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A B S T R A C T   

The petrophysical and elastic properties of the carbonate rocks controlled by strike-slip fault are still poor un
derstood due to their significant complexities and strong heterogeneities, causing challenges for the exploitation 
and development of these carbonate reservoirs. To better comprehend the heterogeneity of petrophysical and 
elastic properties of the fault-controlled carbonate rocks, a small carbonate strike slip fault zone is selected, 
which is located in Yangjikan section in the Tarim basin. We combine the geostatistical, microscopic observation, 
petrophysical and ultrasonic analyses to characterize and understand the complexities and heterogeneity of 
petrophysical and elastic properties with different distance to the main fault core. The results show significant 
complexities and heterogeneities of petrophysical and elastic properties, and the variations of rocks drilled from 
the fault core are relatively drastic compared to those from the damage zone. The equivalent pore aspect ratios of 
the rocks are calculated from the differential effective medium theory, the values in the fault core are much 
higher compared to those from the damage zone, which can discriminate the pore network architectures and can 
represent reference for determination of the boundary of fractured damage zone. The controlling factors on the 
heterogeneity of the petrophysical and elastic properties for the selected fault zone are discussed, which mainly 
include the influence of fault structure position on fracture development, fluid selective filling on effective 
fracture and pore development, and the sequence on pore development. The results can contribute to the 
recognition and prediction of the petrophysical and elastic properties and hydrocarbon exploration in carbonate 
strike-slip fault zone in the Tarim Basin, and can provide reference for the construction of integrate multiscale 
heterogeneities models.   

1. Introduction 

The carbonate strike-slip fault reservoirs have become a hot spot for 
oil and gas exploration, and many associated exploration discoveries 
have been achieved in Tarim basin in recent ten years (Wang et al., 
2020; Qi, 2021; Ma et al., 2022). The faults have a complicated struc
ture, which mainly includes: 1) a single or multiple core zone which 
contain most of the fault throw; 2) a fractured damage zone; 3) the host 
rock, also called the protolith. (Mitchell and Faulkner, 2009; Jeanne 
et al., 2012a). The boundary between the fault core zone and fractured 
damage zone generally can be determined by the decrease of the fracture 
or deformation band density, the fault slip and lithology (Wu et al., 
2019). However, it is still difficult to accurately describe the boundary of 

fractured damage zone due to the limited datasets, the heterogeneities 
and complexities of fault zone (Choi et al., 2016; O’Hara et al., 2017; Wu 
et al., 2019). The fault zone is formed by fault activity and fluid disso
lution transformation (Méndez et al., 2020; Qi, 2021; Wei et al., 2021), 
and such intense diagenetic process can alter the mineralogy and the 
structure of the original rocks, causing significant heterogeneities and 
complexities in rock properties (Tian et al., 2019; Wang et al., 2020), 
and leading to uncertainties in optimizing well location these carbonate 
fractured reservoirs. 

The fault zones can act as both hydraulic seal and conduit (Pan et al., 
Wang et al., 2021), hence, it is necessary to understand the petrophysical 
and elastic properties of these carbonate rocks. The petrophysical and 
elastic properties of carbonate reservoirs are controlled by porosity, pore 
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structure and sedimentary environment (Bossennec et al., 2018; Ferraro 
et al., 2020), which have the complex pore network architectures caused 
by the sedimentary environments and the complicated diagenetic pro
cesses (Zhao et al., 2014). The pore type of carbonate rocks mainly in
cludes interparticle pore, intercrystal pore, moldic pore, intraframe 
pore, micro-fracture and vuggy (Kenter et al., 2007; Pan et al., 2019; 
Zhao et al., 2020; Leonide et al., 2012), and these complex pore network 
architectures cause difficulties to comprehend the petrophysical and 
elastic properties of carbonate reservoirs. Another challenge for under
standing the fault-controlled reservoir properties is the heterogeneity, 
which exists at all scales and cannot be studied visually during labora
tory measurements (Leonide et al., 2012; Zhao et al., 2014; Manoorkar 
et al., 2021). Previous studies mainly focus on the architectural char
acteristics, structural evolution and fracture characteristics of the car
bonate fault-controlled reservoirs from a geological point of view 
(Mitchell and Faulkner, 2009; Duan et al., 2020; Xu et al., 2021). 
Although some researchers studied the porosity and permeability het
erogeneity evaluation by rocks drilled from different distance to the 
main fault core, there is still poor understanding on the permeability 
with the distance to the main fault core owing to the sparse permeability 
data (Agosta et al., 2007; Jeanne et al., 2012b; Torabi et al., 2018; Wu 
et al., 2020). Further, fewer studies have investigated the elastic prop
erties of carbonate rocks controlled by strike-slip fault (Jeanne et al., 
2012b; Matonti et al., 2012; Bossennec et al., 2018; Ferraro et al., 2020). 

