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Reservoir heterogeneity is one of the key factors affecting the exploration and
development of oil and gas reservoirs. The Kh2 layer in the A field of Central Iraq is
a major pay zone with strong longitudinal and lateral heterogeneity. The
heterogeneity, controlled by geological factors, has not yet been confirmed,
which seriously restricts the development of this pay zone. This study aims to
establish a geological pattern for the reservoir heterogeneity of bioclastic
limestone, providing a geological basis for heterogeneity evaluation. Based on
the core observation, thin-section identification, and physical property analysis,
the microfacies are classified, and the diagenetic sequences and the pore
structure of the Kh2 layer are analyzed. Seven types of microfacies are
developed in the Kh2 layer, namely, planktic foraminiferal wackestone (MFT1),
lamellar bioclastic wackestone (MFT2), intraclastic–bioclastic packstone (MFT3),
green algal packstone (MFT4), green alga–pelletoid packstone (MFT5),
bioclastic–intraclastic packstone (MFT6), and intraclastic grainstone (MFT7).
The heterogeneity of the different microfacies and heterogeneity within the
same microfacies were evaluated using the variation coefficient of
permeability tested from cores collected from wells and calculated by well-
logging at different intervals. The highest heterogeneity was observed in the
lamellar bioclastic wackestone (MFT2), with an average variation coefficient of
0.72. The lowest heterogeneity was observed in the green algal packstone
(MFT4), with an average variation coefficient of 0.11. The vertical
heterogeneity of the permeability is mainly controlled by sedimentation, while
the lateral heterogeneity is mainly influenced by cementation, bioturbation, and
the distribution of green algae. Finally, a micro-scale geological pattern for
determining the reservoir heterogeneity of bioclastic limestone reservoirs is
established. This study can guide the current injection development and
remaining oil prediction in oilfields with similar backgrounds.
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1 Introduction

The heterogeneity of reservoirs is a key element to evaluate the oil
zone, which intensively affects the prediction of the distribution of
oil and gas reservoirs. Carbonate reservoirs have relatively higher
heterogeneity than sandstone reservoirs, and therefore, heterogeneity
evaluation is important for reservoir development (Jodeyri-Agaii et al.,
2018; Sharifi-Yazdi et al., 2020; Radwan et al., 2020; Mohammed A.
et al., 2022). Reservoir heterogeneity refers to the dispersion degree of
various parameters characterizing the reservoir in the three-
dimensional space (Chen et al., 2017). Many research studies have
reported the main controlling factors of reservoir heterogeneity,
especially including original material composition controlled by
deposition (Sadooni and alsharhan, 2003; Li et al., 2023) and
dissolution and cementation influenced by diagenesis (Nazemi M
et al., 2021; Alsuwaidi et al., 2021; Abdel-Fattah et al., 2022; Tavakoli
et al., 2022; Khazaie et al., 2022; Mohsin et al., 2023). The lithology of
the Cretaceous carbonate reservoir in Iraq is mainly bioclastic
limestone with a complex pore type and pore structure. Strong
heterogeneity exists in the distribution of particles and vertical
variation in pore-type assemblages (Liu et al., 2019), leading to the
development of layers with high permeability and interlayers (Elfeki
and Dekking, 2001; Sadooni et al., 2004; Han et al., 2014). Meanwhile,
strong local bioturbation has also been reported (Shen et al., 2019; Liu
et al., 2021). Previous research studies always focused on a single
geological factor influencing the heterogeneity of bioclastic limestone
in the Middle East (Shen et al., 2019; Wang G. J. et al., 2022; Farouk
et al., 2022; Mohammed I. Q. et al., 2022), without the understanding
of micro-scale reservoir heterogeneity patterns. Therefore, it is
necessary to establish a comprehensive pattern and effective
geological heterogeneity model that integrates multiple factors to
evaluate the heterogeneity of bioclastic limestone in the study area,
in order to provide a favorable foundation for the next injection
development and remaining oil prediction of an oilfield.

