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Abstract: Carbonate reservoirs commonly have significant heterogeneity and complex pore systems
due to the multi-scale characteristic. Therefore, it is quite challenging to predict the petrophysical
properties of such reservoirs based on restricted experimental data. In order to study the heterogene-
ity and size of the representative elementary volume (REV) of vuggy dolostones, a total of 26 samples
with pore sizes ranging from micrometers to centimeters were collected from the Cambrian Xiao-
erbulake Formation at the Kalping uplift in the Tarim Basin of northwestern China. In terms of
the distribution of pore size and contribution of pores to porosity obtained by medical computed
tomography testing, four types of pore systems (Types I–IV) were identified. The heterogeneity
of carbonate reservoirs was further quantitatively evaluated by calculating the parameters of pore
structure, heterogeneity, and porosity cyclicity. The results indicate that different pore systems yield
variable porosities, pore structures, and heterogeneity. The porosity is relatively higher in Type-II and
Type-IV samples compared to those of Type-I and Type-III. It is caused by well-developed large vugs
in the former two types of samples, which increase porosity and reduce heterogeneity. Furthermore,
the REV was calculated by deriving the coefficient of variation. Nine of the twenty-six samples reach
the REV within the volume of traditional core plugs, which indicates that the REV sizes of vuggy
dolostones are commonly much larger than the volume of traditional core plugs. Finally, this study
indicates that REV sizes are affected by diverse factors. It can be effectively predicted by a new model
established based on the relationship between REV sizes and quantitative parameters. The correlated
coefficient of this model reaches 0.9320. The results of this study give more insights into accurately
evaluating the petrophysical properties of vuggy carbonate reservoirs.

Keywords: medical-CT; vuggy carbonate; representative elementary volume; quantitative characterization
of heterogeneity; Xiaoerbulake Formation

1. Introduction

Carbonate reservoirs are widely investigated because they host more than 60% of
oil and gas worldwide [1–3]. It is well known that carbonate reservoirs are generally het-
erogeneous [4–6]. Diverse depositional environments and complex diagenetic alterations
commonly lead to the development of pore systems with sizes ranging from micrometers
to centimeters [7–10]. The heterogeneity of carbonate reservoirs brings a series of chal-
lenges in evaluating their petrophysical properties. Therefore, a quantitative evaluation
of heterogeneity is extremely significant. Heterogeneity, defined as an inherent, ubiqui-
tous, and critical attribute of ecological systems, has been extensively studied in previous
studies [11–13]. It is significantly affected by the spatio-temporal scale of observation and
measurement methods [14,15]. For example, carbonate samples may be homogeneous on a
macro-scale, but heterogeneous at a micro-scale in terms of pore structures [13,16,17].
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A representative elementary volume (REV) is proposed to quantitatively character-
ize heterogeneity and could provide a link between the pore scale and continuum scale.
The REV is defined as the minimum volume of a porous medium that is large enough
to represent the macroscopic property of a heterogeneous rock [18–21]. The schematic
diagram of the REV is shown in Figure 1, where V is defined as the volume of porous
medium and n is defined as the property of the rocks, e.g., porosity [22–25]. It is note-
worthy that REV is various when different physical properties are investigated, even for
the same porous medium [26–28]. Porosity is the most common property to determine
the REV [28,29]. The other properties include permeability [26,30–32], tortuosity [23,33],
coordination number [34], specific surface area [32], moisture saturation [35], local void
ration [36], and fractal dimension [25,37].
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Figure 1. Schematic graph of the representative elementary volume (REV) (modified from [18,30]).

Porosity generally varies with the sample’s volume in carbonate rocks. During mea-
surements, the testing data of traditional core plugs (a cylinder with a diameter of 2.5 cm
and a height of 5 cm) have been commonly used to represent the data of whole cores. How-
ever, the porosity of whole cores is usually higher than that of traditional core plugs [38].
When the volume of the analyzed sample is smaller than the REV, there will be a large
discrepancy between the measured and real porosity of the sample. As such, precisely
determining the REV sizes is very crucial for accurately calculating the petrophysical prop-
erty and evaluating the reservoir. Extensive papers have been published on determining
REV sizes [22,39–41]. However, they have mainly focused on determining REV sizes in
microscopic domain microstructures of rocks by semi-quantitative to quantitative methods.
Only a few studies were conducted on the REV sizes of vuggy carbonate rocks with sizes
ranging from micrometers to centimeters [26].

Recently, X-ray computed tomography (CT), as a non-destructive technique, has been
widely used to characterize the pore structure of a porous medium [42–44]. High-resolution
CT such as micro-CT and nano-CT can capture the microstructures of the pore system.
However, the trade-off between the sample size and spatial resolution makes the targeted
field of high-resolution CT relatively microscopic. Therefore, it is very challenging to
display the macroscopic pore space [45–48]. For vuggy carbonate rocks, medical-CT is
an effective technique to characterize the pore system as it is both more efficient and
cost-effective compared with micro-CT and nano-CT [43,49]. More importantly, the image
resolution of medical-CT is more suitable for studying the pore structure and REV of vuggy
carbonate reservoirs with pore sizes ranging from micrometers to centimeters. The aims of
this study are to quantitatively characterize the heterogeneity and precisely determine the
REV size of dolostones with well-developed vugs. This study can provide a foundation for
accurately calculating physical properties and precisely evaluating the reservoirs.
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In this study, a total of 26 samples were collected from the Shihuiyao section at
the Kalping uplift in the northwestern Tarim Basin to study the heterogeneity of vuggy
dolostones. The samples were firstly prepared as cylinders with diameters of 5 cm and
heights of 49–100 cm. Then CT was used to characterize the types of pore systems and
calculate the parameters of pore structure and heterogeneity. Subsequently, the REV size
was determined by deriving the coefficient of variation. Finally, a prediction model of
REV was established based on the parameters of pore geometrical and heterogeneity. The
potential of this model to predict the REV sizes of vuggy carbonates is also discussed.