Therefore, we are still far from fully comprehending the petrophysical 
and elastic properties for these carbonate fault-controlled reservoirs, 
despite being critical to exploration and development. 

In this study, a small carbonate strike-slip fault zone is selected to 
investigate the petrophysical and elastic properties of carbonate rocks, 
which is located in Yangjikan section in the Tarim basin, China. Firstly, 
we combine the geostatistical, microscopic observation, petrophysical 
and ultrasonic analyses on outcrops drilled from different distance to the 
fault core to characterize and understand the heterogeneity of petro
physical and elastic properties. Secondly, the equivalent pore aspect 
ratios are calculated to discriminate the pore network architectures 
based on differential effective medium (DEM) model. Finally, the con
trolling factors on heterogeneity of the petrophysical and elastic prop
erties from fault zones growth are discussed. 

2. Geological setting 

The studied carbonate strike-slip fault zone is located in Yangjikan 
section in the Tarim basin, China, whose geographical coordinate is 
(N40◦ 25′ 29.27′′, E79◦ 10′ 15.6′′), with an overall strike of nearly north- 
south and a total length of about 900 m–1000 m. The Yangjikan section 
located in the south of Keping tectonic unit on the northwest edge of 
Tarim Basin (Fig. 1), and the Keping tectonic unit experienced multi- 
stage tectonic movements such as Caledonian, Hercynian and 

Fig. 1. Division scheme of structural units in Tarim Basin (Modified from Zhou and Du, 2019).  
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Himalayan period (Zhou and Du, 2019). In the Cenozoic, multi-stage 
tectonic faults and nappes were formed in Keping tectonic unit which 
was affected by the remote effect of Eurasian plate collision and the 
revival of the South Tianshan orogenic belt, and the near east-to-west 
and the near north-to-south trending faults are mainly developed in 
this unit (Zhou and Du, 2019). The Yingshan formation of middle and 
lower Ordovician is mainly exposed in Yangjikan section, which is 
mainly comprised of two parts from top to bottom: the lithology of the 
lower part is dominated by gray-white, dark gray medium thick algal 
debris cohesive limestone mixed with mud-bright crystal sand debris, 
micrite limestone and gray medium-silty dolomite, the geological age is 
Daobaowan period of Early Ordovician. The lithology of the upper part 
is dominated by light-dark gray medium-thick micrite limestone, lami
nated micrite limestone and medium-thick micrite-bright arenaceous 
limestone interbedded, with a small amount of flint bands inside, the 
geological age is Dawan period of Middle Ordovician (Wang et al., 
2019). 

3. Samples and methods 

The outcrops are conducive to comprehend the fault-zone architec
ture, distribution and types of carbonate rocks controlled by strike-slip 
fault, which are helpful to study fluid flow and can be used for our 
measurements (Mercuri et al., 2020; Geng et al., 2021). The studied 
carbonate outcrops are drilled from different distance to the fault core 
from a strike-slip fault zone from Yangjikan section in the Tarim basin. 
Note that the rock properties of outcrops slightly differ from those of the 

subsurface due to the long-term weathering, and hence the weathered 
layers should be cut before preparing the cylindrical specimens. To meet 
the requirement of measurements, the cylindrical core samples with 
different distance to the main fault core are prepared with a diameter of 
25 mm, height about 50 mm as shown in Fig. 2, and two core samples are 
drilled from each outcrop to increase the credibility of the measured 
data. It can be observed that the cores have little visible porosity due to 
they are extremely dense, and a few dissolution vugs can be observed in 
core samples drilled from the fault core (Fig. 2). The leftover sample 
from cutting is used for whole-rock mineral analysis, scanning electron 
microscopy (SEM) and optical thin-section analysis to characterize the 
micro-textures, pore and diagenetic features of these carbonate rocks. 
The porosity and permeability of cores are respectively measured by 
using the HPP100 instrument with nitrogen as the reference fluid at 
ambient conditions, and the permeability is obtained by Pulse-Decay 
technique (Petunin et al., 2011). The ultrasonic velocities of dry core 
samples are measured using ultrasonic pulse test system at room tem
perature and atmospheric pressure, and the dominant frequency of ul
trasonic transducer is 0.5 MHz. 

