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Abstract

The Mishrif carbonate reservoir stands out as a crucial hydrocarbon source in the South of Iraq,
comprising deposits from the Tertiary and Upper Cretaceous periods. This research delves into the
rock characteristics utilizing methods such as flow unit classification (FZI), the Winland approach, and
the Stratigraphic Modified Lorenz Plot (SMLP) utilizing core data. Subsequently, it involves capillary
pressure (Pc) estimation through laboratory Pc curves and the calibration of different fluid systems for
the two wells in the simulator. Findings from this investigation revealed that the Mishrif Formation
exhibits four primary facies: predominantly high porosity-permeability facies, followed by medium to
high, low to medium, and low porosity-permeability facies, with Megapores and Macropores being
dominant rock features. The modified Lorenz plot based on stratigraphy displays 19 distinct flow units.
Capillary pressure curves typically fall within 12% to 40% of saturation, representing three reservoir
facies: extremely high, high, and medium performing. The majority of hydrocarbons are associated
with the MB11 and MB21 units.

Keywords: Mishrif formation,; Facies analysis; Rock type,; Flow zone indicator; Capillary pressure.

1. Introduction

Petrophysics involves the raw data interpretation from oil and gas reservoirs to define li-
thology, volume, and other properties [*-2], These data aid in comprehending the relationships
between rock and fluids within the reservoir, leading to a thorough understanding of the res-
ervoir itself. It is instrumental in constructing simulation models for oil and gas reservoirs [3-5],
Utilizing terms like Rock-typing, Flow unit, and electrofacies plays a pivotal role in developing
models for interpreting reservoir characteristics. These detailed 3D models incorporate geo-
logical traits, petrophysical aspects, and dynamic behavior [6-8], The economic evaluation of
oil reservoirs hinges on critical features such as geological facies, porosity (®), permeability
(K), water saturation (Sw), and reservoir heterogeneity. Defining and quantifying these pa-
rameters is vital for efficient reservoir management and economic viability.

Flow units and rock typing are essential in identifying similar petrophysical zones within
heterogeneous reservoirs, contributing to well zonation based on consistent flow patterns [°],
These characteristics represent continuous intervals in the reservoirs, each characterized by
distinct flow performance and geological features of rock types. By considering the reservoir's
stratigraphic framework, flow units and rock typing aid in a more comprehensive understand-
ing of its flow behavior and facilitate effective reservoir management [1°1, Figure 1 outlines
the comprehensive process of petrophysical rock typing, starting from core sampling and cul-
minating in flow unit identification. Log profiles like the GR log offer a detailed view of the
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well's geological layers. Establishing connections between mineral composition, stratigraphy,

seismic data, and other factors is crucial for understanding production mechanisms thoroughly [111,

The characterization process can divided into various stages, with the Petrophysical Integra-

tion Process Model (PIPM) outlining four essential stages within this framework [121;

— Phase I (Geological assessment): Assess geological characteristics and establish the broad-
scale structure and geometry.

— Phase II (Petrophysical assessment): Analyze the rock and fluid systems at a microscopic
scale.

— Phase III (Formation analysis): Integrate the insights gathered from Phases One and Two
and represent the reservoir using upscaling methods.

— Phase IV (Reservoir or Dynamic modeling): Align the geological and petrophysical models
developed in the prior phases and generate both 2D and 3D representations of wellbores
and the reservoir.

Integrating geological, petrophysical, and dynamic properties of rocks poses an important

challenge in identifying rock types, mainly in complex porosity carbonate reservoir models [13],
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Fig. 1. The condensed procedure for petrophysical rock typing. A link between the flow characteristics
and geological attributes by amalgamating core observations with lithofacies, pore classifications, rock-
fluid information, well logs, rock categories, and flow unit assessments (modified from [14]),

The study focuses on rock-type classification methods and explores how clustering tech-
niques can enhance rock differentiation [*51, The primary aim is to gather essential insights
for developing an optimized reservoir model in challenging reservoir conditions and under-
standing the behavior of identified rock types when integrating petrophysical and geological
attributes. Additionally, the research aims to identify geological factors influencing rock-type
formation. Various established methodologies like Winland R35 [16]1 FZI, [17-18]1 and SMLP [19]
will be employed to achieve these objectives and to determine the most appropriate approach
for the specific reservoir under study. Moreover, different clustering approaches, such as the
discrete Rock Type (DRT), Probability, and the standard chart, will be applied strategically to
define flow unit boundaries within the reservoir.