A oilfield is located in the southeastern part of Iraq. The A
oilfield is currently in the water-injection development stage (Han
et al., 2014; Khazaie et al., 2022; Mao et al., 2020), and with
development, the problem of rapid water-bearing increases, and
serious water-injection surges are becoming increasingly apparent.
Reservoir heterogeneity is an important factor in the success and
efficiency of waterflooding projects (Radwan et al., 2021). The Late
Cretaceous Turonian Khasib Formation is one of the major oil-
bearing zones in the field (Liu et al., 2019), accounting for 60% of the
total reserves of the field. The Kh2 layer has the largest reserves in
the Khasib Formation (Xu, 2018). The physical property of the
reservoir is mainly controlled by the content of particles and
dissolution and cementation (Xu, 2018; Gingras et al., 2014;
Chen et al., 2020). The extremely strong heterogeneity of the
Kh2 layer reservoir has a serious impact on the field
development effect and final recovery (Abdel-Fattah et al., 2022;
Xu et al., 2018). In this study, based on the observation of cores and
thin sections, the microfacies of the Kh2 reservoir are divided in the
A oilfield. Based on the physical property characteristics of the core
well, the evaluation method of the reservoir heterogeneity of the
horizontal well is established. Through testing and quantitative
analysis, the influencing factors of reservoir heterogeneity are
analyzed, and then, the heterogeneous development pattern is
formed by integrating multiple controlling factors.

2 Geological setting

The A oilfield is structurally located on the south-central
Mesopotamian Basin, on the northern edge of the Arabian Plate
(Figure 1) (Han et al., 2014; Abdel-Fattah et al., 2022; Wang Q. et al.,
2022). The A field is an important oil-producing area (Liu et al.,
2019; Wang G. J. et al., 2022). The field is a NE–SW trending broad,
gently long-axis anticline. The long axis of the anticline is
approximately 50 km long, and the short axis is 15–20 km wide
(Sherwani and Aqrawi, 1987). During the late Albian, a carbonate
ramp developed in the Mesopotamian Basin. During the early
Cenomanian, the base of the Mesopotamian Basin began to rise,
forming the inner-shelf basin. During the Turonian, the Khasib
Formation began to be deposited. Subsidence of the Mesopotamian
Belt occurred at the end of the Permian under the influence of Early
Alpine movement. Tectonic activity occurred during the Late
Cretaceous Turonian, and then, foreland basin evolution
occurred during the Paleoproterozoic–Pliocene, leading to the
present tectonic morphology (Guo et al., 2014; Al-Qayim, 2010;
Aqrawi, 1997; Zhang et al., 2023).

During the Cretaceous, the study area was weakly tectonically
active, depositing massive marine bioclastic-rich carbonate rocks
(Khazaie et al., 2022; Al-Qayim, 2010; Haq and Al-Qahtani, 2005;
Tian et al., 2020; Xue et al., 2022). Four oil-bearing zones developed
in the Cretaceous, namely, the Mauddud Formation, Rumaila
Formation, Mishrif Formation, and Khasib Formation, from the
bottom to top. Among them, the Khasib Formation is the most
important and extensively large oil-producing zone, with reserves
accounting for 60% of the total oilfield. The Khasib Formation is
unconformable with the Mishrif Formation. The top of the Khasib
Formation is underlied by the Tanuma Formation. The Khasib
Formation was deposited in the open carbonate platform, including
bioclastic shoal and algal mounds (Li et al., 2023; Khazaie et al., 2022;
Fadhil, 1993; Guo et al., 2014).

The Khasib Formation can be divided into four layers, Kh1, Kh2,
Kh3, and Kh4, and the Kh2 layer in this study is the main oil-
producing zone in the study area (Figure 2). The Kh2 layer can be
divided into five sub-layers, from Kh2-1 to Kh2-5, from top to
bottom (Guo et al., 2014; Zhang et al., 2023; Mahdi and Aqrawi,
2014). The Kh2 layer is characterized by lateral continuity and stable
thickness. The analysis of sedimentary microfacies assemblages and
sedimentary evolution showed that the Kh2 layer is deposited on the
carbonate platform, with the microfacies mainly consisting of
intraclastic shoal, bioclastic shoal, algal mound, and inter-bank
facies (Mirzaei et al., 2007; Sadooni and Alsharhan, 2003; Xue
et al., 2022). The lithology of the Kh2 layer is predominantly
grainstone, packstone, and wackestone, containing large amounts
of biological debris, foraminifera, and green algae, with minor
Echinodermata, bivalves, and gastropods (Mirzaei and Das, 2007;
Liu et al., 2019; Shen et al., 2019; Sadooni and alsharhan, 2003; Mao
et al., 2020; Gingras et al., 2014).

3 Sampling and testing methods

The cores were collected from a total of seven wells, X-12, X-13,
X1-12-8H, X1-22-1H, X-15, X-6, and XMa-4H. A total of 155 thin
sections were used in the study, with an interval of 1 m on cores.
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Among them, 25 thin sections were collected from well X-12, 24 thin
sections were collected from well X-13, 20 thin sections were collected
from well X1-12-8H, 26 thin sections were collected from well X1-22-
1H, 20 thin sections were collected from well X-15, 23 thin sections
were collected from well X-6, and 17 thin sections were collected from
well Xma-4H. Based on the observation of cores, the sedimentary
textures are identified. Based on the composition and content of
particles in the thin sections, the microfacies are classified.

