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Carbonate reservoirs usually have a strong heterogeneity. The zones with

relatively high permeability will form a channel through which fluids can

easily flow. These channels are called thief zones. Thief zones have notable

effects on oil or gas production, for example, high oil recovery rates at the early

stage of the exploitation or an early water breakthrough during the later stage of

water flooding development. Therefore, it is essential to have a precise

identification of thief zones in carbonate reservoirs. In this research study, a

simple approach to identify thief zones based on reservoir permeability

gathered from well logging is developed. The thief zones are first identified

at wells based on the lower limit value of the thief-zone permeability. This value

is determined based on the dynamic production data, indicating that the thief

zones identified by applying this criterion can reflect the product

characteristics. Then, a zonal inter-well recognition method is adopted to

identify the connectivity and distributions of thief zones in the regions far

away from the well. This method is applied to identify thief zones for the

Cretaceous Mishrif Formation in the H oilfield, Iraq. The reliability of the

identification results is tested by the well-group injection test. The

distributions of thief zones in the study region are discussed. In the study

region, 12members developed thief zones, while twomembers (i.e., MC1-3 and

MC2-2) did not develop thief zones. Specifically, there are five members having

a high level of thief-zone development. They areMB1-2C, MB2-1, MB2-2, MC2-

3, and MC3-2. Comparing the distribution of thief zones with that of

sedimentary microfacies, it is concluded that the thief-zone development is

mainly controlled by the sedimentary microfacies and tends to occur in high-

energy shoals.
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Introduction

Carbonate reservoirs play an essential role in oil and gas

recovery, especially in theMiddle East andMiddle Asia (Liu et al.,

2016). Generally, there is a strong heterogeneity in carbonate

reservoirs due to the comprehensive impacts of tectonic

movement and the leaching effect (Ghafoori et al., 2009; He

et al., 2014; Al-Ali et al., 2019). During oil and gas recovery, the

zones with relatively high permeability will form low-resistivity

seepage channels of fluids, that is, the so-called thief zones (Fu

et al., 2019). Thief zones will have high oil recovery rates at the

early stage of the exploitation, while they will result in an early

water breakthrough and, thereby, lead to a low sweep efficiency at

the later stage of water flooding development (Li et al., 2015;

Kong et al., 2021). Therefore, it is crucial to identify the thief

zones in carbonate reservoirs.

Many methods have been developed to identify thief zones

based on analysis of various kinds of data gathered from oilfields,

such as core data, well logging data, tracer test data, and

production data. The core data (such as permeability,

porosity, and pore throat size distribution) can be used to

establish the pore structures, therefore providing the basis for

the thief-zone identification (He and Hua., 1998; Liao et al., 2001;

He et al., 2002). The tracer tests provide an intuitive way of the

flow directions. Several researchers analyzed tracer test data to

identify the thief zone and obtained relatively precise

identification results (Batycky et al., 2008; Izgec and Kabir,

2009; Wang et al., 2011). However, these two methods are

both expensive and lack adequate field data. Moreover, the

tracer test is time-consuming.

Compared with the core and tracer test data, the well logging

and production data are more abundant and can be easily

obtained. Therefore, many methods have been developed

based on well logging data and production data. Wang et al.

(2002) identified thief zones by applying water-injection profile

logging data. Al-Dhafeeri and Nasr-El-Din. (2007) adopted both

the core data and production logging data to identify thief zones.

Li et al. (2008) identified thief zones by using a method

combining the high-resolution image logging data with the

data collected from the production logging test (PLT) and

nuclear magnetic resonance (NMR). Chen et al. (2008)

applied the data gathered from PLTs to identify thief zones

and provided the distributions of different thief-zone types.

Feng et al. (2010) quantitatively identified thief zones between

wells using the well test method. John et al. (2013) developed a

thief-zone identification method which is a comprehensive

analysis of the results obtained by distributed temperature

sensing (DTS) technology, PLTs, and water flow logging

(WFL). Wei et al. (2019) proposed an index to describe the

relative contribution of a certain layer based on the data gathered

from PLT. One disadvantage of this kind of method is that the

data collected from well logging can only describe the thief zones

near well regions (Fu et al., 2019).