2. Geological Setting

The Tarim Basin is a foreland basin with a total area of 5.6 × 105 km2 in the Xinjiang
Province in northwestern China (Figure 2a). It is bordered by the Kunlun-Altyn Mountains
to the south and the Tianshan Mountains to the north [50–52]. The Tarim Basin has suffered
a complex tectonic evolution and consists of one low uplift, four uplifts, and six depressions,
namely, the Shuntuo Low Uplift, Tabei Uplift, Bachu Uplift, Tazhong Uplift, Tadong Uplift,
Kuqa Depression, Awati Depression, Manjiaer Depression, Southwest Depression, Tanggu
Depression, and Southeast Depression (Figure 2b) [53,54]. The Kalping Uplift is located in
the northwest, along the edge of the Bachu Uplift (Figure 2b,c).
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 Figure 2. (a) Location of the Tarim Basin (modified from [50]). (b) Structural units of the Tarim
Basin (modified from [51]). (c) Geological setting of outcrop section in the northwestern Tarim Basin
(modified from [52]).

The Shihuiyao section, located at the northeastern edge of the Kalping Uplift (Figure 2c),
is exposed with consecutive Cambrian strata [53,55,56]. The Lower Cambrian strata, from
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bottom to top, comprises the Yuertusi, Xiaoerbulake, and Wusongeger Formations. The
Xiaoerbulake Formation at the Shihuiyao section is 138.5 m thick and composed of two
sequences: the upper Xiaoerbulake and the lower Xiaoerbulake intervals (Figure 3). Algal
lamina silty-micritic crystalline dolostone, silty-micritic crystalline dolostone, rubble dolo-
stone, algal clot dolostone, and fabric-obliterated fine-to-medium-crystalline dolostone are
well developed in the lower Xiaoerbulake interval, whereas foam spongy texture dolostone,
stromatolithic dolostone, algal arene dolostone, and oncolite dolostone are present in the
upper Xiaoerbulake interval.
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Figure 3. Simplified stratigraphic framework of the Early Cambrian from the Shihuiyao section.

3. Samples and Methods

A total of 26 dolostones with well-developed vugs were collected from the Xiaoer-
bulake Formation in the Shihuiyao section (Figure 4). Rock types of these samples were
determined through detailed field and microscopic investigation (Figure 5).



Energies 2022, 15, 5817 5 of 24

Energies 2022, 15, 5817  5  of  25 
 

 

Figure 3. Simplified stratigraphic framework of the Early Cambrian from the Shihuiyao section. 

3. Samples and Methods 

A total of 26 dolostones with well‐developed vugs were collected from the Xiaoer‐

bulake Formation in the Shihuiyao section (Figure 4). Rock types of these samples were 

determined through detailed field and microscopic investigation (Figure 5). 

 

Figure 4.  Image of  the vuggy dolostones with millimeter‐to‐centimeter‐scale vugs  in  the Xiaoer‐

bulake Formation from the Shihuiyao section. (a) Image of cylinders of vuggy dolostones. (b) Image 

of sample SHY002, flat vugs are developed with a diameter of 2–6 mm. (c) Image of sample SHY007, 

the sample develops vugs and  fissures and  the vugs are half‐filled by secondary carbonates.  (d) 

Image of sample SHY016, flat vugs are developed and the distribution of vugs is scattered. 

 

Figure 4. Image of the vuggy dolostones with millimeter-to-centimeter-scale vugs in the Xiaoerbulake
Formation from the Shihuiyao section. (a) Image of cylinders of vuggy dolostones. (b) Image of
sample SHY002, flat vugs are developed with a diameter of 2–6 mm. (c) Image of sample SHY007, the
sample develops vugs and fissures and the vugs are half-filled by secondary carbonates. (d) Image of
sample SHY016, flat vugs are developed and the distribution of vugs is scattered.
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Figure 5. Plane polarized light microscopic images of porous dolostones in the Xiaoerbulake Forma-
tion from the Shihuiyao section. (a) Rock Type i, fabric-obliterated fine-crystalline dolostone with
grain ghosts, intercrystalline pores, and intercrystalline pores. (b) Rock Type ii, rubble dolostone,
intercrystalline pores. (c) Rock Type ii, rubble dolostone, intercrystalline pores, some intercrystalline
pores filled with calcite. (d) Rock Type iii, the thrombolite dolostone with fabric obliterated by
dolomitization or recrystallization, dissolution enlarged pores and fissures. (e) Rock Type iii, the
thrombolite dolostone with fabric obliterated by dolomitization or recrystallization, intercrystalline
pores. (f) Rock Type iv, crystalline dolostone, dissolution enlarged pores and intercrystalline dissolu-
tion pores. (g) Rock Type iv, crystalline dolostone, intercrystalline pores, and intercrystalline pores.
(h) Rock Type v, foam spongy texture silty crystalline dolostone with fabric partly preserved. (i) Rock
Type vi, oncolite dolostone, intercrystalline pores, and intercrystalline pores.