Experimental analysis was carried out at the State Key
Laboratory of Oil and Gas Reservoir Geology and Exploitation,
China. All thin sections were stained with the alizarin red reagent in
0.2% HCl solution (cold) to differentiate between dolomite and
calcite, and impregnated with blue resin under vacuum conditions to
characterize the pore structure. Microscopic observations were
made using a DM4500 P microscope, and photographs were
taken using a Leica microscope. Finally, 155 thin sections were
observed and recorded under a microscope with the aim of
confirming the rock and mineral composition of the study area.

Based on these samples, the porosities with accuracies of ± 0.1%
were measured using an UltraPore-300 helium-porosity automatic
measuring instrument (Temco, United States), while a PoroPDP-200

gas permeability measuring instrument (Temco, United States)
was used to determine the permeability with an accuracy
of 0.0001 mD.

The relevant heterogeneity parameters are used to evaluate the
heterogeneity of carbonate reservoirs (Shao, 2010). This study
focuses on the degree of heterogeneity of permeability, and the
heterogeneity evaluation parameters used are as follows:

The variation coefficient (Vk) is defined as Vk �
����������∑n

i�1(Ki− �K)2/n
√

�K 。

In the formula,Ki is the permeability of the ith test point; n is the
number of test points in the study area; and �K is the average of the
permeability, and a weighted average of the thicknesses is usually
used in order to reflect the actual situation more objectively.

The dart coefficient (Tk) is defined as Tk � Kmax/ �K, whereKmax

is the maximum value of the permeability in the study area.
The range (Jk) is defined as Jk � Kmax/Kmin, where Kmin is the

minimum value of the permeability in the study area.
Generally, the larger the above three parameters, the stronger the

reservoir heterogeneity; conversely, the weaker it is (Wang and Jing,
2009; Wang et al., 2017). In this study, the heterogeneity of different
layers in straight wells and the horizontal sections of horizontal wells
were evaluated.

FIGURE 1
Location map of the study area.
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4 Results

4.1 Microfacies

Based on the carbonate classification criteria (Dunham, 1962),
using thin-section identification data and logging data, themicrofacies
of the Kh2 layer were divided in the study area. Analysis of the
logging response characteristics, pore structure, and depositional
environment for each type are shown in Table 1, Figure 3,
and Figure 4, i.e., planktic foraminiferal wackestone (MFT1)
(Figure 3A), lamellar bioclastic wackestone (MFT2) (Figure 3B),

intraclastic–bioclastic packstone (MFT3) (Figure 3C), green algal
packstone (MFT4) (Figure 3D), green alga–pelletoid packstone
(MFT5) (Figure 3E), bioclastic–intraclastic packstone (MFT6)
(Figure 3F), and intraclastic grainstone (MFT7) (Figure 3G). With
differences in the grain content, there are different pore assemblies
and pore structures among the different microfacies.

The grain type in MFT1 is mainly planktic foraminiferium and
contains a small amount of biological debris. The particle content is
in the range of 25%–50%. Good pore structures of the microfacies
exist, filled with micrite calcite between the grains, with visible
porosity in the range of 5%–10%.

FIGURE 2
Stratigraphic column and sedimentary facies of the Khasib Formation in the A oilfield (Shen et al., 2014).
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Two main types of particles exist in MFT2, namely, green algae
and planktic foraminiferium, with a small amount of bioclasts. The
color of the cores of MFT2 is light brown–gray, with a loose
structure and well-developed pores.

The particle types are mainly bioclasts in MFT3, with highest
contents of Echinodermata and foraminifera, containing intraclasts
and a small amount of green algae. This microfacies contains a high
content of matrix, with well-developed pores and areal porosity in
the range of 10%–15%.

The particle types are mainly green algae in MFT4, with minor
Echinodermata and bioclasts. The green algae are mostly dissolved
to form moldic pores. At the same time, the dissolved calcium
carbonate precipitates nearby to form cemented patches. Many
white dense patches exist that are unevenly distributed on the
core. The pores are well developed in this microfacies, with
uneven distribution and areal porosity in the range of 15%–21%.

The particle types are mainly intraclasts and green algae in
MFT5. Both particle types are unevenly distributed and contain a
small amount of bioclasts. Green algae are mostly dissolved to form
algal moldic pores. White, dense patches are observed locally on the
core. This microfacies has well-developed pores, with a visible
porosity of approximately 15%.

