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Abstract: Cast thin section observation, scanning electron microscopy (SEM), high-pressure mercury injection 

(HPMI), and nuclear magnetic resonance (NMR) were used to examine the microstructure of tight carbonate 

reservoirs in the Lower Jurassic Da'anzhai Member, the central Sichuan Basin. The pore space in the Da'anzhai 

Member is classified into 2 types and 17 subtypes, with nano-scale pore throats of „O‟, „S‟, „Z‟, and „I‟ shapes. 

Poorly sorted pore throats vary greatly in diameter; thus, it is difficult for fluid flow to pass through these pore 

throats. There are three classes of pore throats in carbonate reservoirs, i.e. isolated pores, pores coexisting with 

fractures, and large pores and fractures. Isolated pores may provide some pore space, but the permeability is low. 

Pores and fractures coexisting in the reservoir may have a great impact on porosity and permeability; they are the 

major pore space in the reservoir. Large pores and fractures have a great impact on reservoir properties, but they 

only account for a limited proportion of total pore space. The microstructure of Da'anzhai reservoirs, which 

dominates fluid mobility, is dependent on sedimentary environment, diagenesis, and tectonic process. Pore 

structure is related to sedimentary environment. The occurrence of microfractures, which may improve reservoir 

properties, is dependent on tectonic process. Diageneses are of utmost importance to pore evolution, cementation 

and growth of minerals have played an important role in destroying reservoir microstructure. 

 

Keywords: Sichuan Basin, Lower Jurassic, Da'anzhai Member, tight carbonate rocks, microscopic pore structure, 

diagenesis 
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1 Introduction 

 

Tight oil, a type of unconventional resources, has become a major target of hydrocarbon exploration 
and production (Law et al., 2002; Sarg, 2011; Jian et al., 2012, Xu et al., 2012; Zou et al., 2010, 2013, 
2014, 2015; Zhang et al., 2015). Recent production decline in some US prospects (e.g. Bakken and 
Eagle Ford) may partially be attributed to low matrix permeability and poor fluid mobility in 
micropores (Gong et al., 2013; Wachtmeister et al., 2017; Singh et al., 2018; Wan et al., 2018). The 
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Sichuan Basin is an important petroliferous basin in China. The Lower Jurassic Da'anzhai lacustrine 
coquina in the central Sichuan Basin is of extremely low porosity, low permeability, and strong 
heterogeneity. The average porosity is below 2% and the permeability is below 0.1×10

-3 
μm

2
. Reservoir 

space is composed of micron- to nano-scale pores and fractures. There are several reservoir types, i.e. 
fractured, fractured-porous, and porous-fractured (Liang et al., 2011; Chen et al., 2013; Chen et al., 
2015; Huang et al., 2015; Yang et al., 2016; Ni et al., 2015; Tao et al., 2015; Tian et al., 2017; Yang et 
al., 2017; Pang et al., 2018). Previous studies dealt with some factors of tight oil high yield and stable 
production in central Sichuan and hydrocarbon significance of various pore types, but they did not 
concern fluid mobility in different reservoirs. In this paper, the microstructure, including pore space, 
pore throat distribution, and fluid mobility, of tight carbonate reservoirs in the Da'anzhai Member, 
central Sichuan Basin, was examined by way of thin section observation, SEM, HPMI, and NMR. The 
impact of microscopic pore structure on fluid mobility and major controls of microstructure in different 
reservoir types are discussed. The study results may provide useful geologic information for tight oil 
exploration and production in China. 

 

2 Geology 

 

2.1 Geologic setting 

The central Sichuan Basin lies in the center of the Upper Yangtze Craton Basin. Bounded by the 
Longquanshan fault in the west and Huayingshan fault in the east, it runs across the gentle low-relief 
zone in the Paleo-depression, northern Sichuan Basin in the north, and the low-relief folded zone in the 
middle of Paleo-slope, southwestern Sichuan Basin, and gently dipping structural zone in southern 
Sichuan Basin in the south (Shen et al., 2007; Zheng et al., 2012) (Fig. 1). The Sichuan Basin was 
deposited with continental lacustrine sediments at the Early Jurassic Da'anzhai depositional stage, when 
the area of the lake basin reached 1×10

5 
km

2
 at most. Some biologic species, e.g. ostracode, bivalve, 

gastropod, and charophyta, occurred in the basin; their distribution and evolution were dominated by 
lake level rise and drop and experienced a complete cycle of lake transgression and lake regression. 
The Da'anzhai Member is classified into semi-deep lacustrine facies, shallow to semi-deep lacustrine 
facies, shallow lacustrine facies, and shore-lake facies in the lateral direction, and First sub-member 
(Da-1), First-third sub-member (Da-1-3), and Third sub-member (Da-3) from the top down. Da-1 and 
Da-3 are composed of stable shore-lake and shallow lacustrine sediments deposited in the transgression 
and regression periods. These two intervals are the major reservoir beds rich in shell-fragment beaches. 
Da-1-3, a major source bed in the Da'anzhai Member, is composed of semi-deep lacustrine sediments 
deposited at the middle stage of lake transgression, which are mainly black argillutite locally 
sandwiched with argillaceous coquina. 
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Fig.1. Work area and stratigraphic column of Da‟anzhai Member 

 

2.2 Reservoir lithology 

The Lower Jurassic in the study area mainly consists of argillutite and carbonate rocks, and reservoir 
rocks generally occur in shell beaches in shore-lake and shallow lacustrine facies (Table 1). Thick 
sparry shell-fragment limestone, siliceous shell-fragment limestone, and crystalline grained limestone 
tend to occur in beach centers with strong hydrodynamic condition. Argillaceous coquina and micritic 
shell-fragment limestone intercalated with thin mudstone tend to occur in beach flanks with relatively 
weak hydrodynamic condition. Log responses feature GR of 15–65 API, acoustic time of 45–70 μs/ft, 
and resistivity of 100–10,000 Ω·m. The density of tight Da'anzhai carbonate rocks ranges 2.57–2.76 
g/cm

3
; Young's modulus ranges 5–11 GPa; Poisson's ratio ranges 0.23–0.25; brittleness index ranges 

0.42–0.51. 