Energies 2022, 15, 5817 6 of 24

The 26 samples were prepared as cylinders with diameters of 5 cm and heights of 49–
100 cm, which were subsequently scanned using Philips Brilliance iCT at a resolution with
a voxel size of 97.66 × 97.66 × 335.00 µm3. An operating voltage of 140 kV and a filament
current of 188 mA were applied. To obtain high-quality images, three preprocessing steps
were used to reduce the drawbacks. The first step was filtering, which was beneficial in
reducing high frequencies and noise. The second step was ring-artifact removal, where rings
were removed from the images by comparing and adjusting all the voxel values of each
ring. The third step was a beam-hardening correction, which reduced the homogeneous
effect of the cylindrical samples. Finally, solid and void phases were distinguished by
binarization and threshold segmentation.

Wavelet transform has been widely used in different disciplines of earth science,
especially in the quantitative research of sequence stratigraphy [57,58], which hence is used
in this study to quantitatively characterize the cyclicity of porosity.

The REV size of the vuggy dolostones was determined by a conventional statistical ap-
proach in which porosity was measured using medical-CT images. A total of 10 cylindrical
subsamples were randomly selected from the individually large cylinders (Figure 6). The
volume of these subsamples was gradually increased from a diameter of 1 mm and height
of 1 mm until it was close to the volume of the largest cylinders. As shown in Figure 1, the
REV size can be determined based on the covariation of property and volume. In region
I, the fluctuation of n reduces with an increasing V, where the fluctuation is dominated
by microscopic properties. In region II, the value of n is essentially consistent, which
means that the observed property is not affected by the increase in the sample volume.
Therefore, the boundary of regions I and II is defined as the REV. In region III, the value of
n may remain stable or fluctuate with an increasing V as it depends on whether the porous
medium is homogeneous or not. The fluctuations are dominated by macroscopic properties
in this region.
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4. Quantitative Calculation of Parameters
4.1. Pore Geometrical Parameters

The following parameters are calculated to better evaluate the influences of pore
volume and morphology on heterogeneity.

(1) The dominant pore volume

The pore volume fraction on the cumulative curve at 50% is defined as the dominant
pore volume (V50). In other words, a half of sample’s porosity is composed of pores with
volumes larger than V50. This parameter indicates the dominant size of the well-developed
vugs in the sample.

(2) The number of large vugs

When the cumulative pore volume fraction is greater than 50%, the total number
of vugs is defined as the number of large vugs (NLV). This value is then adopted to
characterize the heterogeneity of pore distribution.
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(3) Average shape factor

The average shape factor (Ave_SF) is used to quantitatively characterize pore shapes.
The parameters equal to 1 indicate regular spherical pores, whereas the larger the parame-
ters are, the more irregular the pore shapes are. The average shape factor is defined as

Ave_SF =
1
n
∗∑n

i=1
S3

i

36 ∗ π∗V2
i

, (1)

where Si is the area of the ith pore, Vi is the volume of the ith pore, and n is the total number
of pores.

4.2. Heterogeneity Parameters

(1) Coefficient of variation

The coefficient of variation (Cv) is calculated to show the variability relative to the
mean value [15]. Since the Cv value of a homogeneous sample is zero, positive Cv values
thus indicate heterogeneous samples. In this paper, the Cv values based on CT images of
subsamples (Cv_sub) and along the slice direction (Cv_sli) were calculated.

Cv =

√
Var(x)

x
, (2)

where Cv is the coefficient of variation,
√

Var(x) is the standard deviation, and x is the
arithmetic mean value.

(2) Heterogeneous factor

The heterogeneous factor (H) can magnify the effect in the large vugs of carbonate
rocks on heterogeneity [59].

V = VBi + VBo, (3)

VBo = VBm + VBp, (4)

where V is the bulk volume of the sample, VBi is the bulk volume of the inner large vugs of
the sample (the volume of each vug is greater than or equal to V50), VBo is the volume of
the sample excluding VBi, VBm is the volume of the rock matrix, and VBp is the pore volume
excluding VBi (Figure 7).

ϕi =
VBi
VBi

= 1, (5)

ϕ =
Vp

V
=

VBi ϕi + VBo ϕo

VBi + VBo
=

VBi + VBo ϕo

VBi + VBo
, (6)

where ϕ is the porosity of the sample, Vp is the pore volume, ϕi is the porosity of the inner
large vugs, and ϕo is the porosity of the sample excluding the inner large vugs.
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If the ratio of the bulk volume of the inner large vugs compared with the bulk volume
of the sample is defined as F, then

F =
VBi
V

and (1− F) =
VBo
V

. (7)

Substituting Equation (7) into Equation (6),

ϕ = ϕo + F(1− ϕo) (8)

If the ratio of ϕi to ϕo is defined as R, then

R =
ϕi
ϕo

=
1
ϕo

. (9)

If the heterogeneous factor (H) is defined as (ϕ− ϕo)/ϕo, then

H =
(ϕ− ϕo)

ϕo
= F(R− 1). (10)

4.3. Cyclicity of Porosity

REV can be clearly defined only in two situations: (i) materials displaying periodic
geometry and (ii) a sample volume containing a very large set of microscale elements
of statistically homogeneous and ergodic properties [60,61]. The periodic distribution of
sample porosity is analyzed based on a wavelet transform.