The particle type is mainly intraclasts, with a small amount of
bioclasts, in MFT6. White, dense patches are observed locally on the
core. This microfacies has moderately developed pores, with an areal
porosity of less than 7%.

The grain type is mainly intraclastic in MFT7, containing a
small amount of green algae and bioclasts, with a very small

amount of marl between the grains. The intraclastic content in
this microfacies is greater than 55%, partially or completely
cemented by sparry calcite between grains. Unevenly distributed
dense patches exist in this microfacies. The microfacies have a
moderate development of pores, with an areal porosity of
approximately 15%.

4.2 Bioturbation

As the observations in this study were based on plunge cores,
there is a lack of macroscopic records and only a few biological
burrows (Figure 5A). Lithological zoning due to bioturbation is
visible in the thin section, with clear boundaries (Figure 5B).
Biological burrows on the surface of calcareous bioclasts are
commonly observed (Figures 5C,D).

The Kh2 layer of the A field has mainly developed three species
of biological remains, namely, Thalassinoides, Ophiomorpha, and
Palaeophycus (Wang Q. et al., 2022; Liu et al., 2019; Shen et al.,
2019). Thalassinoides remains are developed in all kinds of
microfacies. Thalassinoides remains are the main bioturbation
in the Kh2 layer, resulting in the development of a large
number of pores such as intergranular pores. Thalassinoides-
type remains with a good pore structure are mainly distributed
in the green algal debris beach in the middle gentle slope.
Ophiomorpha remains developed in MFT3, MFT5, and
MFT6 microfacies. Ophiomorpha-type relics with good pore
connectivity are mainly distributed in the medium–low-energy

TABLE 1 Microfacies characteristics of the Kh2 layer in the A oilfield.

Microfacies Particle type Particle
content

(%)

Pore
structure

Sedimentary
environment

Log response characteristics

Planktic foraminiferal
wackestone

Planktic foraminiferium 25%–50% Preferably Deep marine Low natural gamma, low resistivity, high
sonic transit time, low density, and high
porosity

Lamellar bioclastic
wackestone

Green algae and planktic
foraminiferium

50%–80% Preferably Back shoal Low natural gamma values, significantly
reduced resistivity compared to adjacent
layers, high acoustic transit time, low
density, and high neutron porosity

Intraclastic–bioclastic
packstone

Biological debris,
intraclastic, and a small
amount of green algae

40%–55% Preferably Bioclastic shoal Low natural gamma values, significantly
reduced resistivity compared to adjacent
layers, high acoustic transit time, low
density, and high neutron porosity

Green algal packstone Green algae,
Echinodermata, and
biological debris

30%–50% Good pore structure
but uneven
distribution

Algal mound High natural gamma values, relatively high
resistivity values, high acoustic transit time
values, low density, and high porosity

Green alga–pelletoid
packstone

Pelletoid, green algae, and a
small amount of biological

debris

45%–60% Preferably Algal mound Low natural gamma, relatively low
resistivity, high acoustic transit time, low
density, and high porosity

Bioclastic–intraclastic
packstone

Intraclastic, a small amount
of biological debris

50%–75% Medium Intraclastic shoal Natural gamma rays have low values,
relatively high electrical resistivity, slightly
lower acoustic transit time and neutron
porosity than adjacent formations, and
slightly higher density than adjacent
formations

Intraclastic grainstone Intraclastic, a small amount
of green algae, and
biological debris

55%–80% Medium Intraclastic shoal Low natural gamma values, high electrical
resistivity values, and relatively low three
porosity values, with smaller peaks

Frontiers in Energy Research frontiersin.org05

Ling et al. 10.3389/fenrg.2023.1296584

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1296584


shoal environment of the moderate slope. Palaeophycus remains
are found in MFT2, MFT4, and MFT5. Palaeophycus remains are
mainly distributed in a granular beach environment.

4.3 Diagenesis

The reservoir quality of the Kh2 layer is mainly controlled by
sedimentation and diagenesis. In the study area, bioturbation-
superimposed cementation, dissolution, and compaction
enhanced the reservoir heterogeneity. By using the contact and
position relationship between different diagenetic minerals and the
formation time of different dissolution pores, combined with
cathodic luminescence, the formation sequence of diagenetic
minerals is determined. The formation environment is identified
by observing the color of thin sections under cathode luminescence
(CL). The color of calcite under CL precipitated from a freshwater
environment is usually brighter and that from a seawater
environment is dull (Zheng et al., 2020) (Figure 6). The
diagenetic sequence of the Kh2 formation in the study area is
shown in Figure 7.