 

Table 1 Lithologic characteristics of tight carbonate reservoirs in Da’anzhai Member 

Sedimentary 
facies 

Lithology Petrologic features Well logging responses 
Brittleness 

index 

Beach Core 

Crystalline limestone 
Crystal texture with the grain diameter 

of 0.1mm~2mm, intercrystalline pores  
GR 15～25API, RT＞

1000Ω·m 
0.501 

Sparry shell-fragment 

limestone 

Bioclast dominated, calcite strongly 

recrystallized with sparry cementation 
GR 20～40API, RT500～

10000Ω·m 
0.490 

Dolomitic shell-fragment 

limestone 

Dolomite enriched between biological 

debris  
GR 20～40API, RT500～

10000Ω·m 
0.463 

Silicic shell-fragment 

limestone 

Clasts of bivalve shell take dominated, 

quartz with clay minerals distributed 

between shells 

GR 35～65API, RT500～
10000Ω·m  

0.452 

Crystalline coquina 

The product of coquina 

recrystallization and shells compact 

arrangement 

GR 20～40API, RT500～
10000Ω·m 

0.465 

Beach side 

Micritic shell-fragment 
limestone 

Micritic calcite with clay minerals 
distributed between shells 

GR 25～50API, RT100～
10000Ω·m 

0.449 

Argillaceous coquina 
Shells remained intact, disordered, and 

high argillaceous content 
GR 45～60API, RT100～

800Ω·m 
0.418 

 

3 Samples and Methods 

A total of 152 carbonate rock samples were selected from the Da‟anzhai Member tight carbonate 
reservoir drill cores of 41 wells in central Sichuan Basin, SW China. Cast thin section observation, 
SEM, HPMI, and NMR were used to examine the porestructure of tight carbonate reservoirs. SEM 
experiments were performed on FEI Quanta 650FEG SEM instrument of which the acceleration 
voltage and distinguishability are 30kv and 1.2nm, respectively. HPMI experiments based on SY/T 
5346-2005 standards, test with the instrument of AutoPoreIII9405. Sample size φ25mm×25mm, the 
hightest experimental pressure is 228MPa, pore throat measurement range is 0.003μm-1000μm. NMR 
tests, using MesoMR23-060-H-I apparatus, the resonance frequency was set to be 21.243 MHz, T2 
spectra were measured for original samples dried for 24 hours at 105C and then for samples saturated 
with water for 8 hours under vacuum conditions. Centrifugal T2 spectra were measured for samples at 
rotary speed of 7,800 r/min for 4 hours. 

 

4 Results 

 

4.1 Reservoir space types 

Reservoir space in Da'anzhai reservoirs consists of pores-cavities and fractures. As per the forming 
mechanism, position, geometry, occurrence, and size, pores-cavities are classified into 7 sub-types and 
fractures are classified into 10 sub-types (Table 2). 

Dissolved cavities, which are larger than 2 mm in diameter and are pores enlarged by dissolution. 
Dissolved cavities with narrow geometry account for a small proportion of pore space and mainly 
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occur on fracture edge or in lithologically pure crystalline grained limestone (Fig.2). They are the 
product of dissolution by acidulous formation water in a supergene environment diagenetic 
environment or shallow-medium burial environment in the diagenetic process (Pang et al., 2018). 

Pores. Intragranular pores, including visceral pores, shelter pores, boring algae pores (Fig. 2b), and 
intra-shell dissolved pores, occur inside shell particles. Pore diameter ranges from dozens of 
nanometers to dozens of micrometers. Some pores may be filled with sparry calcite (Fig. 2c). 
Interparticle dissolved pores occur among bioclastic particles; these small pores may exhibit various 
geometries (Fig.2d). Intercrystalline dissolved pores and intercrystalline micropores with various 
diameters turn up among crystalline calcite grains (Fig. 2e, 2f). Organic matter-hosted pores scattering 
in organic matter may exhibit irregular elliptic, crescent, and strip shapes (Fig. 2g). Pore diameter 
ranges 100–1,000 nm. The occurrence of such pores is related to organic matter richness and thermal 
maturity. 

Fractures, which include structural fractures, corrosion-enlarged fractures, and interlaminar fractures 
as per core observation. Structural fractures may be classified into low-angle fractures, high-angle 
fractures, and oblique fractures in accordance with attitude. Most fractures in the Da'anzhai Member in 
the study area are low-angle fractures with fracture width below 2 mm (Fig. 2h). The strike of 
corrosion-enlarged fractures with various widths is dominated by original fractures. Dissolved pores 
may also occur along fractures (Fig. 2i). Interlaminar fractures often appear at the sites with lithological 
changes. The attitude of fractures agrees with formation occurrence. Fracture width is commonly less 
than 2 mm. These fractures may be partially filled (Fig. 2j). 

As per microscopic observation, microfractures in this section include pressolution induce fracture 
(stylolites), structural microfractures, intra-shell ruptures, shell marginal fractures, and inter-shell 
fractures. Stylolites generated by compaction-induced pressure solution are less than 50 μm in width 
and may be filled with organic matter (Fig. 2k). Structural microfractures of micron-scale formed by 
tectonic stress may run far and penetrate shells. They may be opened and are common in this region 
(Fig. 2l). Intra-shell ruptures formed by compaction or recrystallization occur inside shell particles. 
Fracture density is large, and fracture length and width are small. Fracture width ranges hundreds of 
nanometers. Such fractures are common in this region and may be filled with crude oil (Fig. 2m). Shell 
marginal fractures with the width below 1 μm occur at shell margin; fracture length is small (Fig. 2n). 
Inter-shell fractures are tectonic stress induced microfractures occurring in interstitial materials among 
shell particles. Fracture width is generally less than 10 μm. Laminar nano-scale microfractures among 
crystalline clay minerals are common in this region. These well-connected fractures are important in 
tight carbonate rocks in the Da'anzhai Member (Fig. 2o, 2p). 
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Fig.2. Reservoir space types of tight carbonate reservoirs in Da‟anzhai Member.  

(a). Well HC125-17-H1, 1479.77~1480.18m, grayish-brown crystalline limestone, narrow and long dissolved cavities on the cylinder, the 

maximum size 6×32mm; (b). Well X46, 2113.22m, crystalline shell-fragment limestone, algal pores in shells, plane-polarized light; (c). 