4. Results and analysis 

4.1. Macro-fracture features 

The overall trending of the studied carbonate strike-slip fault zone is 
nearly NNW, and the structure of the fault zone is divided according to 
the position of the boundary sliding surface, as shown in Fig. 3. A narrow 

Fig. 2. The core samples drilled from different distance to the main fault core. (a) 5.04 m, (b) 4.6 m, (c) 2.6 m, (d) 1.5 m, (e) 1 m, (f) 0.1 m to the fault core. (g) 
Samples drilled from the fault core. 
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main fault core with 1 m–2 m wide can be found, and the rocks in the 
fault core are strongly broken. Multiple sets of sliding surfaces can be 
observed, which are completely filled by calcite veins, with a width of 
10–20 cm. There are fracture damage zones on both sides of main fault 
core with an extension range of about 4–7 m. Note that three groups of 
fractures with different occurrences are mainly developed in the damage 
zone: the first group of fractures has an inclination of about 80◦, the 
second group of fractures is nearly horizontal, and the third group of 
fractures is parallel to the sliding surface. Note there is an associated 

secondary fault at 4.6 m away from the east of the main fault core, and 
the influence should be discussed in later. 

The fractures in the fault zone are generally generated by multiple 
fault activity, which can control the development of reservoir space and 
provide the pathways for hydrocarbons flow (Wang et al., 2020; Qi, 
2021). Hence, the fracture features at the outcrop scale are investigated 
and shown in Fig. 4. The linear density and the spacing of fractures are 
shown in Fig. 4a–(b), the fractures are most developed at the fault core, 
with a linear density of 40 fractures per meter and a minimum spacing of 

Fig. 3. Satellite map and outcrop photos of the studied strike-slip fault.  
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1 m. The linear density of fractures decreases and the fracture spacing 
increases with the distance to the main fault core. Fig. 2 shows that the 
fractures in studied core samples are filled with calcite veins with 
different levels, thus the width and the degree of filling are also inves
tigated as shown in Fig. 4c–(d). In the fault core, the fractures are mainly 
fully filled or semi filled with calcite vein, but they are mainly fully filled 
with calcite vein in the damage zone, and the filling degree of calcite 
vein increases with the distance to the main fault core. The width of 
calcite vein in the fault core is the largest, which can reach 8–10 cm, and 
gradually decreases to both sides from the main fault core. In the area 
about 2 m to the fault core, the filling width has been reduced to about 
0.3 cm, which is difficult to distinguish. 

4.2. Micro-structural analysis 

4.2.1. Pore type and structure 
The Yangjikan section mainly exposes the Ordovician Yingshan 

formation carbonate rock stratum and subject to complex diagenesis in 
the long geological history, causing the original pores are difficult to 
preserve, thereby, which mainly develops secondary pores mainly 
including the dissolution pores, vugs and fractures (Zhao et al., 2016; 
Pan et al., 2015; Ferraro et al., 2020). Figs. 5 and 6 show the thin sec
tions for the sample from the fault core and the damage zone with 5.04 
m to the fault core, respectively. According to the thin section obser
vations, multiple dissolution pores in the rock are occurred along the 

Fig. 4. The macro-fractures feature in different areas of the fault zone. (a) Line density of macro fracture, (b) Spacing of Macro fracture, (c) Width of macro vein, (d) 
ratio of macro vein. 
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fractures, and most of them are filled with calcite crystal due to the 
strong fluid filling in the later diagenesis stage, these phenomena also 
can be observed in the core samples (Fig. 2). Based on the pore classi
fication (Choquette and Pray, 1970; Lønøy, 2006), four pore types are 
classified based on the thin section observations, mainly including dis
solved intergranular pores (Figs. 5a and 6a), intragranular pores 
(Fig. 5b), vugs (Figs. 5c and 6b) and fractures (Figs. 5d and 6c). Inter
granular pores refer to the chamber between fine-grain with the size is 
about 0.2 – 2 mm (Figs. 5a and 6a), which are mainly formed in the 
space that are not occupied by calcite cement and the space after 
coarse-grained calcite residue or local dissolution in microcracks. 
Intragranular pores are tiny pores on the crystal surface of minerals, 
which are mostly circular or oblate. The range of intragranular pores 
observed in the studied rock is 0.5–1 μm (Fig. 5b). The intergranular and 
intragranular pores are poorly developed in these studied rocks, both of 
them can be observed in the fault core (Fig. 5a and b), while the inter
granular pores only can be observed in the damage zone (Fig. 6a). Vugs 
are defined as the pore size more than 2 mm formed by dissolution 
mechanism and often associated with fractures, and they are widely 
developed in the studied rocks, however, almost all vugs are fully filled 
with calcite crystals, and the residual space is less than 10%. The 
diameter of the vugs in the fault core is about 3–4 mm (Fig. 5c), while 