4.3.1 Compaction and pressure solution
The results of thin-section identification in the study area show

that the granular rock in Kh2 formation is relatively loose. The
compaction is weak, and the pressure solution is not strong in the
rock, so the effect on the reservoir is small. Most of the particles in
the Kh2 formation have point contact, and a small part of them
have line contact, which results in increased retention of
intergranular pores. The sedimentary fabric of bioclasts in the
study area was well-preserved, and no characteristics of
dislocation, deformation, and other compaction were observed
(Figure 8C). A large number of stylolite can be observed in the
cores from the Kh2 layer (Figure 8A).

4.3.2 Cementation
In the Kh2 layer, three types of calcite cements exist, namely,

micrite, fiber/needle, and granular calcite. Carbonate rocks were
subjected to multi-stage alteration in the diagenetic process to
form generational cementation (Figures 8D,E). The first
generation often formed in a seawater environment with weak
dissolution and developed fibrous/needle calcite rims composed of
aragonite. The second and third generations are often formed in

FIGURE 3
Photographs of cores and thin sections of different microfacies. (A) Planktic foraminiferal wackestone; the upper part is the core, and the
lower part is the thin section under plane-polarized light, 20×. (B) Lamellar bioclastic wackestone; the upper part is the core, and the lower part is
the thin section under plane-polarized light, 50×. (C) Intraclastic–bioclastic packstone; the upper part is the core, and the lower part is the thin
section under plane-polarized light, 20×. (D) Green algal packstone; the upper part is the core, and the lower part is the thin section under
plane-polarized light, 20×. (E) Green alga–pelletoid packstone; the upper part is the core, and the lower part is the thin section under plane-
polarized light, 20×. (F) Bioclastic–intraclastic packstone; the upper part is the core, and the lower part is the thin section under plane-polarized
light, 10×. (G) Intraclastic grainstone; the upper part is the core, and the lower part is the thin section under plane-polarized light, 10×.
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freshwater and burial environments. With the decline in the sea
level, the impact of freshwater has increased. With the dissolution
of Ca2+ in the water combined with CO3

2-, isometric granular
calcite precipitated by filling dissolved vugs and moldic pores.
This phenomenon is widespread in the Khasib Formation in the

study area (Figure 8F) and will deconstruct the quality of
the reservoir.

Green algae are mostly dissolved to form moldic pores. At the
same time, the dissolved calcium carbonate precipitates nearby to
form cemented patches. Many white, dense patches exist near

FIGURE 4
Comprehensive stratigraphic column of the different microfacies in the Kh2 layer.
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moldic pores. The differential dissolution and cementation induce
heterogeneity in this reservoir.

4.3.3 Dissolution
Dissolution is the most important constructive diagenesis of

the Khasib Formation in the A oilfield. A large number of
secondary pores are formed by the dissolution of the reservoir
(Figures 8B,G,H,I). The dissolution of reservoirs in the study area
can be roughly divided into four stages. In the first stage, a large
number of moldic pores were formed as a result of selective

dissolution of fabrics in the subsurface flow zone of meteoric
water. In the second stage, non-fabric, selectively dissolved vugs
were formed as a result of the dissolution in the freshwater vadose
zone (in this zone, freshwater flows vertically, resulting in strong
dissolution). In the third stage, the non-fabric selectively dissolved
vugs and fractures were formed as a result of the dissolution in the
freshwater vadose zone during the period accompanied by tectonic
uplift. In the fourth stage, a small-scale and dense distribution of
needle pores formed as a result of burial dissolution. Among the
four phases of dissolution, contemporaneous dissolution formed

FIGURE 5
Bioturbation evidence from the core and thin sections in the Kh2 layer. (A) Biological burrow, core photograph; (B) boundary of the biological
burrow, a thin section under plane-polarized light, 5×; (C) bioturbation on the Echinodermata debris, a thin section under plane-polarized light, 20×; and
(D) bioturbation on the bivalve debris, a thin section under plane-polarized light, 10×.

FIGURE 6
Photographs of thin sections under cathode luminescence. (A) Rim of calcite cements with orange–yellow light, the X1-22-1H well, 2756.28 m;
(B) micrite with no light, X-6 well, 2689.12 m.
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most of the effective pores in the middle Cretaceous reservoir in
the study area.

4.4 Heterogeneity characteristics

4.4.1 Comparison of the heterogeneity of different
microfacies

The sublayers in the study area correspond to different
microfacies, and statistical evaluation parameters for the
heterogeneity of different microfacies are used to characterize the
vertical heterogeneity of the reservoir.