In this research study, a simple approach to identify thief

zones based on the reservoir permeability obtained from well

logging is provided. The lower limit values of the thief-zone

permeability in each member are determined based on the

dynamic production data. This indicates that the thief zones

identified by applying this criterion can reflect the production

characteristics. In this identification method, the lower limit

values of the thief-zone permeability are first applied to the

identified thief zones at each single well. Then, a zonal inter-well

recognition method is adopted to carefully capture the

connectivity and distributions of thief zones in the regions far

away from the well. This identification approach is adopted to

identify thief zones for the Cretaceous Mishrif Formation in the

H oilfield, Iraq. The reliability of this approach is tested based on

a well-group injection test. The distributions of thief zones for the

Cretaceous Mishrif Formation in the H oilfield are discussed in

this study.

Geological setting

Figure 1 shows the geographical location of the H oilfield. As

shown in Figure 1, the H oilfield is approximately 400 km

southeast of Baghdad, located in Maysan province in

southeastern Iraq. This oilfield is in the foredeep belt of the

Mesopotamian basin (Fouad, 2010; Fouad and Sissakian, 2011),

which is a wide and gentle anticline with a length and width of

about 31 km and 10 km, respectively. The long axis of this

anticline is in the NW-SE trending. The H oilfield is a

supergiant oilfield. In this oilfield, over 80% of the oil is

produced from the limestone of the Lower Cretaceous Sadi

Formation and Middle Cretaceous Mishrif Formation. The

Mishrif Formation is the most important production zone in

the study region with a thickness of around 400 m.

Figure 2 shows the stratigraphic column of Cretaceous in

the H oilfield. Shelf carbonate developed in the H oilfield

(Aqrawi et al., 1998; Wang et al., 2016). The sedimentary

facies developing in most areas is an open platform, while a

few areas developed the restricted platform and platform edge

(Aqrawi et al., 1998; Wang et al., 2016). Based on the different

sedimentary hydrodynamic conditions, the sedimentary

microfacies in the study region can be divided into high-

energy shoals (such as mussel clastic shoal, algal mound, and

intraclastic shoal), low-energy shoals (such as bioclastic shoal

and shallow open sea), non-clastic facies (such as subtidal flats

and marsh), and tidal channels (Zhang et al., 2021). The

Mishrif Formation belongs to the Middle Cretaceous
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deposit. A regional unconformity forms the top of the Mishrif

Formation (Wang et al., 2016; Bromhead et al., 2022). The

Mishrif Formation in the H oilfield can be further subdivided

into 18 members based on the characteristics of lithological

variation. The members from top to bottom are MA1, MA2,

MB1-1, MB1-2A, MB1-2B, MB1-2C, MB2-1, MB2-2, MB2-3,

MC1-1, MC1-2, MC1-3, MC1-4, MC2-1, MC2-2, MC2-3,

MC3-1, and MC3-2 (Wang, 2016). Among these members,

MA1, MB1-1, MC2-1, and MC3-1 are interlayers.

The high reservoir heterogeneity of the Mishrif Formation in

the H oilfield is usually caused by the comprehensive influence of

the sedimentary environment, diagenesis, tectonics, etc.

(Ghafoori et al., 2009; He et al., 2014; Al-Ali et al., 2019).

There are various lithofacies (with different particle types,

particle contents, pore structures, and physical properties) that

develop when sedimentary environments change. Sometimes, the

diagenesis leads to the dissolution of unstable minerals, which

increases the limestone permeability. Figure 3 shows the planar

distributions of the intermediate permeability variation

coefficients of MB2-2. The permeability variation coefficients

(Vk) can be calculated using the following equation.

Vk �

�������������∑n
i�1
(Ki − �K)2/n

√
�K

, (1)

where Ki and �K represent the permeability of the ith test point

and the average permeability of the study region, respectively; n

represents the number of the test points. As shown in Figure 3,

the variation coefficients in most regions are larger than 0.9,

indicating that there is a strong intermediate heterogeneity of

MB2-2 (Li et al., 2021).

The strong heterogeneity may cause the oil or the injected

water to mainly flow through the zones with high permeability

and, thereby, form thief zones. The existence of thief zones

will lead to notable contradictions in the production data.