C(α, β, f (t), Ψ(t)) =
∫ ∞

−∞
f (t)· 1√

α
Ψ∗
(

t− β

α

)
dt, (11)

where α is the scale parameter (α > 0), β is the position parameter, f (t) is the signal, and
Ψ(t) is the analyzing wavelet. The wavelet used here is a complex wavelet.

For a better comparison, the number of periodicities is calculated per unit length due
to the different slice numbers of CT. It is defined as NP

NP =
P
L
∗ 100, (12)

where P is the total number of periodicities, and L is the number of CT slices.

5. Results
5.1. Rock Type

The Lower Cambrian Xiaoerbulake Formation has been deeply buried, during which
it has suffered intense and prolonged diagenetic modifications, resulting in complex rock
types. Based on detailed field and microscope investigation, we have found that most of
the dolostone shows, originally, depositional and microbial fabrics. In addition, some dolo-
stones have been recrystallized with their original fabrics having vanished. In view of the
rock fabrics and genesis, for the samples investigated, classification divided the 26 samples
into three major categories, namely, microbial dolostone, hydrodynamic dolostone, and
crystalline dolostone. In addition, the microbial dolostones can be further subdivided by
their textures into thrombolite dolostone, foam spongy texture silty crystalline dolostone,
and oncolite dolostone. The hydrodynamic dolostones were further subdivided into rubble
dolostone and fabric-obliterated fine-crystalline dolostone. The twenty-six samples were in
classified into six rock types (Figure 5).
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5.2. Pore System Classification

To study the influence of variation in pore size on heterogeneity and REV in the
samples, four types of pore systems (Types I–IV) were classified based on the distribution
of pore size and the contribution of pores to porosity (Figure 8, Table 1).
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Figure 8. Examples of carbonate types of pore system classification from CT images. (a) Type-I,
sample SHY026, mainly developed small vugs with a diameter of 1–2 mm, locally developed, and
large vugs with a diameter of 7–8 mm. (b) Type-II, sample SHY002, flat vugs with a diameter of
2–6 mm. (c) Type-III, sample SHY006, cracks. (d) Type-IV, sample SHY009, a multitude of flat vugs
with a diameter of 3–4 mm.
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Table 1. The calculating parameters and determining the REV.

Sample
Name

Pore
Type

Porosity
(%) V50 NLV Ave_SF Cv H CREV DREV

SHY001 I 1.11 1.14 × 109 139 1.19 0.92 1.00 3.30 × 1013 2.27 × 1013

SHY002 II 13.90 1.43 × 1011 13 1.84 0.17 0.87 1.04 × 1013 1.55 × 1013

SHY003 II 8.43 3.31 × 1010 43 1.68 0.31 0.92 6.64 × 1013 4.54 × 1013

SHY004 II 7.05 5.14 × 109 299 1.53 0.17 0.93 1.19 × 1013 1.82 × 1013

SHY005 II 9.13 2.00 × 1010 56 1.54 0.34 0.91 1.78 × 1013 2.23 × 1013

SHY006 III 1.11 1.72 × 1011 2 1.54 0.54 1.38 3.27 × 1013 3.77 × 1013

SHY007 III 1.14 9.47 × 1010 3 2.54 0.41 1.03 5.98 × 1013 5.98 × 1013

SHY008 I 3.12 1.71 × 1010 22 1.90 0.76 0.99 2.27 × 1013 2.44 × 1013

SHY009 IV 4.84 1.34 × 1011 3 1.50 0.50 1.10 1.42 × 1013 1.88 × 1013

SHY010 I 2.82 2.42 × 1010 30 1.61 0.80 0.99 2.41 × 1013 2.61 × 1013

SHY011 II 8.22 4.07 × 1010 20 1.90 0.31 0.94 1.82 × 1013 1.98 × 1013

SHY012 IV 5.62 4.20 × 1011 6 2.07 0.74 0.98 6.87 × 1013 2.18 × 1013

SHY013 I 0.69 2.98 × 109 50 1.28 0.19 1.00 4.00 × 1013 4.00 × 1013
SHY014 I 0.15 1.14 × 109 32 1.14 0.65 1.03 6.58 × 1013 4.61 × 1013