Well L16, 2243.70m, crystalline coquina, visceral pores filled with sparry calcite, plane-polarized light; (d). Well X8, 1814.25m, 
Micritic-sparry shell-fragment limestone, interparticle dissolved pores occur among bioclastic particles, plane-polarized light; (e). Well 

X44, 2133.00m, crystalline limestone, calcite inter-crystalline pores; (f). Well J61, D-3 sub-member, 2723.45m, calcite inter-crystalline 

pores accompanied by micro-fractures, SEM; (g). Well S2, D-3 sub-member, 2889m, argillaceous coquina, organic pores, SEM; (h). Well 

J14, 2474.8m, argillaceous coquina, low-angle fractures; (i). Well G3, 2369.8m, corrosion enlarged high-angle fractures in the crystalline 

coquina; (j). Well X44, 2112.45m, interlaminar fractures with half fill in the coquina; (k). Well ZT1, 2842.62m, crystalline coquina, 

pressolution induced fracture are filled with organic matter, plane-polarized light; (l). Well X46, 2068.71m, crystalline coquina, structural 

micro-fracture cut through the shells, plane-polarized light; (m). Well X29, 2051.02m, crystalline coquina, the oil filled with the fractures 

in the shells, fluorescent photograph; (n). Well X46, 2088.40m, micritic shell-fragment limestone, the micro-fractures occur at shell 

margin and extend generally shorter, plane-polarized light; (o). Well X46, 2071.41m, argillaceous coquina, there are many structural 

fractures between shells and distributed along the muddy strip, plane-polarized light; (p). Well X44, 2135.45m, argillaceous coquina, 

micro-fractures between sheets of clay minerals, SEM. 
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Table 2 Classification of reservoir space of Da’anzhai Member 

Classification 
Developing Position Genesis 

Size 
Morphological characteristics Density 

Type Subtype Pore diameter / Fracture width 

Pores 

and 

cavities 

Dissolved cavities 
Occur on fracture edge The product of corrosion by 

acidic formation water 
2～10mm 

Strike is in line with the direction of fractures. Low 

Isolated cavities Isolated cavities, narrow geometry Low 

Pores 

Intragranular 

dissolved Pores 
In the shell particles 

Dissolution in diagenesis 

stage or partial dissolution of 

organic matter 

deacidification 

1～1000μm The shape is mostly long and elliptical, microfractures connect High 

50～500nm 
The morphology of nano-scale dissolved pores are different, and most 

of them are isolated pores 
Medium 

Intergranular 

dissolved Pores 
Between shell particles 0.05～1000μm 

Pores from nanometer to micron, irregular in shape, widely distribute 

and connect by nanometer microfractures 
Medium 

Intercrystalline 

dissolved Pores 
Between the calcite grains 

0.05～1000μm 
Morphology controlled by mineral crystals, which are distributed in 

long strips, intercrystalline gaps connects. 
Medium 

Intercrystalline 

micropores 

Recrystallization or 

uncompaction 
0.1～100μm 

Associated with terrigenous clastics or intercrystalline fractures, 

mainly isolated pores 
Medium 

Moldic pores Sparry coquina Dissolution 50～1000μm Shells controlling geometry, filled with calcite Low 

Organic Pores 
Mainly occur in 

argillaceous coquina 

Thermal evolution of organic 

matter 
50～300nm Isolated pores are elliptical, long and densely distributed Low 

Fractures 

Low-angle fractures 

Exist in all kinds of rocks Tectonic stress 

1～5mm 

Fractures are mostly horizontal, open or semi-filled, extension far High 

Oblique crossing 

fractures 

Generally occur in groups and filled with calcite or argillaceous 

materials 
Low 

High-angle fractures 
The angle between fracture and the well axis is less than 15°, mostly 

half-filled. 
Low 

Interlaminar 

fractures 

Lithological changed 

boundary 

Tectonic stress or  

dehydration 

Fractures width less than 5mm, extend far and strike same with 

identical to formations 
Low 

Corrosion-enlarged 

fractures 
Along original fractures Dissolution 

Corrosion along the original fracture edge and strike controlled by 

primary fracture 
Medium 

Pressolution 

induced fractures 
Exist in all kinds of rocks 

Chemical compaction 

induced 
0.1～5μm Stylolites shaped and filled with organic matter Medium 

Structural 

microfractures 

Cut through the shell 

Particles 
Tectonic stress 1～10μm 

Cut through particles and extend far, partially filled with organic 

matter 
High 

Intra-shell ruptures In the shell Particles 

Compaction, 

recrystallization or 

dissolution 

0.01～10μm Mostly interlaced and densely distributed High 

Shell marginal 

fractures 
Occur at shell margin  Diagenesis or tectonic stress 0.1～2μm Morphology controlled by shell and extension short High 

Inter-shell fractures 
In the interstitial materials 

among shell particles 

Tectonic stress and 

dissolution 
0.1～5μm Irregular shapes and fracture length from nano-scale to micron-scale Medium 
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4.2 Pore throat types 

Pore throat size, length, and geometry are crucial to reservoir porosity and permeability (Moshier, 
1989; Hollis et al., 2010; Periere et al., 2011). As per SEM observation, pore throats in tight Da'anzhai 
carbonate reservoirs exhibit „O‟, „S‟, „Z‟, and „I‟ shapes. O-shaped throats with the diameter of 50–500 
nm are the shrunk parts of isolated intercrystalline micropores and intragranular dissolved pores. Throat 
size is dependent on pore size. This throat type is common in this region and features short length and 
small coordination number. O-shaped throats are the major throats connecting porous-fractured or 
porous reservoirs. Due to small coordination number, reservoir connectivity is poor and effective 
porosity is small (Fig. 3a). S-, Z-, I-shaped throats consist of dissolved pores, intercrystalline 
micropores, and microfractures. Microfractures may connect pores and meanwhile provide space for 
hydrocarbon accumulation. Throat size ranges 100–500 nm. These throats mainly occur in fractured 
and fractured-porous reservoirs. Long S-shaped throats are microfractures formed by tectonism and 
dissolution. Some clay mineral grains often adhere to throat walls. The pore-to-throat ratio is high, so 
oil and gas tend to be blocked in the process of migration. S-shaped throats are a bad throat structure 
(Fig. 3b). Z-shaped throats are zigzag throats formed by mechanical effect on calcite. Z-shaped throats 
and S-shaped throats have similar geometry and size, but the former may be smoother due to the effect 
of stress. Such throats mainly occur in lithologically pure crystalline grained limestone and crystalline 
shell-fragment limestone (Fig. 3c). Due to high pore-to-throat ratio, the Jamin effect tends to occur in 
production; this may increase additional resistance and make hydrocarbon migration more difficult. 
Z-shaped throats are a bad throat structure. Short, smooth I-shaped throats are the narrowed parts of 
microfractures and widely occur in coquina. Throat size is dependent on fracture width. Due to their 
good spatial extension, low pore-to-throat ratio, and high coordination number, such throats are 
favorable for hydrocarbon migration (Fig. 3d). 