that in the damage zone is about 2–2.5 mm (Fig. 6b). The Fractures or 
microfractures are widely developed in the studied rocks (Figs. 5d and 
6c), which should be formed by tectonic stress release. The extension of 
width for fractures or microfractures vary greatly in the fault core, the 
width of microfractures range from 1 mm to 5 mm (Fig. 5d), while the 
width is only less than 0.5 mm in the damage zone (Fig. 6c). Almost all 
fractures and micro-fractures are filled or semi filled with coarse-grained 
calcite (Figs. 5d and 6c), causing the poor connectivity of these car
bonate rocks. 

4.2.2. Micro-fracture features 
For micro-fractures in carbonate reservoirs, which generally refer to 

fracture opening less than 0.5 mm, and they also have storage and 
transport capacity (Zeng et al., 2010; Guo et al., 2020). Thus, the frac
ture features on the micro-scale are characterized by the thin sections 
and SEM observation. For the fault core samples, the fracture width 
mainly ranges from 1 mm to 5 mm, and the minimum width is less than 
0.5 mm based on the thin sections and SEM observation. Fig. 7a shows 
multiple groups of fractures are developed in the fault core samples, and 
there is a widest main fracture with a width of 6 mm in the center of the 
field of view which almost fully filled with calcite crystals, and a large 
number of micro-fractures and small filled vugs are distributed around 

Fig. 5. Thin sections photomicrographs showing main pore types of the samples from the fault core. (a) Intergranular pore. (b) Intragranular pore. (c) Vug. 
(d) Fracture. 
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it. Fig. 7b shows that an obvious micro-fracture with a fractured opening 
of about 10 μm and length of about 0.5 mm–0.7 mm can be observed 
based on the SEM picture, and the visible part in the micro-fractures is 
filled with calcite crystals. For the damage rock from 5 m to the fault 
core, only one microfracture with long extension can be observed based 
on the thin section which the width is less than 0.5 mm, and the interior 
is fully filled with calcite crystals as shown in Fig. 7c. The rock is 
extremely dense and it is difficult to identify microfractures from the 
observation of SEM pictures, only one suspected micro-fracture with a 
width of about 8 μm can be observed on the surface of mineral grain as 
shown in Fig. 6d. 

The density, filling width and filling ratio of calcite veins of fractures 
and microfractures are counted by microscopic statistical method 
(Fig. 8), and these microfracture fractures are consistent with the macro- 
fractures features at the outcrop scale. Fig. 8a shows that the density of 
microfractures decreases with the distance to the main fault core. The 
filling width of micro veins decreases while the filling ratio of micro 
veins increases with the distance to the main fault core (Fig. 8b and c). 
The microfractures in the fault core are mainly semi or fully filled, while 
they are all fully filled in the damage zone, which should be related to 
the fluid flow resistance caused by hydrodynamic paths with different 
widths in these two regions. 