SHY015 I 1.12 1.13 × 1010 36 1.50 0.55 0.99 5.39 × 1013 5.03 × 1013

SHY016 I 2.81 1.16 × 1010 72 1.54 0.75 0.98 3.42 × 1013 3.69 × 1013

SHY017 I 1.85 8.36 × 109 47 1.37 0.43 0.98 3.42 × 1013 2.75 × 1013

SHY018 I 1.40 1.76 × 1010 35 1.55 0.54 0.99 5.44 × 1013 4.02 × 1013

SHY019 I 0.67 2.78 × 109 58 1.29 0.44 1.01 2.71 × 1013 4.23 × 1013

SHY020 I 1.28 2.81 × 109 32 1.08 0.40 1.00 2.88 × 1013 2.70 × 1013

SHY021 I 0.20 8.21 × 108 60 1.08 0.74 1.01 2.37 × 1013 4.83 × 1013

SHY022 I 2.83 1.03 × 109 952 1.08 0.73 0.97 1.71 × 1013 3.41 × 1013

SHY023 I 3.96 2.19 × 1010 39 1.41 0.29 0.97 1.53 × 1013 1.67 × 1013

SHY024 I 2.10 1.47 × 109 409 1.07 1.11 0.98 3.24 × 1013 3.97 × 1013

SHY025 I 1.12 2.81 × 109 112 1.26 0.36 0.99 - 8.45 × 1013

SHY026 I 3.23 5.89 × 109 86 1.43 0.60 0.97 5.81 × 1013 6.15 × 1013

The Type-I pore system is present in all rock types except for Rock Type ii (Figure 9),
and mainly comprises small vugs with diameters of 500–5000 µm (Figure 8a). These small
vugs contribute to more than 60% of the total porosity. No large vugs with diameters larger
than 10,000 µm were observed in the Type-I pore system. The porosity of this type is lower
than 4% (Figure 9).Energies 2022, 15, 5817  11  of  25 
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The Type-II pore system comprises vugs with diameters mainly of 500–5000 µm
(Figure 8b). However, large vugs with diameters greater than 10,000 µm are also observed.
The porosity of this type of pore system is the highest among the four types, which ranges
from 7.05% to 13.90% (Figure 9). This type of pore system is developed in Rock Type ii and
Rock Type iii.

The Type-III pore system, developed in Rock Type iii and Rock Type iv (Figure 9),
consists of vugs with diameters mostly between 5000 and 10,000 µm. Larger vugs with
diameters greater than 10,000 µm are not developed (Figure 8c). The porosity of this type
of pore system is lower than 4%.

The Type-IV pore system is mainly composed of large vugs with diameters greater
than 10,000 µm (Figure 8d). The samples characterized by this type of pore system have
a porosity which is generally greater than 4% (Figure 9). This type of pore system is
predominantly developed in Rock Type iii.



Energies 2022, 15, 5817 11 of 24

5.3. Quantified Pore Geometrical Parameters

The 50% threshold on the curve of the cumulative pore volume fraction can be used to
calculate parameters of V50 and NLV. The calculated parameters are summarized in Table 1
and illustrated on Figure 10a,b. Figure 10a shows the lowest NLV value and a relatively
high V50 value in sample SHY006, whereas Figure 10b shows the highest NLV value and
a relatively low V50 value in sample SHY022. The parameters of V50 and NLV thus reveal
distinct pore structures of the studied samples. A smaller V50 and a larger NLV indicate
more uniform pore sizes of the sample and vice versa. On the plot of porosity versus
log10V50 (Figure 10c), different pore system types can be well distinguished. In detail,
Type-I samples have low V50 values and high NLV values, with the V50 values ranging from
8.21 × 108 to 2.42 × 1010 µm3 and NLV values greater than 22 (Table 1). The V50 values for
Type-II samples, however, are in a relatively large range with NLV being greater than 13.
Type-III and Type-IV samples have relatively higher V50 and lower NLV values, indicating
that the pore size distribution in these samples is more uneven than those of Type-I and
Type-II samples. The parameter of Ave_SF, depicting pore circularity, is broadly positively
correlated with porosity (Figure 10d). Samples with low porosity have low Ave_SF values,
demonstrating that pore structures are relatively uniform in these samples (Table 1).Energies 2022, 15, 5817  12  of  25 
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5.4. Quantification of Heterogeneity 

Figure 10. Cross plots of porosity and pore geometrical parameters and heterogeneity parameters.
Marker shape represents pore type. (a) Pore volume cumulative curve of sample SHY006. Long axial
vugs are developed along the cracks, with a diameter of 3–4 mm. (b) Pore volume cumulative curve
of sample SHY022. A multitude of flat vugs are developed with a diameter of 1–2 mm and distributed
in a laminar structure. (c) Cross-plot of porosity and dominant pore volume (log10V50) with the
number of large vugs superimposed in color. (d) Cross-plot of porosity and average shape factor
(Ave_SF) with dominant pore volume (log10V50) superimposed in color. (e) Cross-plot of porosity
and the coefficient of variation of CT slices with dominant pore volume (log10V50) superimposed
in color. (f) Cross-plot of porosity and heterogeneous factor with dominant pore volume (log10V50)
superimposed in color.



Energies 2022, 15, 5817 12 of 24

5.4. Quantification of Heterogeneity

Based on the values of Cv, the heterogeneity of the samples can be divided into three
grades, namely highly heterogeneous (Cv > 1.0), heterogeneous (0.5 < Cv < 1.0), and
homogeneous (0.0 < Cv < 0.5). To quantitatively analyze the heterogeneity of carbonates,
the coefficient of variation is calculated using CT slices along with the whole sample
(Table 1). The values of Cv_sli show an evidently decreasing trend with the increase of
porosity (Figure 10e). The Cv_sli values range from 0.19 to 1.11 in Type-I samples. For a
given low porosity, these samples yield variable Cv_sli values from high heterogeneity
to homogeneity. The Type-II samples have lower Cv_sli values and a higher porosity
compared with the other pore system types. The values of Cv_sli of Type-II samples are
below 0.5, suggesting that they are homogeneous. The Cv_sli values range from 0.41 to
0.74 in Type-III and Type-IV samples. Meanwhile, they yield relatively higher log10V50
values than the other pore system types.