 

Fig.3. Pore-throat types of tight carbonate reservoirs in Da‟anzhai Member.  

(a). Well G4, 2379.70m, dissolved pores,  O-shaped pore-throat, SEM; (b). Well M030-H31, 1409.20m, S-shaped pore-throat, SEM; (c). 

Well G4, 2441.60m, Z-shaped pore-throat, SEM; (d). Well C2, 1908.20m, I-shaped pore-throat, SEM. 

 

4.3 Pore throat distribution 

 

4.3.1 High-pressure mercury injection 

High-pressure mercury injection tests were made for 144 tight Da'anzhai carbonate core samples 
acquired from 10 areas in central Sichuan Basin. As per the tests, the Da'anzhai carbonate reservoirs 
feature strong heterogeneity, low porosity and permeability, greatly different pore structures, and 
heterogeneous pore throat distribution. The maximum pore throat radius ranges 0.012–6.67 μm with 
the average of 0.13 μm. Samples with the maximum pore throat radius below 1 μm account for more 
than 80% of total samples. This indicates nano-scale pore throats in tight carbonate rocks and low 
permeability. In general, median pressure indicates rock permeability, and median radius indicates 
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average pore throat radius. Small median pressure and large median radius denote good reservoir 
properties. As per the tests, median pressure ranges 8.47–193.97 MPa with the average of 45.27 MPa, 
and median radius ranges 0.003–0.087 μm with the average of 0.045 μm. Samples with median 
pressure below 10 MPa account for no more than 8% of total samples, and samples with median radius 
above 0.05 μm account for 15% of total samples. This indicates low porosity and permeability of tight 
Da'anzhai carbonate rocks. The sorting coefficient of pore throats measures the standard deviation of 
throat size, and it may be used to diagnose pore throat convergence. As per the tests, the sorting 
coefficient ranges 0.04–5.36 with the average of 1.45. Samples with sorting coefficient of 1–5 account 
for 70% of total samples. This indicates divergent pore throat size and poorly sorted pore throats (Table 
3). 

 

Table 3 High pressure mercury injection test 

Area 
SHgmax      

(%) 

Throat radius max 

(μm) 

Pc           

(Mpa) 

Median pore radius 

(μm) 

Sorting 

coefficient 

Sample 

quantity 

Gongshanmiao 21.54~92.41 0.013~2.35 8.47~165.65 0.005~0.087 0.66~2.83 20 

Lianchi-Chongxi 40.57~89.75 0.053~3.102 9.27~192.27 0.004~0.081 0.04~3.76 26 

Jinhua-Qiulin 43.22~90.12 0.015~6.673 10.06~193.97 0.005~0.073 0.04~3.62 29 

Longgang-Yilong 1.51~80.54 0.016~0.943 18.88~192.91 0.003~0.049 0.56~5.36 25 

Wenjing-Xiaotong 39.39~94.48 0.015~1.667 11.65~185.57 0.004~0.063 0.62~3.78 24 

Zhongtaishan 25.34~68.98 0.017~2.809 14.06~134.46 0.006~0.052 0.58~3.32 20 

 

Capillary pressure curves of tight Da'anzhai carbonate rocks were tested to be of types I, II, and III 
(Fig. 4). Reservoir rocks mainly exhibit type-II curves. The porosity ranges 0.61-2.65% with the 
average of 1.41%; the permeability ranges (0.002–0.24)×10

-3
μm

2
 with the average of 0.023×10

-3
μm

2
, 

the displacement pressure ranges 0.26–69.40 MPa; the maximum pore throat radius ranges 0.011–2.786 
μm; the average median pressure is 45.27 MPa; the average median radius is 0.023 μm; the sorting 
coefficient is 0.04–5.36. Type-II curves show negative skewness and no obvious plateau; the 
displacement pressure is high. This indicates small pore throats in Da'anzhai carbonate reservoirs, 
divergent throat size distribution, and small permeability. 

 

Fig.4. High pressure mercury injection curve of tight carbonate reservoirs in Da‟anzhai Member. 

 

4.3.2 NMR 

NMR tests, using MesoMR23-060-H-I apparatus, were made for tight Da'anzhai carbonate core 
samples acquired from 7 producers, i.e. G4, J3, J53, U1, U8, W10, and W6. The resonance frequency 
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was set to be 21.243 MHz, and T2 spectrum, pore size distribution, irreducible fluid saturation (IFS) 
and movable fluid saturation (MFS) were measured. T2 spectra were measured for original samples 
dried for 24 hours at 105C and then for samples saturated with water for 8 hours under vacuum 
conditions. Centrifugal T2 spectra were measured for samples at rotary speed of 7,800 r/min for 4 
hours. The surface relaxivity was calculated to be 50 μm/s. The relation between T2 and pore radius is 
described as 

r=cT2 

where r is the pore radius, μm; c is the conversion factor set to be 0.1; T2 is the transverse relaxation 
time, ms. 

As per the tests, T2 spectra exhibit double peaks or triple peaks. For most samples, the first trough 
occurs at 2 ms and the second peak ends after 50 ms. T2 cutoff ranges 0.44–10.50 ms with the average 
of 2.04 ms. Movable fluid saturation ranges 18.80–70.68% with the average of 36.23%. Pore radius 
concentrates around 0.01–0.1 μm, and 73.3% of pores have the radius below 1 μm.  