After this, adjusting capillary pressure (Pc) for each rock type, derived from Flow zone
indicators using laboratory Pc curves in simulators, will be necessary due to variations in fluid
systems (e.g., air-brine in the lab versus oil-brine in the reservoir). This comprehensive strat-
egy will yield valuable information on reservoir rock characterization, enabling informed deci-
sions for reservoir management and production optimization.

1.1. Rock typing methods

Rock typing methods are techniques used to categorize reservoir rocks based on various
petrophysical and geological properties. The purpose of rock typing is to group rocks with
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similar characteristics, which can be important in reservoir characterization and management.
A method using hydraulic flow units (HFUs) was presented to define rock Facies due to signif-
icant permeability variation within well-defined rock types [2°],

In this study, HFU identification was accomplished by classifying the reservoir based on its
cumulative flowing capacity, employing the SMLP method [*°]. Meanwhile, Petrophysical Rock
Types (PRT) identification relied on the FZI (Flow Zone Indicator) and Winland R35 methods.
Additionally, capillary pressure measurements using mercury injection were applied to char-
acterize each petrophysical rock type based on its capillary pressure behavior. Some common
rock typing methods include:

1.2. Hydraulic flow units (HFUs)

Hydraulic flow units (HFUs) are specific zones within a reservoir that significantly impact
the flow of fluids and can be interconnected and geographically depicted. These HFUs are
intimately associated with flow zone indicators (FZI), which represent unique parameters char-
acterizing each hydraulic flow unit. The connection between reservoir quality indexes (RQI),
FZI, and void ratio (¢z, representing the ratio of pore volume to solid volume) is articulated
as follows [201;

Log RQI = Log FZI + Log ®Z (1)
De
0. = [(1 ) ()

Reservoir Quality Index and Flow Zone Indicator can be calculated using the following equa-

tions:

k

RQI = 0314+ |~ (3)
ROI

rz1 =29

- (4)

where: FZI: flow zone indicator; RQI: reservoir quality index; um, @, : normalized porosity
(pore volume to grain volume ratio), fraction; @,: effective porosity, fraction; k: permeability,

md; \/Q)Ecalled as hydraulic diameter of the rock.

The relationship between € and RQI is depicted in a semi-log plot of porosity versus per-
meability [29], and this plot defines the unique porosity-permeability relationship for each hy-
draulic unit. By storing cored data in hydraulic units with similar FZI values, permeability
variations in a reservoir can be better understood based on [29] studies. Hydraulic flow units
(HFUs) are defined by classifying log FZI data using various available approaches. An alterna-
tive method of flow unit classification is Discrete Rock Type (DRT), which is defined as follows:

DRT = ROUND(2 LN(FZI) + 10) (5)

The determination of the number of rock types or hydraulic flow units within the Mishrif
Formation was based on the analysis of core samples obtained from two wells in the selected
oilfield. These assessments incorporated the utilization of the Reservoir Quality Index (RQI),
Flow Zone Indicator (FZI), and a method known as DRT (which employs core data, specifically
porosity and permeability, to differentiate the heterogeneity of reservoir rocks).

1.3. Pore throat radius

Winland's (R35) empirical equation, which is based on hydrocarbon storage and flow ca-
pacity [21]1, is used to identify flow units by defining intervals with similar and predictable flow
characteristics. Flow units can be recognized through a series of petrophysical cross plots and
by calculating the pore throat radii (R35, pore size) at 35% pore volume using Equation 6:

Log(R35) = 0.732 + 0.588 log(K) — 0.864 log(8) R (6)
where (R35) is the calculated pore throat radius at 35% mercury saturation from a mercury
injection capillary pressure test; K is the permeability (md); and ¢ is porosity (%).

The knowledge of Winland (R35) was to categorize a reservoir into different rock types thus
a single rock class with the same R35 will fall on an iso-pore throat curve [22],
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1.4. Capillary pressure analysis

Capillary pressure, denoted as pc, is characterized as the pressure difference between the
non-wetting phase and the wetting phase, relative to the wetting-phase saturation [23], In
reservoir engineering, capillary pressure holds significant importance as it is a vital parameter
for studying the vertical distribution of saturation within the reservoir. It helps in understand-
ing how fluids are distributed and how they move within the porous rock formations, impacting
various aspects of reservoir behavior and production dynamics [24], Mean parameters exhibit
distinctive characteristics in the realm of reservoir analysis. These parameters encompass the
connate water saturation transition zone, essential for appraising rock quality, and the pivotal
transition zone that governs rock permeability alongside grain assortment. Initially, petroleum
reservoirs host water as the primary saturation. Upon oil infiltration, a displacement occurs,
replacing the water (wetting phase) with oil (non-wetting phase). Displacement evaluation
can be achieved via experimental measurement of the drainage capillary pressure curve in
the laboratory tests. When studying reservoirs, modeling water inflow has a crucial signifi-
cance, making the imbibition capillary pressure a focal point. The imbibition capillary pressure
pertains to the process of fluid uptake by the reservoir rock. It provides valuable information
on the interactions between the wetting and non-wetting phases during the reservoir's water
influx [251,