The values of heterogeneous factor H decrease with increasing porosity within indi-
vidual types of pore systems (Figure 10f). However, the slope varies among the different
types of pore system. The H values range from 0.97 to 1.03 in Type-I samples that have
low log10V50 values (Table 1). Samples of Type-II have the lowest H values among the four
types of pore system, which are less than 0.94. Type-III and Type-IV samples generally
have high H and log10V50 values (Figure 10f).

5.5. Cycle Analysis of Porosity

As shown in Figure 11, porosity periodically fluctuates along with the slices, ranging
from 8.36% to 19.35%. The cycles of porosity were quantitatively calculated using the
complex wavelet transform. The rightmost part of Figure 11 is the number of calculated
cycles, which shows three cycles in this sample.
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In the plot of porosity versus Np (Figure 12), the data of Type-I samples are dispersive
with Np values ranging from 0.92 to 1.98, while those of Type-II samples range from 1.46 to
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1.95 (Table 1). The Np values are greater than 1.6 in Type-III samples, but less than 1.6 for
Type-IV samples. Clearly, Np decreases with increasing porosity when the porosity is less
than 6%.
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6. Discussion
6.1. Evaluation on Heterogeneity of Pore Systems

The classification schemes for carbonate pore systems have been proposed in view of
pore geometry, rock fabric, genesis, flow properties, and pore-scale modeling [62–64]. In
addition, definitions and classifications for vug or vuggy porosity have been discussed in
previous works [63,65–67]. Choquette and Pray [63] defined a pore to be a vug if it is (1)
approximately equant and not remarkably elongated; (2) large enough to be visible with the
naked eye (pore diameter exceeding 1/16 mm); and (3) not fabric selective. Lucia stated that
vugs that are within crystals or grains or that are markedly larger than crystals or grains
are considered pore spaces [65–67]. The authors further subdivided vuggy pore spaces into
separate vugs and touching vugs based on whether the vugs are interconnected or not. Luo
and Machel [68] proposed a new pore size classification for complex carbonate reservoirs:
microporosity (diameter < 1 µm), mesoporosity (diameter 1–1000 µm), macroporosity
(diameter 1–256 mm), and megaporosity (diameter > 256 mm). The vugs of that study were
grouped into mesoporosity. Li et al. [69] quantitatively divided the carbonate rock into
matrix, fractured, and vuggy based on a new function of the carbonate rock index. Based on
the definition of vugs by Lucia [65–67], the classification scheme in this paper is proposed
by taking into account the pore size distribution and contributions of pores to porosity.
Four types of pore systems (Types I–IV) were classified in this study (Figure 8). The scheme
is rewarding for studying the influence of pore size distribution on heterogeneity and REV.

Large vugs with diameters greater than 10,000 µm are both developed in Type-II
and Type-IV samples. The difference between these two types is their distinct pore size
distributions that contribute to the total porosity (Figure 8b,d). The vugs’ diameters in Type-
II samples are mainly in the range of 500–5000 µm (Figure 8b), whereas those in Type-IV
samples are greater than 10,000 µm (Figure 8d). The small vugs, with diameters less than
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500 µm, contribute less to the rock porosity in all types (Figure 8), suggesting that large
vugs are the main source for the reservoir space of vuggy dolostones. The relationships
between rock types and types of pore systems are complex due to the dual control of
the deposition environment and diagenesis. Individual types of pore systems could be
developed in multiple rock types (Figure 9). Moreover, different degrees of dissolution in
the same rock type could result in variation in the pore systems. The Rock Type ii samples
have a relatively high porosity (Figure 9), indicating that the development degree of vugs
is the highest in these samples.

Quantifying reservoir heterogeneity is an important but difficult process. Many dia-
genetic parameters and pore structure parameters could result in variations of reservoir
properties. The values of log10V50 and Ave_SF in Type-I samples are relatively low, in-
dicating a more uniform pore structure. Nevertheless, heterogeneity could be high for a
given low porosity in these samples (Figure 10c–f). Type-II samples are characterized by a
relatively low heterogeneity but high porosity, indicating that the intensive development
of vugs leads to low heterogeneity in carbonate reservoirs. However, the heterogeneity
of the samples will increase only if a small number of large vugs is developed at a low
porosity, such as Type-III samples (Table 1). The heterogeneity of different pore systems is
highly variable in the vuggy carbonate reservoirs (Figure 10e,f). As such, it is a challenging
task to select suitable samples for analysis. Therefore, precisely determining the REV sizes
is very crucial for accurately calculating the petrophysical properties and evaluating the
reservoir quality.

6.2. REV Analysis

This paper applies two methods to determine the REV size. One method is to de-
termine the size of the representative elementary volume based on the cutoff value of
Cv_sub when it is less than 0.1 (CREV), then the REV is obtained. Another method is
to take the derivative of Cv_sub to determine the size of the representative elementary
volume (DREV), where the REV is considered to be reached when the derivative of Cv_sub
is between −9 × 10−15 and 9 × 10−15 (Figure 13). As shown in Figure 13a,c and e, the
values of the DREV are greater than the CREV. There will be slight fluctuations when the
value of Cv_sub is less than 0.1, resulting in a certain change in the derivative of Cv_sub.
However, the DREV values could be equal to (Figure 13b) or less than (Figure 13d) the
CREV, indicating that the value of Cv_sub is relatively stable when it is equal to or larger
than 0.1, respectively. Figure 13f shows that the REV can be determined by the derivative
of Cv_sub, but the size of the REV cannot be determined based on the cutoff value of
Cv_sub. There are nine samples with values of the DREV which are lower than the CREV
(the REV size of sample SHY025 cannot be obtained based on the cutoff value of Cv_sub.),
two samples with a DREV equal to the CREV, and fifteen samples with a DREV greater
than the CREV (Figure 14, Table 1). The REV determined based on the derivative of Cv_sub
(DREV) is more accurate compared to the cutoff value of the Cv_sub (CREV), so the DREV
is used for the following REV analysis.