 

 

 

 

Table 4 Nuclear magnetic resonance results 

Sample 

number 

T2 

Cutoff 

(ms)  

NMR 

porosity 

(%) 

NMR      

permeability 

(×10
-3

μm
2
)  

IFS 

(%) 

MFS 

(%) 

Transverse relaxation time T2  

 

G4-1 0.62 2.47 0.3700 52.63 47.37 

J3-2 1.59 1.87 0.1100 53.48 46.52 

J3-3 3.70 1.17 0.0100 59.83 40.17 

J53-4 4.50 1.18 0.0012 81.20 18.80 

J53-5 2.97 1.22 0.0044 71.31 28.69 

U1-6 0.44 2.66 3.5900 29.32 70.68 Pore radius distribution 

U1-7 4.50 0.87 0.0016 67.82 32.18 

U8-8 0.60 1.13 0.0060 64.60 35.40  

U8-9 1.10 1.07 0.0140 51.40 48.60 

W6-10 1.25 2.87 0.2800 63.41 36.59 

W6-11 10.50 0.92 0.0006 79.35 20.65 

W10-12 3.91 1.25 0.0095 64.00 36.00 

W10-13 3.40 0.85 0.0021 63.53 36.47 

 

The tests showed that there are micron-scale and nano-scale pores in the samples, but most pores are 
of nano scale. In view of large discrepancies in T2 cutoff, there is a poor correlation between the 
transverse relaxation time, T2, and movable fluids. Pores with T2 below 2 ms account for the most 
proportion of total volume; these pores contribute most to porosity. After the second peak, T2 above 50 
ms corresponds to fractures or large pores, which have a great impact on fluid flow; but they only 
account for a small proportion of total pore space. T2 of 2–50 ms corresponds to micropores coexisting 
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with fractures, which may influence permeability and movable fluid saturation; the porosity is 
relatively high. 

In accordance with microscopic observation, permeability correlates well with microfracture length, 
density, and degree of filling. Permeability and movable fluid saturation may be improved at long 
extension, large fracture density, and low degree of filling. Microfractures with small extension have 
little contribution to permeability; this agrees with preceding studies (Li et al., 2017). Clay mineral 
content has some impacts on T2 spectrum and reservoir properties. T2 spectrum has a left shift and the 
volume ratio of pores at the left peak increases when clay mineral content increases; reservoir 
properties basically remain consistent. When shale content exceeds 20%, the permeability remarkably 
decreases and the porosity remain unchanged. This may be attributed to the effect of irreducible water 
in clay minerals, which leads to the left shift of T2 spectrum at low shale content; in addition, gaps 
among clay mineral grains may contribute to porosity and permeability. But at high shale content, 
microfractures may be filled with clay minerals; thus, the permeability decreases (Fig. 5). 

 

Fig.5. Microscopic characteristics of samples tested by NMR of tight carbonate reservoirs in Da‟anzhai Member.  

(a). Well U1, 2643.25m, the number of samples U1-6#, micritic shell-fragment limestone, multi-scale micro-fractures are well developed 

and have good connectivity, reflected light photograph; (b). Well J3, 2516.4m, the number of samples J3-2#, silicic shell-fragment 

limestone, the micro-fracture extends short and its length is the same size as clastic shell, plane-polarized light photograph. (c). Well J53, 

2859.4m, the number of samples J53-4#, Silic-argillaceous shell-fragment limestone, argillaceous filling of micro-fractures, 

plane-polarized light. 

 

4.3.3 Specific performance of pore throat distribution 

Pore throat distribution could be characterized more directly through comprehensive analyses 
(Clarkson et al., 2013; Nie et al., 2015). For example, Sample G4-1# was Da-1 argillaceous coquina 
acquired from the interval 2,380.17–2,380.37 m. High-pressure mercury injection test showed the 
maximum mercury saturation of 61.26%, the maximum pore throat radius of 0.84 μm, median pressure 
of 58.11 MPa, median radius of 0.013 μm, sorting coefficient of 1.53, and negative skewness of 
capillary pressure curve. NMR test showed movable fluid saturation of 47.37%, double peaks on T2 
spectrum with preponderant left peak, and T2 cutoff of 0.62 ms, which corresponds to pore throat 
radius of 0.062 μm. 

As per various tests, pore throats of this sample have 3 parts, corresponding to segments I, II, and III 
on the curve (Fig. 6). Segment I corresponds to the pores with pore throat radius below 0.06 μm. Such 
pores have little contribution to permeability in terms of mercury injection test; this agrees with the 
NMR result of T2 cutoff 0.62 ms. These pores are of nano scale. Pore diameter distributes in a wide 
range. The pore-to-throat ratio is high. Most fluids are irreducible. Segment II corresponds to the pores 
with pore throat radius of 0.062–0.35 μm, which may be interconnected and have some contribution to 
permeability. Segment III corresponds to the pores with large radius, small pore-to-throat ratio, and 
relatively high permeability. Test results of this sample showed the established relation between pore 
throat distribution and reservoir properties including porosity and permeability, but there is no direct 
correlation between porosity and movable fluid saturation at segments II and III in light of T2 spectra 
of all samples and movable fluid saturation (Fig. 7). Movable fluid saturation differs in various pore 
structures. In other words, fluid mobility in tight carbonate reservoirs is dominated by the 
microstructure of reservoirs. 
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Fig.6. Characteristics of pore-throat distribution of tight carbonate reservoirs in Da‟anzhai Member. 

 

 

Fig.7. Correlation between pore and movable fluid saturation of tight carbonate reservoirs in Da‟anzhai Member. 
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5. Discussion 

 

5.1 Microstructure controls 

Reservoir evolution has experienced a long, complicated process. Sedimentary environment has a 
great impact on rock properties. Diagenesis may influence pore structure, which is crucial to fluid flow 
in the reservoir (Loucks, 2009; Ross et al., 2009; Apaydin et al., 2012; Zou et al., 2012; Du et al., 2014; 
Lai et al., 2014; Ghanizadeh et al., 2015; Yang et al. 2017; Ebrahim S et al., 2018). Tectonic movement 
at the late stage may induce mass microfractures in the reservoir, which could play a constructive role 
in improving reservoir microstructure and fluid mobility. 