Figure 4 shows the distribution of liquid products with the

change in the cumulative thickness of the tested zones. It is to

be noted that a tested zone usually corresponds to a perforated

FIGURE 1
Geographical location of the H oilfield (after Fouad, 2015).
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interval. In this figure, the flow profiles of 86 zones gathered

from 14 tested wells are counted. Then, these data are ranked

from the smallest to the largest based on their liquid

production yield per meter. We defined that the zone with

low liquid production is the zone whose liquid production

yield per meter is smaller than the average liquid production

yield per meter of all tested zones, while the zone with high

liquid production is the zone whose liquid production yield

per meter is larger than the average value. As shown in

Figure 4, it can be found that the zones with low liquid

production, whose cumulative thickness occupies 85.8% of

the total thickness, only contribute 30.7% of the total liquid

production. While the zones with high liquid production,

whose cumulative thickness is only 14.2% of the total

thickness, contribute 69.3% of the total liquid production.

This indicates that thief zones exist in the study region and

have a notable effect on oil production, making it necessary to

identify thief zones in this region.

Methodology of determining the
criteria of identifying thief zones

Static permeability, which can be easily obtained from well

logging, is applied to identify thief zones in this study. The

determination of the lower limit values of thief-zone

permeability is based on the change of the oil productions of

different perforated intervals. Since most wells in our study region

have several perforated intervals, the production data collected

from these wells are usually the total oil produced from all the

perforated intervals. Hence, the layering production split should be

first adopted to calculate the oil production from a single

perforated interval. In our study region, there are 104 wells

with conventional logs, including six cored wells. The

permeability data used in this study have been corrected based

on core data. The production dynamic data are available for

58 wells, while the PLT data are available for 13 wells.

Production split for multilayer production
well

In this study, the production capacity of a given well is

depicted by the average monthly oil production yield per

meter. The formation coefficient method (KH method)

(Zhao et al., 2010; Zheng et al., 2011) is applied in this

study. The KH method is one of the most used production

split methods in the oilfield. In this method, the oil production

can be split only based on the reservoir permeability and

effective thickness. First, the production split coefficient is

calculated using the following equation (Zhao et al., 2010;

Zheng, et al., 2011):

Mi � KiHi∑m
j�1
KjHj

, (2)

where Mi represents the production split coefficient used in the

KH method; m represents the number of layers; Hi and Hj

FIGURE 2
Stratigraphic column of Cretaceous in the H oilfield (after
Simmons et al., 2007; Wang, 2016; Nasser, 2018; Al-Mimar et al.,
2018; Zhang et al., 2021).

FIGURE 3
Planar distributions of the intermediate permeability variation
coefficients of MB2-2.
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represent the effective thickness of the ith layer and jth layer,

respectively; Ki and Kjrepresent the average permeability of the

ith layer and jth layer, respectively. It is to be noted that Ki and

Kjare the thickness-weighted mean and can be calculated using

the permeability collected from well logging. Then, the average

monthly oil production yield per meter of a single layer can be

calculated as follows:

qoi � qoMi, (3)

where qo and qoi represent the average monthly oil production

yield per meter of a well and the ith layer, respectively. As can be

seen in Eqs 2, 3, in the KH method, the oil production is split

only based on the reservoir permeability and effective thickness.

However, the fluid flow in the reservoir is influenced by many

factors (such as permeability, relative permeability, fluid phase,

pressure, and wettability). If permeability is the main

controlling factor of fluid flow in our study region, the KH

method canbe applied in this region to roughly predict the oil

production from a single layer. Therefore, to test if the KH

method can be used to roughly predict the oil production from a

single layer in our study region, we compared the calculated

production split results with the data obtained by PLT for

13 wells. The detailed comparison results are shown by Li et al.

(2021). The maximum, minimum, and average correlation

coefficients for these 13 wells are 0.98, 0.60, and 0.80,

respectively. This indicates that these two sets of data have a

good agreement, indicating that the KH method is applicable in

our study region.

Lower limit values of thief-zone
permeability

It is a prerequisite to know the lower limit values of

thief-zone permeability in order to identify thief zones

based on the reservoir permeability. Since there is a large

discrepancy among the average permeability values of

FIGURE 4
Distribution of liquid production with the change of the cumulative thickness of the tested zones (number of tested zones = 86).