Factors affecting the REV size have been studied in previous works based on rock
samples and numerical models at different scales. Gitman et al. [61] stated that the REV
sizes depended on the investigated petrophysical properties, the contrast of properties,
volume fractions of the microstructure, required relative precision, and the number of
realizations of the microstructure. Tavakoli [17] demonstrated that primary depositional
settings and diagenesis controlled the REV sizes of the reservoirs. Moreover, the REV size
also depends on the scale of observation [17]. Compared to previous studies, we mainly
focused on the influence of measurement methods, porosity, type of pore systems, and
heterogeneity of pore structures on the REV sizes, with an aim to reveal the effect of the
heterogeneity of the developed vugs on REV sizes.
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Figure 13. Determination of REV for porosity. (a) Sample SHY002 developed flat vugs with a diameter
of 2–6 mm. (b) Sample SHY007 developed vugs and cracks, and vugs half-filled by secondary
carbonates. (c) Sample SHY009 developed a multitude of flat vugs developed with a diameter
of 3–4 mm. (d) Sample SHY014 developed small amount of vugs with a diameter of 0.5–1 mm.
(e) Sample SHY022 developed a multitude of flat vugs with a diameter of 1–2 mm. (f) Sample SHY025
developed flat vugs with a diameter of 2–6 mm and partially filled by secondary carbonates. The
insets in the six images are magnifications of light yellow rectangle indicated in individual images.
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The REV sizes are variable when using different methods, and the results obtained
by the derivative of Cv_sub (DREV) are relatively more accurate (Figure 14). In addition,
porosity is one of the important factors that influences the REV size. Clearly, the values
of the DREV decrease as porosity increases (Figure 15). Nine of the twenty-six samples
investigated have DREV values of less than 2.45 × 1013 µm3 (the volume of the cylinder
with a diameter of 2.5 cm and a height of 5 cm) and a porosity greater than 3.5%, except for
one outlier (Figure 15). Type-II and Type-IV samples required smaller volumes to attain
REV compared to those of Type-I and Type-III samples, indicating that the development of
large vugs has negative impacts on the REV size. In addition, the REV size was affected by
the parameters of heterogeneity and pore structure. However, compared with porosity, the
correlation between these parameters and the DREV was not high, as revealed by the weak
correlations in Figure 16. As such, the REV size is very likely the result of the interplay of
multiple factors. It is necessary to comprehensively consider the multiple parameters of a
sample to accurately determine the REV size.
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6.3. The REV Prediction Model

Several researchers have attempted to determine the REV sizes of porous media.
Clausnitzer et al. [39] showed that the side length of the REV for porosity was approximately
5.5 times of the diameter of a random pack of uniform glass beads. Bažant [40] found
that the REV size could be calculated by V = lnd , where l is the characteristic length,
and nd is the number of spatial dimensions. The characteristic length is approximately
2.7 times the maximum inclusion size [41]. Razavi et al. [34] suggested a systematic method
to quantify the calculation of the REV, in which the REV radius of spherical glass beads
was approximately two to three times the identified average diameters. The REV radius
of silica sand was between 5 and 11 times the d50 (the median particle size). The REV
radius of Ottawa sandstone was between 9 and 16 times the d50 (the median particle size).
Vik et al. [26] showed that the REV sizes were close to the average values of all porosity
measured when the bulk sample volume was greater than 1300 cm3, which was expected
to be above the REV. Clearly, the REV sizes determined by the above studies were mainly
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based on the characteristic length or diameter. For significantly heterogeneous carbonate
rocks, any single parameter is inadequate to properly evaluate it, as addressed above
(Figure 16).

Multiple statistical regressions (MLRs) are a useful method to analyze the effect of
multiple independent variables on the dependent variable [70,71]. The model is defined by
Equation (13).

Pm = θ + θ0Pe + θ1X1 + θ2X2 + . . . θnXn, (13)

where Pm is the determined property, Pe is the predicted property, Xn represents indepen-
dent variables, and θn are coefficients determined by the regression. The adjusted coefficient
of determination (R2) is used to determine how this statistical model fits to the data of the
determined property.

R2
= 1−

(
1− R2

) m− 1
m− p− 1

, (14)

where m is the sample size, p represents the total number of independent variables in
the linear model, and R2 is the determination coefficient. R2 is different to R2 because it
considers the degree of freedom of the data set. R2 will increase when a new independent
variable is included, with an exception that it improves R2 more than expected by chance.