 

5.1.1 Sedimentary environment 

Sedimentary environment has a great impact on reservoir properties (Yang et al., 2014; Feng et al., 
2015; Guo et al., 2015; Rupprecht et al. et al., 2017; Wang et al., 2017). Most high-yield wells targeting 
the Lower Jurassic Da'anzhai Member in central Sichuan Basin were drilled at high-energy shell 
beaches (Fig. 8), which were deposited with crystalline limestone, sparry shell-fragment limestone, and 
dolomitic shell-fragment limestone, in shore-lake and shallow lake. Interstitial materials among shell 
particles were washed away by strong current in the high-energy sedimentary environment; this gave 
rise to lithologically pure, brittle bioclastic beaches. Due to the effect of late geologic processes, mass 
dissolved pores and fractures with good pore-throat configuration tended to occur in coquina to form 
fractured and fractured-porous reservoirs with relatively high porosity and permeability. In a 
low-energy environment with stable water body, porous-fractured or porous reservoirs tended to occur 
in thin interbedded micritic shell-fragment limestone, argillaceous coquina, mudstone, and limy 
mudstone. Such pore structures feature micron- to nano-scale pores and microfractures with poor 
interconnectivity and pore-throat configuration. 

 

Fig.8. Early sedimentary micro-facies distribution of Da‟anzhai Member. 
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5.1.2 Diagenesis 

Carbonate diageneses include a series of post-sedimentation physical, chemical, and biogenic 
processes, which are crucial to microstructure and pore evolution (Fig.9). As per analyses, the 
difference in microstructure is attributed to multi-phase diageneses. Some diageneses, e.g. cementation, 
compaction-induced pressure solution, recrystallization, and growth of minerals may narrow early 
pores, deteriorate pore structure, and lower fluid mobility. In contrast, organic acid-related dissolution 
may improve reservoir microstructure in the Da'anzhai Member. 

 

Fig.9. Diagenesis-porosity evolution history of tight carbonate reservoirs in Da‟anzhai Member. 

 

(1) Compaction-induced pressure solution 

As per microscopic observation, violent compaction seriously deformed, broke up, and compacted 
shells in the Da'anzhai Member. Primary intergranular pores were compacted and closed. Due to lineal 
contact or surface contact of shell particles, inter-shell gaps were shrunk and fluid mobility was 
significantly reduced (Fig. 10a). This is one factor that led to tightened reservoir rocks. At large buried 
depth with high formation temperature, carbonate particles may dissolve locally at the contacts where 
chemical potential energy and solubility were increased due to the effect of stress; this gave birth to a 
characteristic structure, i.e. stylolite, caused by pressure solution. The occurrence of stylolites may play 
a constructive role in fluid migration. But in the Da'anzhai Member, most stylolites were filled with 
organic matter and thus had little contribution to fluid flow (Fig. 10b). 
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Fig.10.Compaction and pressure solution in tight carbonate reservoirs of Da‟anzhai Member. 

a. Well W6, 2379.70m, crystalline coquina, Strong compaction causes shells deformation and arranged in a certain direction, plane- 

polarized light; b. Well X46, 2068.65m, crystalline shell-fragment limestone, the pressure-solution induced fractures filled with organic 

and cut through by structural micro-fracture, plane-polarized light. 

 

(2) Recrystallization 

Recrystallization of coquina, especially shell fragments and interstitial materials in pores, tended to 
occur in the Da'anzhai Member due to combined effect of pressure and temperature. Tight Da'anzhai 
carbonate rocks experienced multi-phase recrystallization in accordance with crystal geometry and size 
(Fig. 11). Crystals are mainly irregular medium to coarse crystalline calcite with complex inter-crystal 
contacts. Calcite recrystallization was extremely severe in high-energy shell beaches, where fractured 
and fractured-porous reservoirs occur. This impaired pore connectivity and fluid flow in reservoir rocks. 
Recrystallization was weak in the low-energy environment with stable water body. 

  

Fig.11. Recrystallization in tight carbonate reservoirs of Da‟anzhai Member. 

a. Well J26, 2769.33m, crystalline shell-fragment limestone, multiple stage recrystallization and shell edges are difficult to distinguishe, 

plane-polarized light; b. Well X46, 2069.94m, crystalline coquina, the recrystallization is intense and organic distributed around the shells, 

cross-polarized light. 

 

(3) Growth of minerals 

There are some authigenic minerals, e.g. pyrite and chert, in dissolved pores and fractures in 
Da'anzhai reservoir beds. These minerals may concentrate in microfractures or dissolved pores and 
impair the flow conductivity of reservoir rocks. 
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Pyrite shows complete black extinction in plain-light and cross-polarized light, and it shows metallic 
luster in reflected light. Pyrite usually coexists with asphaltene in the Da'anzhai Member. Asphaltene 
also shows complete black extinction in plain-light and cross-polarized light and tends to be ignored in 
microscopic observation (Fig. 12a, 12b). The good pore structure in fractured and fractured-porous 
reservoirs may be destroyed by mass pyrite and asphaltene residing in microfractures; consequently, 
fluid flow may also be blocked. 

As per the study made by Berner, H2S, generated by bacterial decomposition of organic matter, 
combined with Fe

2+
-bearing minerals to form FeS precipitates and pyrite, Fe2S（Berner et al., 1984; 

Wilkin et al., 1996). In terms of the features of diagenetic minerals, pyrite in the Da'anzhai Member, 
central Sichuan Basin, is the product of Fe

2+
 ions, which originated in fine-grained sediments or 

iron-bearing minerals, combined with S
2-

 ions, which originated in H2S produced by bacterial 
decomposition of organic matter at low maturity or S

2-
 produced by organic matter desulfurization. 

Some studies showed that there were two stages of hydrocarbon accumulation in the Da'anzhai 
Member (Tao et al., 2015), which was favorable for the occurrence of pyrite. At the second stage, 
hydrocarbon accumulated in the reservoir space with FeS precipitates, where pyrite formed due to the 
catalytic action of organic matter and clay minerals (Cai et al., 2001; Wang, 2015). In addition, the 
units of organic matter were redistributed to form asphaltene with complex molecular structures. This 
is why mass pyrite coexists with asphaltene in Da'anzhai reservoir beds (Chen et al., 2010). 

Chert is the product of calcareous biogenic debris replaced by siliceous debris in a shallow lacustrine 
environment at the early diagenetic stage, where biogenic debris were locally dissolved by some 
organic acid produced by biological putrefaction and degradation（Bellanca et al., 1992). Scattered 
dissolved pores in Da'anzhai reservoir rocks were filled with aphanitic chert (Fig. 12c, 12d); this 
somewhat decreased pore space for hydrocarbon accumulation. 