FIGURE 5
Variations of the average monthly oil production yield per
meter of each perforated interval with the change of Kp_aver/Kt_aver.
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different members, the lower limit values of thief-zone

permeability in each member should be different. In this

study, different lower limit values of thief-zone

permeability are provided for different members, which are

determined based on the average permeability values of the

corresponding members. Figure 5 shows the variations of the

average monthly oil production yield per meter of each

perforated interval with the change of the average

permeability of the corresponding perforated interval

(Kp_aver) dividing the average permeability of all the

perforated intervals (Kt_aver). It is to be noted that the

average monthly oil production yield per meter of each

perforated interval is calculated by the KH method as

previously mentioned. This parameter represents the oil

production capability of each interval, while Kp_aver/Kt_aver

represents the permeability heterogeneity among different

intervals. The static and dynamic data gathered from

13 wells in the H oilfield are adopted to generate this

figure. As can be seen in Figure 5, in low-permeability

intervals (Kp_aver/Kt_aver < 0.8), the permeability controls

the oil production capacity. Therefore, the oil production

increases as Kp_aver/Kt_aver increases. As permeability

increases (0.8 ≤ Kp_aver/Kt_aver ≤2.8), oil can easily pass

through the reservoir, thereby leading to a reduced

influence of permeability on oil production capacity. In this

region, the oil production does not have an obvious increasing

tendency as Kp_aver/Kt_aver increases. However, when Kp_aver/

Kt_aver <2.8, the permeability again controls the oil

production, resulting in a rapid increase in the oil

production as the value of Kp_aver/Kt_aver increases. Based

on the relationship between the oil production capacity of

an interval and permeability heterogeneity among different

intervals, the lower limit value of the thief-zone permeability

is defined as 2.8 times the average permeability of its

corresponding member. Table 1 lists the lower limit values

of the thief-zone permeability of 14 members in the Mishrif

Formation (except the four interlayers).

Identification and verification of thief
zones

Identification of thief zones

The identification of thief zones can be divided into three

procedures. First, based on the lower limit values of the thief-

zone permeability of the 14 members, the true vertical depth

(TVD) and thickness of thief zones in all the 14 members can be

recognized at a given well based on the well logging data. In this

research study, thief zones are identified at 104 wells in the H

oilfield. Second, TVDs and the thickness of thief zones among

neighboring wells are compared to determine the connectivity of

thief zones. Lastly, the planar distributions of thief zones in each

member can be generated. Since there may be several

disconnected thief zones with different TVDs at a well in the

samemember, it is required to divide a member into several units

with different TVDs. The planner distributions of thief zones

should be separately generated for each thief-zone unit.

TABLE 1 Lower limit values of the thief-zone permeability of 14 members in the Mishrif Formation (except the four interlayers).

Member Lower limit value
of the thief-zone
permeability (mD)

Member Lower limit value
of the thief-zone
permeability (mD)

MA2 12.29 MC1-1 287.76

MB1-2A 22.79 MC1-2 48.58

MB1-2B 20.08 MC1-3 21.28

MB1-2C 21.87 MC1-4 122.98

MB2-1 120.29 MC2-2 47.52

MB2-2 148.12 MC2-3 176.48

MB2-3 348.71 MC3-2 172.20

FIGURE 6
Schematic diagram of determining the thickness of thief-
zone units in a member at Well 1.
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The member MB1-2C is taken as an example to show the

detailed method of determining the TVDs of each thief-zone

unit. First, we obtained the largest number of thief zones among

all 104 wells, which is three. Figure 6 shows the schematic

diagram of determining the thickness of thief-zone units in

MB1-2C at the well which has the largest number of thief

zones (named Well 1). As shown in Figure 6, the zone

between two thief zones is evenly divided into two parts,

which separately belong to two neighboring thief-zone units.

The thief-zone units in a member are numbered from top to

bottom. For other wells, the thickness of the three thief-zone

units will be the total thickness of MB1-2C multiplied by the

proportions of the thickness of the three thief-zone units at

Well 1.