To reduce the uncertainties of the estimated REV, MLRs was used to evaluate the
best statistical fit between the DREV and the calculated multi-factors using the adjusted
coefficient of determination (R2). The independent variables were added one by one to
the equation (Table 2). The independent variable was removed if the added independent
variables did not contribute much to the fitted equation (e.g., parameters of Cv_sli and NP)
(Figure 17b,d). It is worth noting that parameter NP is not used in the predicting model,
but this parameter is the premise of whether the sample can obtain the REV or not (see
Section 4.3). Combinations of various factors have been tested (Figure 17, Table 2). Of
which, the best model consists of parameters of logϕ, H, Ave_SF, and logNLV that yield
the maximum R2 of 0.9320 with a p-value below 0.05 and D-W greater than 1.5. This final
model passes the tests of the significance and sample independence. The REV sizes can
be obtained by a non-destructive CT technique in this method, meaning there are intact
sample aspects for later petrophysical tests. More importantly, the REV sizes obtained for
multiple parameters are more accurate than those obtained for a single parameter.

Table 2. Adjusted Coefficient of Determination between Determined and Estimated REV.

Dependent
Variable Independent Variables R2 ¯

R
2

p-Value D-W

log(DREV/V50)

(a) ϕ 0.3559 0.3290 0.0013 1.5702
(b) ϕ + Cv_sli 0.3570 0.3012 0.0062 1.5708
(c) ϕ + H 0.5853 0.5492 0.0000 1.6838

(d) ϕ + H + NP 0.5874 0.5311 0.0002 1.6674
(e) ϕ + H + Ave _SF 0.8195 0.7949 0.0000 1.3571

(f) ϕ + H + Ave_SF + NLV 0.8366 0.8054 0.0000 1.2550
(g) log ϕ + H + Ave_SF + NLV 0.8713 0.8468 0.0000 1.4798

(h) log ϕ+H+Ave_SF+ logNLV 0.9429 0.9320 0.0000 1.5530
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Figure 17. The fitting prediction model of DREV. (a) Fitting model established for ϕ. (b) Fitting model
established for ϕ and Cv_sli. (c) Fitting model established for ϕ and H. (d) Fitting model established
for ϕ, H and NP. (e) Fitting model established for ϕ, H and Ave_SF. (f) Fitting model established for
ϕ, H, Ave_SF and NLV. (g) Fitting model established for log ϕ, H, Ave_SF and NLV (h) Fitting model
established for log ϕ, H, Ave_SF and logNLV.

The link between the REV sizes and porosity, pore structure parameters, and het-
erogeneity parameter is thus established based on the prediction model. In other words,
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REV sizes can be obtained if these parameters are known. This potentially makes it a
very effective model to predict the REV sizes of vuggy dolostones. This study provides a
foundation for accurately calculating petrophysical properties and precisely evaluating the
reservoir’s quality.

7. Conclusions

(1) A total of 26 vuggy dolostones collected from the Cambrian Xiaoerbulake Formation
at the Kalping uplift are classified into four types of pore systems based on the pore
size distribution and contribution of pores to porosity.

(2) The different degrees of dissolution in different types of pore systems yield variation in
porosity, pore structure parameters, and heterogeneity. The development of numerous
vugs increases porosity and reduces heterogeneity, while the development of a small
amounts of large vugs increases the sample’s heterogeneity.

(3) The REV determined by the derivative of Cv_sub is more accurate than that deter-
mined by the cutoff value of Cv_sub. Only nine out of twenty-six samples have a
DREV less than the volume of traditional core plugs (2.45 × 1013 µm3), hence the
traditional core plugs are unrepresentative for most vuggy carbonate rocks.

(4) The REV sizes are influenced by various factors. Any individual parameter only
is inadequate to properly evaluate the REV sizes, so that multi-factors should be
considered. A prediction model has been established based on the relationship
between the REV sizes and the quantitative parameters of V50, NLV, Ave_SF, ϕ, and
H, with the correlation coefficient reaching 0.9320. Thus, our model could be very
effective for predicting REV sizes of vuggy dolostones.
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Nomenclature

REV the representative elementary volume
V50 the dominant pore volume
NLV the pore number on the cumulative curve at greater than 50%
Ave_SF the average of the shape factor
Si the area of the ith pore
Vi the volume of the ith pore
n the total number of pores
Cv the coefficient of variation√

Var(x) the standard deviation
x the arithmetic mean value
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Cv_sli the coefficient of variation of the medical-CT along the slice direction
Cv_sub the coefficient of variation when determining the REV.
H the heterogeneous factor
V the bulk volume of the sample
VBi the bulk volume of the inner large vugs of the sample (the volume of each vug is greater

than or equal to V50)
VBo the volume of the sample, excluding VBi
VBm the volume of the rock matrix
VBp the volume of pores, excluding VBi
ϕ the porosity of the sample
Vp the volume of the pores
ϕi the porosity of the inner large vugs
ϕo the porosity of the sample, excluding the inner large vugs
F the ratio of the bulk volume of the inner large vugs to the bulk volume of the sample
R the ratio of the porosity of the inner large vugs to the porosity of a sample excluding the

inner large vugs
α the scale parameter (α > 0)
β the position parameter
f (t) the signal
Ψ(t) the analyzing wavelet (the wavelet used is a complex wavelet)
NP the number of periodicities per unit length
P the total number of periodicities
L the number of CT slices
CREV the determining REV based on the cutoff value of Cv_sli
DREV the determining REV based on the derivative of Cv_sub
l the characteristic length
nd the number of spatial dimensions
d50 the median particle size
Pm the determined property
Pe the predicted property
Xn independent variables
θn coefficients determined by the regression
R2 the adjusted coefficient of determination
m the sample size
p the total number of independent variables
R2 the determination coefficient
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