4.3. Porosity and permeability variations 

The porosity, permeability and other basic parameters of studied 
core samples are shown in Table 1. Fig. 9 shows that the porosity and 
permeability of core samples, which display wide variations, suggesting 
a strong heterogeneity in petrophysical properties. The porosities of the 
samples drilled from the fault core are 6–7 times larger than those drilled 
from the damage zone, and the permeabilities of the samples drilled 
from the fault core are much higher than those from the damage zone by 
3–4 orders of magnitude. Note that there is obvious difference in 
porosity and permeability values measured from two cores drilled from 
the same outcrop, especially for rocks from the fault core, which further 
suggests the strong heterogeneity of the petrophysical properties in 
these carbonate rocks. The variations of porosity and permeability of 
samples from the fault core are relatively drastic compared to those from 
the damage zone, the overall variation of porosity and permeability is 
relatively stable in the damage zone. The scattering can be observed in 
cores from 4.6 m to the main fault core owing to the presence of sec
ondary faults in this position. These petrophysical properties are 
consistent with the fracture features discussed in Figs. 3 and 8. Based on 
the thin sections and SEM observation, a large number of fractures are 
almost completely filled with calcite veins in the damage zone, although 

Fig. 6. Thin sections photomicrographs showing main pore types of the samples from the damage zone with 5.04 m to the fault core. (a) Intergranular. (b) Vug. 
(c) Fracture. 
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centimeter level small vugs are developed, they are filled with calcite 
crystals and cannot connect with each other, causing the reduction in 
porosity and permeability. The key factors affecting the heterogeneity 
petrophysical properties will be discussed later. 

Fig. 10 shows the correlation between the porosity and permeability, 
a good positive correlation between them can be observed in whole 
range of carbonate fault zone. However, the correlation is different in 
these two regions, the slope in the fault core is much larger than that in 
the damage zone due to the strong tectonic action and fluid activities. 
These behaviors suggest that tectonic faulting in the fault core can 
greatly improve the physical properties of the reservoir, especially for 
the permeability, which are conducive to the formation of oil and gas 
storage space and migration channel. 

4.4. Elastic properties variations 

Fig. 11 shows that the velocities of the rocks from the damage zone 
are much higher than those from the fault core, which are consistent 
with previous studies (Jeanne et al., 2012a, 2012b; Torabi et al., 2018; 
Ferraro et al., 2020). The values for the P-wave velocity in the fault core 
can be as low as 4198 m/s, and gradually increases to the surrounding, 

and can be as high as 6078 m/s in the damage zone, suggesting the 
strong heterogeneity of elastic properties within a few meters. There is 
obvious difference in values measured from two cores drilled from the 
same outcrop, especially for cores from the fault core, which further 
suggests the strong heterogeneity of the elastic properties in carbonate 
rocks controlled by strike-slip fault. Compared to the P-wave velocity, 
the S- wave velocity is more sensitive to the distance to the fault core. 
Detailly, with the distance range from 0 m to 5.04 m to the fault core, the 
P-wave velocity increases 44.8% from 4198 m/s to 6078 m/s, while 
S-wave velocity increases 52.8% from 1957 m/s to 2992 m/s. Note that 
there is a slight drop at about 4.6 m to the fault core, which is caused by 
the development of secondary faults. The velocities show strong het
erogeneity in different areas of carbonate fault zone, and the main fac
tors are porosity, pore structure and sedimentary environment 
(Bossennec et al., 2018; Ferraro et al., 2020). 

The correlation between the velocities and petrophysical properties 
(porosity and permeability) are shown in Fig. 12. The velocities decrease 
with the increase of porosity and permeability, which agree well with 
previous experimental and theoretical results (Berg et al., 2017; Abdl
mutalib et al., 2019; Garia et al., 2021). Note that both P- and S-wave 
velocity exhibit a rapid decrease in the fault core, and a gentle decrease 

Fig. 7. The thin sections and SEM pictures showing fractures and microfractures of carbonate samples from the fault core and fracture damage zone. (a)–(b) Samples 
from the fault core; (c)–(d) samples from the damage zone, 5.04 m from the fault core. 
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in the damage zone, indicating the control difference of reservoir 
properties caused by the structural of fault. The characteristics in these 
relations can be used for qualitative identification for the fault core and 
the damage zone. 

4.5. Equivalent pore aspect ratios of carbonate rocks 

For a given porosity, the elastic properties of carbonate rocks 
generally exhibit a wide scattering with the same mineral composition 
due to the complicated pore structure (Verwer et al., 2008; Pan et al., 
2019). The accurate prediction of the pore network architectures of 
carbonate fault zone is extremely difficult due to the complex diagenetic 

process and sedimentary environment. To quantitatively characterize 
the pore network architectures of carbonate fault zone, the geophysical 
pore type named equivalent pore aspect ratio is discussed in this paper, 
which can derive from some effective medium theories such as 
self-consistent, DEM, and KT model (Kuster and Toksoz, 1974; Norris, 
1985; Mavko et al., 2003). The results derived from these effective 
medium theories have been proven to only exhibit very small differ
ences, but the DEM and KT models are more suitable to use for carbonate 
rocks comprising large amounts secondary pores (Wang et al., 2015; 
Fournier et al., 2011, 2018). Thus, the DEM theory is selected to derive 
the average aspect ratios, and the expression of DEM model are as 
follows: 