Figure 7 shows the planar distributions of thief zones in MB1-

2C. As shown in Figure 7, there are overlaps of the thief zones in

different thief-zone units at the same well location. Therefore, it is

necessary to divide themember into several thief-zone units in order

to clearly characterize the planar distributions of thief zones. Figure 7

mainly describes the large-scale thief zones, which cover three or

more wells. The thief zones which cover less than three wells, that is,

the small-scale thief zones or thief zones without enough wells to

determine their boundaries, are marked with red points and their

thickness at each well instead of providing their boundaries. The

small-scale thief zones are regarded as having less effect on oil

production, while the description of thief zones without enough

wells to determine their boundaries can be completed when more

information is collected.

FIGURE 7
Planar distributions of thief zones in MB1-2C: (A) thief-zone unit 1, (B) thief-zone unit 2, and (C) thief-zone unit 3.
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Verification of thief zones

The results obtained by the well-group injection test are

adopted to verify the reliability of the thief zones identified by

the newly developed criteria. In the well-group injection test,

water is injected from Well M14. The downhole flow profiles

and salinity of the neighboring six wells (i.e., M2, M3, M5,

M13, MH1, and MH8) are monitored. The test results show

that the water first appears at wells M13 and M2 within three

and six months, respectively. Figure 8 shows the downhole

flow profile at wells M13 and M2 after injecting water from

Well M14. The salinity test shows that the water produced

from wells M13 and M2 is indeed from the injected Well M14.

As shown in this figure, the water first appears in MB1-2C at

these two wells. This indicates that there are connected thief

zones in MB1-2C between wells M14 and M13 and between

wells M14 and M2. Whereas there is no thief zone between

Well M14 and the other four wells in MB1-2C. Based on the

TVDs of the water-breaking zone, this thief zone belongs to

the Thief-zone unit 1 in MB1-2C. Figure 9 provides the well

locations and planar distributions of thief zones identified by

our method near Well M14 in Thief-zone unit 1 of MB1-2C.

As shown in Figure 9, there is a thief zone among wells M2,

M13, and M14. Meanwhile, there is no thief zone between

Well M14 and the other four wells. This demonstrates that the

developed criteria for identifying thief zones are reliable.

Results and discussion

As mentioned in Section 4, the planar distributions of thief

zones in 14 members are generated. The thickness of thief zones

FIGURE 8
Downhole flow profile at wells M2 and M13 after injecting water from Well M14 (note: QZI represents the downhole zonal inflow rate).

FIGURE 9
Well locations and planar distributions of thief zones
identified by our method near Well M14 in Thief-zone unit 1 of
MB1-2C.
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varies a lot, with the largest value of 18.2 m at the tested wells.

The thickness of thief zones mainly falls in the range of 1 m–8 m,

which is relatively thin compared with the thickness of a member.

The vertical distributions, planar distributions, and connectivity

of thief zones for the Mishrif Formation in the H oilfield are

discussed in this section.

Vertical distributions of thief zones

Figure 10 depicts the distribution of the total area of thief

zones in each member. It is to be noted that the total area of thief

zones is the summation of the area inside the zero isoline of thief

zone thickness. As shown in Figure 10, thief zones developed in

12 members, especially in MB1-2C, MB2-1, and MB2-2. While

no thief zone developed in MC1-3 and MC2-2. Comparing with

the distributions of sedimentary microfacies in these members, it

FIGURE 10
Distribution of the total area of thief zones in each member.

FIGURE 11
Planar distribution of thief zones in MB2-1: (A) Thief-zone unit 1, (B) Thief-zone unit 2, and (C) Thief-zone unit 3.
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can be found that thief zones tended to appear in the members

developed in high-energy shoals, while the two members with no

thief zone mainly developed shallow open sea and subtidal flats.

This demonstrated that the distributions of sedimentary

microfacies have a notable effect on the development of thief

zones.

Planar distributions of thief zones

Figure 11 shows the planar distribution of thief zones in

MB2-1. As shown in Figures 7, 11, the thief zones mainly

developed in the center of the study region and extended

along the short axis. Figures 12A,B show the planar

FIGURE 12
Planar distribution of thief zones in Thief-zone 2 of MB2-1 together with (A) tectonic line of MB2-1 and (B) sedimentary microfacies of MB2-1.