 

Fig.12. Mineral growth in tight carbonate reservoirs of Da‟anzhai Member. 

a. Well W10, 2129.07m, shell-fragment limestone, there develop several micro-fractures, some of which are filled while others are not 

(Blue casting) , plane-polarized light; b. There is the reflected light photo of a, micro-fractures in the top of the picture are filled with 

pyrite and asphaltene while other micro-fractures are not; c. Well X3 1786.25m, dolomitic shell-fragment limestone, the dissolve part 

were filled with cryptocrystalline chert, cross-polarized light; d. Well L001-X2, 1745.60m, sparry shell-fragment limestone were filled 

with aphanitic chert, cross-polarized light. 
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(4) Dissolution 

Dissolution gave rise to dissolved pores and cavities and dissolution-enlarged fractures caused by 
acidulous formation water and dissolved micropores generated by organic matter deacidification (Fig. 
13). Dissolved pores and cavities, intergranular dissolved pores, intragranular dissolved pores, and 
dissolution-enlarged pores and fractures, which were generated by acidulous formation water in a 
supergene diagenetic environment or at shallow–moderate burial stage（Pang et al., 2018), formed an 
extensive pore-fracture network, which may significantly improve hydrocarbon accumulation in 
Da'anzhai reservoir beds. Especially in high-energy shell beaches, dissolution played a constructive 
role in improving the properties of fractured and fractured-porous reservoirs (Fig. 13a). The effect of 
dissolution was relatively weak in a sedimentary environment with low water energy, but it may also 
improve reservoir microstructure. In addition, the Da'anzhai reservoir rocks were in direct contact with 
source rocks. Some dissolved micropores may form at the middle diagenetic stage due to biogenic 
debris dissolution by organic acid (Fig. 13b). This could improve secondary porosity. In summary, 
dissolution played an active role in optimizing reservoir microstructure and improving reservoir 
properties. 

 

 

Fig.13. Dissolution in tight carbonate reservoirs of Da‟anzhai Member. 

a. Well NV002-5-H1, 1366.17m, crystalline coquina, dissolved cavity caused by acidulous formation water; b. Well G4, 2400.47m, 

dissolved pores on the surface of the shell particles and generated by organic matter deacidification, SEM. 

 

(5) Cementation 

Crystals, generated by physicochemical and biochemical precipitation occurring in the diagenetic 
process, may function as cements to fill inter-bioclast pores or cement originally dispersed tiny 
minerals. Violent cementation by sparry calcite in high-energy shell beaches significantly reduced 
primary porosity and interconnectivity (Fig 14a, 14b). In addition, clay minerals which are mainly 
layered illite settled among biogenic debris. When sheet-like clay minerals adhere to carbonate 
particles, there may still be some gaps among clay minerals; this makes it possible for fluid flow (Fig. 
14c). When cloud-like clay minerals settle among carbonate particles or on the surface of shell particles, 
microfractures may be blocked up (Fig. 14d); this is unfavorable for hydrocarbon migration. 
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Fig.14. Cementation in tight carbonate reservoirs of Da‟anzhai Member. 

a. Well L12, 2311.40m, the sparry calcite as cements fill inter-bioclast pores, plane-polarized light; b. Well X44, 2132.95m, sparry 

coquina from the third sub-member, sparry calcite cementation, plane-polarized light; c. Well X44, 2066.75m, argillaceous coquina, the 

lamellar illite adheres to the intercrystalline pores, and the gaps between the minerals are connected, SEM; d. Well G10, 2658.25m, 

argillaceous coquina, the cloud-like clay minerals precipitate on the shell particles and the micro-fractures are blocked, SEM. 

 

5.1.3 Tectonism 

Exploration activities showed that fractures are crucial to hydrocarbon migration and deliverability 
from tight carbonate reservoirs (Chen et al., 2015; Huang et al., 2015; Yang et al., 2016; Yang et al., 
2016; Li et al., 2018; Liu et al., 2018). The Yanshan movement and Himalayan movement, especially 
the latter, had a great impact on the Da'anzhai Member (Xie et al., 2010). Microfractures generated by 
tectonic process may cut shells and early dissolved fractures which were filled (Fig. 15); this could 
improve fluid flow in tight reservoirs. Tectonic process may remarkably improve the microstructure of 
porous-fractured or porous reservoirs, which may be changed into fractured or fractured-porous 
reservoirs with mass interconnected microfractures. Natural microfractures may also connect 
multi-scale pores in the Da'anzhai Member to form an extensive pore-fracture network. Pore-throat 
configuration may be optimized in fractured or fractured-porous reservoirs; this will facilitate 
hydrocarbon production. Hydrocarbon in Da'anzhai reservoirs tended to accumulate in the areas with 
abundant fractures after short-distance migration through pores and fractures (Tao et al., 2015; Pang et 
al., 2018). On the other hand, the production of oil wells may be low close to the faults generated by 
tectonic movements (Yang et al., 2016). 
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Fig.15. Tectonic movement induced micro-fractures in tight carbonate reservoirs of Da‟anzhai Member. 

a. Well JU1, Da-1, 2643.25m, stress induced micro-fractures network（blue casting) , plane-polarized light. b. Well X46, 2133.62m, 

Da-1-3, there are two stages of fractures development, the pressolution induced fracture filled with organic, the structural micro-fractures 

cut the shells and the pressolution induced fractures and improve permeability（red casting) , plane-polarized light. 

 

5.2 Microstructure effect on fluid flow 

Experimental data showed that pore throats in tight Da'anzhai carbonate reservoirs are mainly of 
nano-scale and feature a wide range of throat radius, poor sorting, and low permeability; fluid mobility 
is greatly dependent on microscopic pore structure. O-shaped throats are characterized by small length, 
small coordination number, and poor inter-pore connectivity, in which there are mainly irreducible 
fluids with low mobility. S-shaped throats are long and curved, through which fluid flow may be 
blocked to cause viscous flow due to the existence of clay minerals adhering to throat walls. Z-shaped 
throats are smoother compared with additional throat types, but the pore-to-throat ratio is high. The 
Jamin effect tends to occur in production; this may increase additional resistance and make 
hydrocarbon migration more difficult. I-shaped throats are the narrowed parts of microfractures. Such 
throats are short and smooth and have small pore-to-throat ratio and large coordination number. Due to 
their good spatial extension, such throats are favorable for fluid flow. There are three classes of pore 
throats in carbonate reservoirs, i.e. nano-scale pore throats (Class-I), micron- to nano-scale pores and 
fractures (Class-II), and large pores and fractures (Class-III). Nano-scale pore throats are mainly 
isolated from each other. They may provide some pore space, but the permeability is low. Pore fluids 
are mainly irreducible. Micron- to nano-scale pores and fractures may be somewhat interconnected, 
and they provide reservoir space for fluid accumulation and flow; this is crucial to fluid flow. The 
existence of large pores and fractures may improve reservoir properties, but they only account for a 
small proportion of total pore space. There is no direct correlation between porosity and movable fluid 
saturation for Class-II and Class-III. This is because the difference in fluid mobility is attributed to the 
density of microfractures and clay mineral content. Fluid flow tends to be enhanced in the areas with 
abundant long microfractures. If clay mineral content is high, more fluids may be bound by clay 
minerals. In such a context, the porosity may remain consistent, but the permeability may greatly 
decrease. This means that fluid mobility may be improved through reconstructing the microstructure of 
Da'anzhai reservoirs. 