Fig. 8. The macro-fractures feature in different areas of the fault zone. (a) Density of microfractures, (b) Filling width of micro veins, (c) Filling ratio of micro veins.  
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(1 − y)
d
dy

[K∗(y)] = (K2 − K∗)P(∗2)(y) (1)  

(1 − y)
d
dy

[μ∗(y)] = (μ2 − μ∗)Q(∗2)(y) (2)  

where φ represents the rock porosity; K2 represents the bulk modulus of 
the pore fluid; K* and μ* are the effective bulk and shear modulus of the 
dry rock, which can be predicted the knowledge of the elastic modulus of 
the minerals, the porosity and the weight fraction of each mineral listed 
in Table 1. P(*2) and Q(*2) are polarization factors as functions of αK and 
αμ, respectively (Mavko et al., 2003). 

By assuming the shape of the pores is ellipsoid, the equivalent pore 
aspect ratio can be defined as the ratio of the polar to equatorial lengths. 
The equivalent pore aspect ratio includes two parameters, αK and αμ, 
which can be derived by matching the bulk and shear moduli of car
bonate rocks from laboratory experimental with theoretical results, 
respectively (Fournier et al., 2011, 2018; Pan et al., 2019). Although the 
equivalent pore aspect ratios αK and αμ are not the actual geometric pore 
type, but they can describe the actual pore network architectures to 
some extent, and which can be considered as parameters illustrating the 
influence of the pore network architectures on the bulk and shear 
moduli of carbonate fault zone. The bulk and shear moduli can be 
calculated from the velocity and the density of the dry carbonate rocks 
according to Eqs. (3) and (4). Based on the DEM theory, the equivalent 
pore aspect ratio inversion templates can be established, and the 
experimental results are also plotted in Fig. 13. The inversion templates 
can illustrate the influence of porosity and the pore aspect ratio on the 
elastic properties of carbonate rocks, which decrease with the increase 
of porosity and increase with the increase of the equivalent pore aspect 
ratio for a given porosity. 

K = ρ
(

V2
P −

4
3
V2

S

)

(3)  

μ= ρV2
S (4)  

where ρ is the bulk density of rocks, K and μ is the bulk and shear moduli, 
VP and VS is P- and S-wave velocity of rocks, respectively. 

The variations of the equivalent pore aspect ratio, αK and αμ, of the 
samples are shown in Fig. 14a and b, respectively. For the studied 

samples, the values of αK range from 0.0396 to 0.0862, with the average 
value is 0.0571; the values of αμ range from 0.0061 to 0.0256, with the 
average value is 0.0127. The values of αK are always larger than the 
values of αμ of these samples, because these carbonate rocks are mainly 
developed with secondary dominated by dissolution pores, vugs and 
microfractures, and this phenomenon has been found in dissolution pore 
carbonate rocks (Fournier et al., 2018; Pan et al., 2019). Note that the 
values of equivalent pore aspect ratio in this study is smaller than the 
previous inversion results from Fournier et al. (2018), which could be 
attributed to the low porosity of the studied samples (<6%). The value of 
αK and αμ decrease with the distance to the main fault core, which are 
consistent with the fracture features discussed above. The equivalent 
pore aspect ratio of the samples in the fault core are much higher than 
that of the damage rocks, taking the αK as an example, for the samples 
drilled from fault core 0.0747 ≤ αK ≤ 0.0862, while 0.0396 ≤ αK ≤

0.0598 for the samples from the damage zone. This is mainly because the 

Table 1 
The basic parameters of the selected carbonate rocks.  