FIGURE 13
Density of high-energy shoals in the three thief-zone units of MB2-1 at 104 wells: (A) region where thief zones developed and (B) region where
no thief zone developed.
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distribution of thief zones in Thief-zone 2 of MB2-1 together

with the tectonic line of MB2-1 and the planar distributions of

sedimentary microfacies of MB2-1. As shown in these two

figures, it can be concluded that the distributions of

sedimentary microfacies have great contributions to the

development of thief zones, while tectonism has less effect on

the development of thief zones. Moreover, most of the thief zones

developed in the high-energy shoals, such as algal mound, mussel

clastic shoal, and intraclastic shoal.

Since the sedimentary microfacies shown in Figure 13 is the

dominant sedimentary microfacies in MB2-1, it may show

discrepancies when describing the distribution of the high-

energy shoals in the three thief-zone units of MB2-1. Hence,

the density of high-energy shoal in the three thief-zone units of

MB2-1 at 104 wells can be calculated. The density of a high-

energy shoal is defined by the following equation:

High − energy shoal density � Total thickness of high − energy shoal in a given thief − zone unit
Total thickness of the given thief − zone unit

.

(4)

FIGURE 14
Well profile with the description of thief zones: (A) along the short axis (SW-NE trending) and (B) along the long axis (NW-SE trending).
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As can be seen in this equation, the values of the density of

high-energy shoal fall in the range of 0–1. As the thickness of the

high-energy shoal increases, the density of the high-energy shoal

increases. Figure 13 summarizes the density of high-energy

shoals in the three thief-zone units of MB2-1 at 104 wells.

Figures 13A,B show the density of high-energy shoals in the

regions where thief zones developed and where no thief zone

developed, respectively. As can be seen in these figures, 61.4% of

the density of high-energy shoals is larger than 0.8 in the region

where thief zones developed, while 86.3% of the density of high-

energy shoals is smaller than 0.8 in the region where no thief zone

developed. This indicates that the thief zones tended to develop

in the region where high-energy shoals developed.

Description of the connectivity of thief
zones

Figures 14A,B describe the well profile with the description of

thief zones along the short axis (SW-NE trending) and the long axis

(NW-SE trending), respectively. As shown in Figure 14A, thief zones

have good connectivity in MB1-2B, MB1-2C, and MB2-1. The thief

zones with good connectivity mainly developed in the center of the

oilfield, while several small-scale thief zones developed at the edge of

the oilfield. In Figure 14B, it can be found that thief zones in MB1-

2B, MB1-2C, MB2-1, MC1-4, and MC2-3 have relatively good

connectivity. Moreover, thief zones in the SE region have a better

connectivity than those in the NW region.

Conclusion

In this research study, a simple approach to identify thief zones

based on reservoir permeability obtained from well logging is

developed. The lower limit values of the thief-zone permeability

in each member are determined based on the dynamic production

data, indicating that the thief zones identified by applying this

criterion can reflect the production characteristics. After

identifying the thief zones in each single well based on the newly

developed criterion, the connectivity and distributions of thief zones

in the regions far away from the well can be determined. To do this, a

zonal inter-well recognition method is adopted in this research. This

method is applied to identify thief zones for the Cretaceous Mishrif

Formation in the H oilfield, Iraq. The results of the tracer test

prove that this identification method is reliable. The

distributions of thief zones for the Cretaceous Mishrif

Formation in the H oilfield are discussed in this study. There

are 12 members that develop thief zones, while two members

(i.e., MC1-3 and MC2-2) do not develop thief zones. There are

five members who have a high level of thief-zone development.

They are MB1-2C, MB2-1, MB2-2, MC2-3, and MC3-2. The

thief zones with good connectivity mainly developed in the

center of the oilfield. Thief zones in the SE region have a better

connectivity than those in the NW region. Moreover, the thief-

zone development is mainly controlled by the sedimentary

microfacies. Thief zones tend to develop in high-energy shoals.
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Nomenclature

Hi effective thickness of the ith layer

Hj effective thickness of the jth layer

Ki permeability of the ith test point

�K average permeability of the study region

Ki average permeability of the ith layer

Kj average permeability of the jth layer

Kp_aver average permeability of the corresponding perforated

interval

Kt_aver average permeability of all the perforated intervals

m number of layers

Mi production split coefficient used in the KH method

qo unit oil production of a well

qoi unit oil production of the ith layer
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