequate amount of 
carbonate cements) does in the Tu-ha Basin or a mudstone 
with some dolomite (10%–15%) does in the Liaohe Basin, 
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Table 4. The results of thin-section analysis of high-resistivity layers and reservoir rock.

Well Lithology Strata Depth
(m)

DDL
(Ω m)

Percentage composition (%)
Reservoir/cap rock

Calcite Dolomite Grain Mud Cement

M50

Dolomitic limestone O1y 3723.8 3603 85 15 59 10 31 Cap rock

Dolomite O1y 3761.6 655 20 80 77 13 10 Reservoir

Dolomitic limestone O1y 3834.2 2700 88 12 79 4 17 Cap rock

Dolomitic limestone O1y 3894.3 6082 71 29 62 15 23 Cap rock

Limy dolomite O1y 3959.1 1524 26 74 78 11 11 Cap rock

Dolomite O1y 4021.7 1006 8 92 88 2 10 Cap rock

Dolomitic limestone O1y 4022.3 898.8 85 15 70 13 17 Cap rock

M37
Dolomitic limestone O1y 5624.2 170 86 14 91 1 8 Reservoir

Dolomitic limestone O1y 5683.2 180 84 16 74 10 16 Reservoir

M47

Dolomitic limestone O1y 4148.0 830 86 14 77 19 4 Reservoir

Dolomitic limestone O1y 4152.7 830 87 13 88 4 8 Reservoir

Limy dolomite O1y 4157.1 830 28 72 93 2 5 Reservoir

M36

Dolomite O1y 5231.8 300 5 95 98 1 1 Reservoir

Dolomite O1y 5241.6 3000 11 89 88 2 10 Cap rock

Dolomitic limestone O1y 5243.6 300 90 10 9`0 3 7 Reservoir

M32
Dolomitic limestone O1y 5834.9 890 83 17 74 16 10 Reservoir

Dolomitic limestone O1y 5839.7 890 84 16 87 8 5 Reservoir

M49
Dolomitic limestone O1y 5562.1 6000 86 14 81 9 10 Cap rock

Dolomitic limestone O1y 5602.7 12000 87 13 60 25 15 Cap rock

M34

Dolomitic limestone O1y 5547.6 1300 86 14 70 3 27 Cap rock

Dolomitic limestone O1y 5586.4 390 79 21 89 3 8 Reservoir

Dolomitic limestone O1y 5595.5 130 86 14 87 3 10 Reservoir

M41
Dolomitic limestone O1y 6492.1 1600 85 15 88 2 10 Cap rock

Dolomitic limestone O1y 6496.2 1600 88 12 75 11 14 Cap rock

M57

Limy dolomite O1y 5572.2 1700 23 77 88 2 10 Cap rock

Limy dolomite O1y 5578.5 1090 35 65 88 1 11 Cap rock

Dolomite O1y 5580.8 519 4 96 97 1 2 Reservoir

Limy dolomite O1y 5594.4 908 31 69 90 7 3 Reservoir

Limy dolomite O1y 5617.7 991 31 69 90 2 8 Reservoir

M43 Dolomitic limestone O1y 6755.4 688 85 15 45 51 4 Reservoir

M56 Dolomitic limestone O1y 6595.9 2000 57 43 83 2 15 Cap rock
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where the breakthrough pressure is higher than the pure 
mudstone at the same depth (Huang and Deng, 1995).
5.2.3. Tectonism
Ordovician carbonate rock, which has well-developed 
fractures and crevices as the result of carbonate dissolution, 
has experienced multiple tectonic movements. Carbonate 
rock near faults was easily broken due to the significant 
variation of some of its physical properties, e.g., porosity and 
permeability, and its sealing capability became weaker or 
even disappeared with unstable lateral variation. The tectonic 
movements caused the Tazhong Northern Slope to be cut by 
several NE strike-slip faults (Figures 1 and 7). The faults that 
cross the relatively thin 3rd to 5th members of the Lianglitag 
Formation are detected in wells M55 and M26 in the west, 
where the 4th to 5th members disappear. In addition to 
the aforementioned faults, the well-developed faults and 
fractures that cross the thick 3rd to 5th members of the 

Lianglitag Formation in the east established the migration 
paths for oil and gas, which migrated upward through these 
paths and accumulated in the 1st and 2nd members of the 
Lianglitag Formation. The occurrence of such a fault and 
fracture system caused the reformation of some parts of the 
3rd member from the nonreservoir bed to an oil and gas 
accumulation medium, which is encountered in well M30.

6. Conclusions
1) The lithology of Lianglitag carbonate cap rock and 
Yingshan inner barrier layers is primarily micrite on the 
Tazhong Northern Slope. The 3rd to 5th members of the 
Lianglitag Formation are highly shaly, and barrier layers in 
the Yingshan Formation are more dolomitic. The cement 
content of the barrier layers is generally more than 10% 
and that of the reservoir bed is generally less than 10%. 
The 3rd to 5th members of the Lianglitag Formation 
are relatively dense with high cement content, which is 
observed in thin-section analysis as an intergranular pore 
of calcarenite being filled with coarse calcite cement and as 
the reduction of throat size of an intergranular pore to 1 to 
2 µm due to being filled with clay.

2) The cap rock of the 3rd to 5th Lianglitag members 
is more than 100 m thick and can seal oil and gas zones. 
The oil/gas recovery and GOR increase with increasing 
thickness beyond 200 m, indicating a good sealing for gas. 
Argillaceous limestone has better sealing capability for oil 
and gas than micrite. Generally, the 3rd to 5th members, 
with GR response greater than 20 API and displacement 
pressure greater than 14 MPa, serve as good direct cap 
rock that provides efficient sealing for oil and gas zones.

3) Six stable inner barrier layers with the thickness 
of several tens of meters are present in the 1st and 2nd 
members of the Yingshan Formation. Displacement 

Figure 14. Comparison of cement content with respect to deep 
resistivity response in reservoir beds and cap rock.

Figure 15. Scanning electron microscope images of carbonate cap rock of 3rd and 5th members of Lianglitag Formation: 
a) gray grain limestone, intergranular fracture filled with coarse calcite, intercrystalline pore filled with illite flake, well 
M83, O3l, 5334.5 m; b) gray bioclastic limestone, intercrystalline pore spaces of 1–2 µm with illite flakes, well M83, O3l, 
5446.7 m; CC- coarse calcite; IL- illite; PL- psammitic particle; CA- calcite.
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Figure 16. Different periods of intergranular calcite cement: a, b) micrite with 2 phases of calcite cement marked I and II, from 5073 
m of depth in well M36; c, d) micrite with 4 phases of calcite cement marked I to IV, from 6401 m of depth in well M40. (a) and (c) are 
under plane polarized light and (b) and (d) are under cathode-ray luminescence.

pressure in dolomite is lower than that of limestone for the 
same porosity. Barrier layers with displacement pressure 
6 MPa higher than that of the underlying reservoir bed 
could provide good sealing.

4) Carbonate cap rock is controlled by the original 
sedimentary facies and is influenced by the late 
diagenesis to become dense with high cement content. 
Generally, a relatively stable lateral distribution is 
exhibited by the direct cap rock and the inner barrier 
layers, and the latter form several sequential sets of a 
reservoir bed-sealing layer assemblage, which cause the 
vertical zonation of hydrocarbon accumulations that are 
clearly identified in the Yingshan Formation. In the case 
of sealing failure of the direct cap rock, oil and gas could 
migrate further upwards through the fault system and 

accumulate in overlying 1st and 2nd members of the 
Lianglitag Formation, which is sealed by the regional 
cap rock of Sangtamu mudstone.
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