 

5.3 Reservoirs microstructure key factors 

The Da'anzhai reservoirs in central Sichuan Basin are dual-porosity media. There are several 
reservoir types, i.e. fractured, fractured-porous, and porous-fractured (Liang et al., 2011; Yang et al., 
2016; Yang et al., 2017; Pang et al., 2018). Microstructure varies with reservoir type; this is related to 
sedimentary environment, diagenesis, and tectonic process. High-energy shell beaches were mainly 
deposited with lithologically pure, brittle bioclastic limestone with high density of dissolved pores and 
microfractures, where there are mainly fractured and fractured-porous reservoirs with good pore-throat 
configuration. In the low-energy environment with stable water body, the density of pores and fractures 
is low, while clay content is high; thus, the pore structure is bad. 
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With respect to diagenesis, primary pores were significantly reduced due to the effects of compaction, 
cementation, packing action, and recrystallization. This resulted in low porosity and low permeability 
of Da'anzhai reservoirs. In Period A at the early diagenetic stage with severe compaction, calcite 
cementation and clay mineral replacement led to tightened rocks and low porosity. In Period B at the 
early diagenetic stage with sustained sedimentation and compaction of overlying formations, intense 
calcite cementation and mineral replacement further decreased reservoir porosity; but pore structure 
may become better due to dissolution. In Period A1 at the middle diagenetic stage with increased 
buried depth and geotemperature, the porosity became extremely low owing to rapid sedimentation, 
compaction, and diageneses. On the other hand, stylolites produced by tectonic disruption and local 
pressure solution may improve permeability and pore structure. FeS precipitates occurred at the first 
stage of hydrocarbon accumulation. In Period A2 at the middle diagenetic stage which was 
accompanied with the second stage of hydrocarbon accumulation, hydrocarbon accumulated in the 
reservoir space with FeS precipitates, where pyrite formed due to the catalytic action of organic matter 
and clay minerals. Meanwhile, the units of organic matter were reorganized to form asphaltene with 
complex molecular structures. As a result, mass bitumen and authigenic pyrite coexisted in early pores 
and fractures; this further reduced reservoir porosity and permeability and deteriorated pore structure. 
At the end of A2 at the middle diagenetic stage, mass structural fractures formed by the middle and late 
Himalayan movement; this improved fluid flow and pore structure. In the process of pore structure 
evolution, compaction, cementation, and recrystallization had a destructive effect on reservoir 
microstructure. Cementation and growth of minerals may significantly impair the properties of 
fractured and fractured-porous reservoirs. Such reservoirs mainly occurred in high-energy shell beaches, 
where sparry calcite cementation greatly degraded pore structure. Mineral growth often occurred in the 
process of hydrocarbon migration. Mass authigenic pyrite and asphaltene coexisted and blocked up 
migration pathways. These diageneses may impair the original pore structure of fractured and 
fractured-porous reservoirs, but they had little effect on porous-fractured reservoirs. Dissolution had a 
constructive effect on various pore structures, especially in high-energy shell beaches. Pore structures 
of fractured and fractured-porous reservoirs could be improved by dissolution to form high-graded 
reservoirs. In a low-energy environment, the intensity of dissolution was weak, but it may still improve 
the original pore structure to some extent. 

With respect to tectonism, fractures tended to be generated by tectonic stress in brittle coquina with 
low shale content. The occurrence of microfractures may improve the pore structure of reservoirs, 
especially porous-fractured reservoirs. Mass microfractures could connect originally isolated pores and 
turn original reservoirs into fractured-porous reservoirs with better pore structure. The existence of 
mass microfractures may also optimize the original pore structure by connecting multi-scale pore space. 
In accordance with microstructure, source-reservoir relationship, and hydrocarbon migration in tight 
Da'anzhai carbonate reservoirs, it was concluded that central shell beaches in the Da'anzhai Member 
have lithologically pure, thick reservoir rocks, which were apt to be reconstructed by dissolution and 
tectonic processes to form pore-fracture network with good pore structure. It is suggested conducting 
exploration and development in these areas. 

 

6. Conclusions 

(1) Reservoir space in Da'anzhai reservoirs was classified into two types, i.e. pores-cavities and 
fractures, in accordance with position, geometry, occurrence, and forming mechanism. Pores-cavities 
are further classified into 7 sub-types and fractures are classified into 10 sub-types. Pore throats exhibit 
O, S, Z, and I shapes. I-shaped throats are the most promising type. 

(2) SEM, high-pressure mercury injection, and NMR tests showed that pore throats in tight 
Da'anzhai carbonate reservoirs are mainly of nano-scale and feature a wide range of throat radius, poor 
sorting, and low permeability. There are 3 classes of pore throats. Class-I is nano-scale isolated pores 
which may provide some pore space but contribute little to permeability. Class-II are micron- to 
nano-scale pores and fractures which are important to reservoir porosity and permeability. Class-III are 
large pores and fractures which may improve reservoir properties, but they only account for a small 
Aproportion of total pore space. Fluid mobility in tight Da'anzhai carbonate reservoirs is greatly 
dependent on reservoir microstructure. 

(3) Reservoir microstructure was dominated by sedimentary environment, diagenesis, and tectonism. 
Sedimentary environment was the basis to form original pore structure. Tectonism was crucial to pore 
structure improvement. Diagenesis played a vital role in pore structure evolution. 
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