In the evaluation of vertical heterogeneity in the study area, the
permeability was tested at intervals of 0.125 m. The collected data
were categorized into three parameters, namely, variation
coefficient, dart coefficient, and range, according to the interval
of 1 m, 2 m and 4 m. The statistical results show that the maximum
coefficient of variation is 0.99, and the average is about 0.46. The
maximum value of the dart coefficient is 5.56, and the average
value is about 2.36. The maximum range is 29.26, and the average
is about 7.39. As shown in Figure 9, MFT2, MFT6, and MFT7 types
have the strongest microfacies heterogeneity. MFT1, MFT3,

MFT4, and MFT5 types have the weakest microfacies
heterogeneity.

4.4.2 Comparison of lateral heterogeneity within
the same microfacies

Horizontal wells are used to analyze the heterogeneity of
different positions in the same layer (same microfacies). Finally,
the lateral distribution characteristics of heterogeneity in the same
small layer are determined. Because more horizontal well data exist
on the Kh2-2, Kh2-3, and Kh2-4 sub-layers in the study area, the
lateral heterogeneity of MFT2, MFT4, and MFT5 microfacies is
selected for comparative analysis.

In the evaluation of lateral heterogeneity, the permeability was
tested at intervals of 0.125 m. The collected data were categorized
into three parameters, namely, the variation coefficient, dart
coefficient, and range, according to the interval of 10 m, 20 m,
and 40 m, respectively. The statistical results show that the
maximum coefficient of variation is 0.99, and the average is
about 0.46. The maximum value of the dart coefficient is 5.56,
and the average value is about 2.36. The maximum range is 29.26,
and the average is about 7.39. Figure 10 shows that the MFT2 type
has the strongest lateral heterogeneity, while MFT4 and

FIGURE 7
Diagenesis sequence in the Kh2 layer.
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MFT5 types have weaker lateral heterogeneity. The results are
consistent with the vertical heterogeneity trend discussed in the
previous section. Differences in reservoir heterogeneity also exist

between different well zones. On the whole, there is a gradual
weakening trend of vertical and lateral heterogeneity from well
areas X1–X4.

FIGURE 8
Photographs of diagenetic alteration in the Kh2 layer. (A) Pressure solution, X-12 well, 2817.88 m, visible stylolite, a thin section under plane-
polarized light, 20×. (B) Dissolution, X-13 well, 2616 m, a thin section under plane-polarized light, 50×. (C) Pressure dissolution of the edge of the
Echinodermata, X-13 well, 2614 m, a thin section under plane-polarized light, 20×. (D) Echinodermata coaxial overgrowth, X-13 well, 2634 m, a thin
section under plane-polarized light, 50×. (E) Calcite generation cementation, X-13 well, 2953.77 m, a thin section under plane-polarized light, 50×.
(F)Granular calcite filling, X-13well, 2630 m, a thin section under plane-polarized light, 50×. (G)Non-fabric selective dissolution, X-13well, 2641 m, a thin
section under plane-polarized light, 20×. (H) Fracture, X-13 well, 2638 m, a thin section under plane-polarized light, 20×. (I). Algal moldic pore, X-13 well,
2637 m, a thin section under plane-polarized light, 50×.

FIGURE 9
Differences in the vertical heterogeneity of different microfacies.
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5 Discussion

By calculating the variation coefficient of the reservoir in the
study area, the heterogeneity between different microfacies can be
compared. The microfacies with strong heterogeneity are MFT2,
MFT6, and MFT7. Table 1 in Section 3.1 shows that the particle
content of the three microfacies is the highest among the seven
microfacies. The effects of particle types, bioturbation
characteristics, content and distribution of green algae, and
differences in dissolution and cementation of the three
microfacies were analyzed. The heterogeneous pattern of the
Kh2 layer is established.

5.1 Particle type controls on the
heterogeneity of bioclastic limestone

The carbonate rocks of the Khasib Formation in the study
area are composed of marl and various types of skeleton
fragments, with a small amount of non-skeleton fragments.
The skeleton debris includes foraminifera, green algae, bivalve,
Echinodermata, and rudist. Non-skeletal particles contain
pelletoids and intraclasts. The impact of particles on reservoir
heterogeneity is mainly reflected in the relative content of
bioclastic and intraclast.