Samples Density 
(g/cm3) 

Porosity 
(%) 

Permeability 
(mD) 

Calcite 
(wt%) 

Quartz 
(wt%) 

Carb-0-1 2.68 5.37 7.6592 97.7 2.3 
Carb-0-2 2.65 5.31 4.9944 99.1 0.9 
Carb-0.1- 

1 
2.58 5.16 2.6525 98.7 1.3 

Carb-0.1- 
2 

2.57 5.25 3.5369 98.2 1.8 

Carb-1-1 2.69 0.45 0.0048 97.9 2.1 
Carb-1-2 2.67 0.5 0.0055 98.6 1.4 
Carb-1.5- 

1 
2.71 0..51 0.0091 97.6 2.4 

Carb-1.5- 
2 

2.7 0.62 0.0121 99.4 0.6 

Carb-2.6- 
1 

2.69 0.52 0.0061 99.8 0.2 

Carb-2.6- 
2 

2.7 0.4 0.0036 99.1. 0.9 

Carb-4.6- 
1 

2.67 0.94 0.0152 97.5 2.5 

Carb-4.6- 
1 

2.67 0.91 0.0091 98.8 1.2 

Carb- 
5.04-1 

2.68 0.5 0.0034 98.4 1.6 

Carb- 
5.04-2 

2.69 0.51 0.005 99.2 0.8  

Fig. 9. The Porosity and Permeability variations of the core samples drilled 
from the different distance to the fault core. 
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dominant pores in the samples from the fault core are the Vugs and 
intragranular pores, while the dominant pores in the samples from the 
damage zone are the small fractures with high filling degree which 
almost no residual pores are existed. Hence, the equivalent pore aspect 
ratio can be considered as relevant parameters for distinguishing the 
pore network architectures in carbonate rocks, such as pore types and 
diagenetic fabrics, and can provide references for the boundary identi
fication of fractured damage zone. 

5. Discussion-key factors controlling heterogeneity of the strike- 
slip carbonate fault zone 

As shown in Figs. 9 and 11, the petrophysical and elastic properties 
display significant complexities and strong heterogeneities. For 
example, the variations of petrophysical and elastic properties of sam
ples from the fault core are relatively drastic compared to those from the 
damage zone, the overall variation of them is relatively stable in the 
damage zone. Previous studies pointed out that the main factors 
affecting the heterogeneity of carbonate reservoir include structural 
faults and fluid activities (Wennberg et al., 2013; Duan et al., 2020; Guo 
et al., 2020). 

For the studied carbonate strike-slip fault zone, the fractures caused 
by structural faults are the main reservoir space and seepage channel. 
During the formation and evolution of the fault zone, the different parts 
of the fault zone experienced great differences in the tectonic stress with 
magnitude and direction, and the complex effects of fluid activities, 
causing the difference in development of fractures as shown in Figs. 4 
and 8, which reflects the strong heterogeneity of fracture development 
under the control of different structural parts in the fault zone. The fluid 
carries a large number of trace mineral components, which can be 
affected by many factors such as rock properties, external temperature 
and pressure conditions and fluid mineralization in the process of ver
tical migration along the main fault, minerals with calcium and other 
components should be precipitated in fractures or karst caves under 
supersaturation conditions, causing the pore space formed previously is 
filled or blocked (Jiu et al., 2020; Couto et al., 2021; W.B Zhang et al., 
2021). According to the microscopic observations and the analysis from 

the fracture features discussed above, the developed fractures in the 
studied carbonate strike-slip fault zone are widely filled with semi in the 
fault core and are fully filled in the damage zone. This is because most of 
the fractures in the damage zone mainly experience filling action from 
the later fluid activity, while the fault core is more strongly affected by 
structural fault activity than filling action, which retaining a large 
amount of reservoir space. These difference in the distribution pattern 
and filling of fractures between the fault core and damage zone should 
cause strong heterogeneity for the petrophysical and elastic properties of 
the studied carbonate strike-slip fault zone. 

Fig. 10. The correlation between the porosity and permeability of the car
bonate rocks controlled by strike-slip fault. 

Fig. 11. The P- and S-wave velocities variations of the core samples with the 
distance to the fault core. 
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The main fault core is the main object of fluid dissolution as the 
channel of vertical fluid migration, and the fluid mainly migrates along 
the interconnected sliding surface, the gap between fractures and fault 
breccia in the main fault; while the connected fractures are the main 
migration channel in the damage fracture zone (Smeraglia et al., 2021). 
Due to the strong tectonism, the main fault can produce large voids 
which is easier to form the dominant migration channel of fluid, and it is 
also the area where fluid dissolution is most likely to occur (Michie and 
Haines, 2016; Wu et al., 2020), which is supported by the geostatistical 
and microscopic observations above. The fluid flow is more likely to 
dissolve along the wider fractures and sliding surfaces in the fault core, 
and the dissolution phenomenon in the damage zone is obviously 

weaker compared to that in the fault core, causing the difference in the 
pore structure of carbonate rocks which eventually leads to strong het
erogeneity for petrophysical and elastic properties. Thus, main factors 
affecting the heterogeneity of the studied carbonate strike-slip fault zone 
include the influence of fault structure position on fracture develop
ment, fluid selective filling on effective fracture and pore development, 
and the dissolution sequence on pore development. 

Combining the geostatistical, microscopic observation and previous 
studies (Wu et al., 2019; Duan et al., 2020; Tang et al., 2021), we pro
pose a simple fluid dissolution sequence controlling the development of 
vugs in the fault zone, which is associated with the complex diagenesis 
processes such as tectonic action and fluid activities. Firstly, the small 

Fig. 12. The correlation between the velocities and petrophysical properties (porosity and permeability) of the carbonate rocks controlled by strike-slip fault.  
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dissolution pores are formed at the connection between the sliding 
surface and the fractures. And then, the dissolution pores are further 
expanded in the evolution process, the connectivity of the sliding surface 
and the fractures are increased, and the dissolution pores are gradually 
superimposed and connected to form the larger dissolved pores as shown 
in Fig. 15a and b. Finally, with the evolution of the fault zone and the 
continuous fluid action, the pores in the main fault continue to be 
overlapped and connected forming visible vugs, and the fluid also began 
to flow through the fractures in the damage zone, forming dissolution 
pores in this process as shown in Fig. 15c. 

Although a small carbonate strike-slip fault zone is selected in this 
study, but the whole region for fault zone including the main fault core 
and fractured damage zone is investigated. Thus, the results in this paper 
provide important data and are helpful for recognition and prediction of 
the petrophysical and elastic properties and hydrocarbon exploration in 
carbonate strike-slip fault zone in the Tarim Basin. The results also can 
help us to understand the heterogeneity of petrophysical and elastic 
properties in carbonate strike-slip fault zone, and can provide reference 
for the construction of integrate multiscale heterogeneities models. In 
the future, one may need to conduct similar investigation by combining 

the geostatistical, cores, logging and 3D seismic data on hydrocarbon 
region in the Tarim Basin. 

6. Conclusions 

A small carbonate strike-slip fault zone is selected to investigate the 
heterogeneity of petrophysical and elastic properties, which are located 
in Yangjikan section in the Tarim basin, China. Based on the geo
statistical, microscopic observation, petrophysical and ultrasonic ana
lyses, and theoretical inversion, we can summarize the main scientific 
findings in this study. 

The studied carbonate strike-slip fault zone mainly develops sec
ondary pores dominated by solution pores, vugs and fractures. Both the 

Fig. 13. The equivalent pore aspect ratio inversion template calculated based 
on DEM theory, the points are obtained by the P- and S- wave velocities and the 
density of the core samples. 

Fig. 14. The equivalent pore aspect ratios variations of the core samples drilled 
from different distance to the fault core. 
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macro- and micro-fractures features differ with the distance to the fault 
core, the fractures are most developed at the fault core, which are 
mainly fully filled or semi filled with calcite vein for the fault core but 
fully filled for the damage zone. 

The petrophysical and elastic properties show significant complex
ities and heterogeneities, there are obvious differences between the 
values measured from two cores drilled from the same outcrop, espe
cially for the samples from the fault core. The porosities and perme
abilities of the samples drilled from the fault core are much times larger 
than those drilled from the damage zone. Both P-and S-wave velocities 
generally increase with the distance to the fault core, and the S- wave 
velocity is more sensitive to the distance. 

The equivalent pore aspect ratio αK and αμ is derived from effective 
medium theory, both of them decrease with the distance to the main 
fault core, and the values for the fault core are much higher than those 
for the damage zone. The equivalent pore aspect ratio can be considered 
as relevant parameters for distinguishing the pore network architectures 
in carbonate rocks, and can provide references for the boundary iden
tification of fractured damage zone. 

The key factors controlling heterogeneity of petrophysical and elastic 
properties for the strike-slip carbonate fault zone mainly include the 
influence of fault structure position on fracture development, fluid se
lective filling on effective fracture and pore development, and the 
dissolution sequence on pore development. 
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