The relative contents of algae, other bioclasts, and intraclasts of
the three types of microfacies were calculated, and their
coefficients of variation were calculated (Table 2). It can be
concluded that the microfacies with a high particle content has
strong heterogeneity. However, the influence of bioclastic content
on heterogeneity is greater than that of the intraclast content.
Moreover, the facies with a high algal content are more
heterogeneous. Because the green algae in the study area are
mainly aragonite mineral, they are easy to dissolve and produce
a large number of algal moldic pores, resulting in a strong
heterogeneity of the reservoir.

The distribution pattern and content of green algae in
different microfacies are different. By studying the difference of
distribution patterns of green algae in study areas, the influence of
different distribution patterns on reservoir heterogeneity was
clarified. The distribution patterns of green algae in the study
area were divided into three types: aggregated, dispersed, and
isolated (Figure 11). The high content of green algae in the

aggregate type and the dissolution of connectivity are
conducive to the improvement of reservoir permeability,
resulting in the enhancement of reservoir heterogeneity. The
content of green algae is high but dispersed. After dissolution,
the permeability of the reservoir does not increase significantly,
and the distributed distribution mode slightly enhances the
heterogeneity of the reservoir. The isolated pattern has little
effect on reservoir heterogeneity due to the low content of
green algae. It can be proved by calculating the coefficient of
variation of the above three patterns (Figure 11).

5.2 Bioturbation influences on the
heterogeneity of MT2

Among the three types of microfacies discussed in Section 4.1,
MFT2 has the strongest heterogeneity and the highest content of
bioclastics. Analysis of thin-section photographs and core
photographs at different depths in MFT2 microfacies (Table 3)
showed obvious different lithologies in the same thin section
under the microscope, and obvious bioturbation can be seen on
the core, with a high coefficient of variation and strong
heterogeneity, in areas with strong biological disturbance.
Therefore, it is believed that there is a positive correlation
between the intensity of biological disturbance and the
intensity of reservoir heterogeneity.

5.3 Differential dissolution and cementation
can change the heterogeneity of the
bioclastic limestone reservoir

Dissolution can occur at various diagenetic stages of
carbonate rocks, and a large number of secondary pores can
be formed. The dissolution mechanism of carbonate rocks can be
divided into near-surface freshwater dissolution, organic acid
dissolution in a burial environment, hydrothermal dissolution,
etc. (Zhang et al., 2021). Cementation is one of the key
deconstruction factors in carbonate diagenesis. As a result of
cementation, crystal growth occurs in the intergranular pores,
and the reservoir is damaged. The carbonate cements mainly
consist of the fibrous crystal and coarse-grained crystal (Gong
and Jiang, 2009). Dissolution and cementation are usually

FIGURE 10
Lateral heterogeneity differences in the same lithofacies.
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TABLE 2 Statistical result for the proportion of particle content in different microfacies.

Microfacies type Particle content (%)

Other biological debris (%) Intraclastic grain (%) Algae (%) Coefficient of variation

Lamellar bioclastic wackestone (MFT2) 68 22 10 0.60–0.90

Bioclastic–intraclastic packstone (MFT6) 25 70 5 0.68–0.96

Intraclastic grainstone (MFT7) 8 90 2 0.32–0.66

FIGURE 11
Thin-section photographs of different distribution patterns of green algae and the coefficient of the variation profile. (A) X-13 well, 2615 m, green
algal aggregate distribution pattern, a thin section under plane-polarized light, 10×. (B) X-13well, 2670 m, green algal dispersed distribution pattern, a thin
section under plane-polarized light, 10×. (C) X-13 well, 2622 m, green algal isolated distribution pattern, a thin section under plane-polarized light, 10×.

TABLE 3 Relationship between biological disturbance and heterogeneity.

Well
location

Zone Depth(m) Biological
disturbance
intensity

Thin-film
photograph

Core
photograph

Coefficient of
variation

Heterogeneity

X-13 well Kh2-4 2607.81 Strong 0.67 Strong

2605.03 Medium 0.35 Medium

2609.67 Weak 0.13 Weak
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associated with each other, and both affect the reservoir
heterogeneity.

The carbonate sediments in the study area were mainly green
algae and Echinodermata. The green algae were dissolved to form
algal moldic pores, and calcium carbonate was dissolved and
precipitated to form cemented patches. Dissolution will further
expand the pores, and cementation will reduce the pore space.
According to the research in Section 4.1, the distribution of green
algae in the study area is uneven. Therefore, non-fabric selective
dissolution, selective dissolution, and differential cementation exist in
the study area. These three diageneses will lead to uneven pore
development and further enhance the heterogeneity of the study
area. For example, the cementation degree of the X-Ma4H well in
the working area is strong. It can be observed that the moldic pores
and the dissolved pores are completely filled with calcite (Figure 12).
Although the pores developed in these microfacies, the distribution of
pores is not uniform, and the heterogeneity is strong.

5.4 Heterogeneity pattern in the study area

According to the above discussion, the heterogeneity of the
study area is mainly controlled by the content and type of particles,
the distribution pattern of green algae, bioturbation, and differential
dissolution and cementation. Based on the above factors, a
geological pattern of reservoir heterogeneous development was
established in the study area (Figure 13).

In the study, grainstone, packstone, and wackestone are
deposited on the carbonate ramp in the Khasib Formation. Some

similar cases including the Lower-Cretaceous Yamama Formation
in the southeastern part of the basin (Fadhil, 1993); the Middle-
Cretaceous Sarvak Formation in the Zagros Basin, southwestern
Iran (Mohammad et al., 2016; Elham et al., 2013); the Upper-
Cretaceous Shiranish Formation; and the internal reservoirs of
the Middle-Cretaceous Mauddud Formation in the Arabian Gulf
Basin are all similar (Sadooni, 2004; El-Anbaawy and sadek, 1979).
Therefore, the development pattern of reservoir heterogeneity
studied in this paper is universal.

6 Application

The A oilfield is a highly heterogeneous carbonate reservoir, so it
is necessary to understand the oil–water relationship in waterflood
development. Tracer interwell monitoring techniques are often used
for research (Cheng, 2005). A tracer is a chemical agent that can flow
with a fluid and indicate the presence, direction, and speed of
movement of the fluid. The application of a tracer for interwell
monitoring means that the water-soluble tracer is injected into the
injection well, and water samples are taken from the surrounding
monitoring wells. According to the time and concentration of the
tracer in the water samples, the interpretation results obtained can
not only reflect the longitudinal connectivity between wells but also
the distribution of the remaining oil (Ding et al., 2007). In this paper,
by selecting well X1-13-X in the strong-heterogeneity area and wells
X1-13-Y and X1-13-Z in the weak-heterogeneity area for the tracer
test (Table4), it is concluded that the strength of heterogeneity has a
good corresponding relationship with the presence of the tracer. In

FIGURE 12
Characteristics of rock subjected to cementation (the pores formed during the dissolution process are filled by the precipitation of dissolution
products). (A) XMa-4H-2770.62m, a thin section under plane-polarized light, 10×. (B) XMa-4H-2770.17m, a thin section under plane-polarized light, 20×.
(C) XMa-4H-2777.73 m, a thin section under plane-polarized light, 10×. (D) XMa-4H-2784.04 m, a thin section under plane-polarized light, 10×.
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FIGURE 13
Geological pattern of reservoir heterogeneity in the study area.

TABLE 4 Tracer test well.

Well Well spacing(m) Tracer appearance time Advance speed Tracer proportion

Near Middle Far Day Near Middle Far Average Accumulate (%)

X1-13-X 300 600 900 96 3.1 6.3 9.4 6.3 7

X1-13-Y 300 600 900 29 10.3 10.3 10.3 10.3 37

X1-13-Z 300 600 900 47 6.4 12.8 19.1 12.8 9
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the strong-heterogeneity area, the water content increases slowly in
terms of the presence time of the tracer. In the weak-heterogeneity
area, the time of the application of the well-location tracer is short,
and the water cut increases rapidly.

7 Conclusion

(1) Seven types of microfacies developed in the Kh2, namely,
planktic foraminiferal wackestone (MFT1), lamellar bioclastic
wackestone (MFT2), intraclastic–bioclastic packstone (MFT3),
green algal packstone (MFT4), green alga–pelletoid packstone
(MFT5), bioclastic–intraclastic packstone (MFT6), and
intraclastic grainstone (MFT7). The calculation of the three
parameters, coefficient of variation, dart coefficient, range and
statistics, showed that the heterogeneity of striated bioclastic
wackestone (MFT2) is the strongest.

(2) Comprehensive analysis shows that the reservoir heterogeneity
in the study area is mainly affected by the content and type of
particle. The higher the particle content, the stronger the
heterogeneity. The influence of the content and type of
bioclastic on the heterogeneity is greater than that of intraclast.

(3) The distribution patterns of green algae in the study area were
divided into three types: aggregated, dispersed, and isolated
patterns. In the distribution pattern of green algae, the reservoir
heterogeneity is strongest in the aggregated distribution pattern.

(4) The stronger the bioturbation, the stronger the heterogeneity.
The degree of dissolution–cementation is different in
different microfacies, and the microfacies with a high
degree of dissolution–cementation are more heterogeneous.
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