Several papers have discussed various issues related to the Buzurgan oil field, including
facies analysis, capillary pressure, and flow unit classification [261, In 2022, Al-Husseini and
Hamd-Allah explained that understanding the distribution of capillary pressure during drainage
processes is essential for determining initial fluid contacts and transition zones in the Mishrif
formation of the Buzergan oil field. [271, Another by AlHusseini and Hamd-Allah in 2023 re-
vealed that Rock Facies type-3 and 4 had the best petrophysical properties in the high porosity
range (14.5% to 18.8%) and low to moderate water saturation range (0.27 to 0.45) [28],
Abdulkareem et al. conducted a reservoir simulation for this field and identified the MB21 as
the main productive unit in Mishrif Reservoir [2°]1, Furthermore, the results of Al-Baldawi in
2023 indicated that the Mishrif Formation has four distinct rock types with varying reservoir
qualities [30]. In the Halfaya oil field, which is near the Buzurgan, an integrated analysis of
well-loggings and 3D seismic records of the Mishrif Formation revealed the presence of five
lithofacies associations [311;

1. Subtidal mudstone to wackestone (LF-1).

2. Back-margin massive wackestone to packstone (LF-2).

3. High-energy bioclastic grainstone (LF-3).

4. Swamp carbonaceous mudstone interbedded with bioclastic wackestone (LF-4).
5. Incision brown mudstone to wackestone with chert nodular (LF-5).

The result of Liu et al., for petrophysical static rock typing for carbonate reservoirs based
on mercury injection capillary pressure curves using principal component analysis showed that
the MICP curve evaluation is irrelevant to the number of characteristic parameters but closely
related to the characteristic parameters [32],

This study aims to develop a better understanding of Facies, Capillary Pressure, and Flow
Units Identification of the Mishrif formation in southeastern Iraq, particularly in the Buzurgan
oil field.

1.5. Geological setting

Carbonate sequences are a globally significant hydrocarbon resource. In the lower Creta-
ceous, the Mishrif Formation is positioned between the Khasib Formation above and the Ru-
maila Formation below [33], At this particular oilfield, the lithology of the Mishrif Formation
primarily consists of limestone and dolomite, interspersed with layers of shale. Furthermore,
the Mishrif Formation is subdivided into three units denoted as MA, MB, and MC. Figure 2
provides a stratigraphic column of Iraq, detailing age and lithology descriptions. The Mishrif
Formation exhibits notable variations in lithology, porosity, and permeability, contributing to
reservoir heterogeneity and influencing the flow of oil and gas in the field [34], In the Amara,
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Halfaiya, Majnoon, and Buzurgan areas, the Mishrif Formation measures approximately 350
to 400 meters in thickness but thins to the southwest. It is most prominently developed as
substantial rudist buildups atop structural highs in Southern Iraq, particularly within the east-
ern Mesopotamian Zone [35],
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Fig. 2. The stratigraphic column of the Buzurgan oil field, (modified from [461),

Oil accumulations within the Mishrif Formation reservoir have been located in 32 distinct
structures distributed across northern, central, and southern regions of Iraq [36], The most
significant net reservoir thickness is primarily evident within the rudist banks of East Mesopo-
tamia. Porosity levels within this reservoir range from 15% on average, with values reaching
as high as 22%. The permeability exhibits a notable degree of variation, with values spanning
from 23 to 775 millidarcies (md). The API gravity of the oil extracted from the Mishrif For-
mation generally falls within a variety ranging from 23 to 36.6 degrees, with an average API
gravity of approximately 25 degrees, [371, The Mishrif Formation is equivalent to several for-
mations in various regions. It corresponds to the upper part of the Massad Formation in the
Rutba area [38]1, additionally, it is comparable to the Jerebi and Merka formations in western
Iraq, 391, This formation also aligns with different geological units in neighbouring countries,
such as the Magwaa Formation in Kuwait [4°], the Natih Formation member in Oman [411, and
the Al-Khatea and Rumaila Formations in the northern UAE, as well as the Salabikh Formation
member Schiliaf in Abu Dhabi 421, In Saudi Arabia, it is situated within the Wasia group [43],
and in Iran, it is the stratigraphic equivalent to the upper section of the Sarvak Formation [44]1,
The Mishrif Formation maintains the same nomenclature in both Qatar and Bahrain [45],

Pet Coal (2025); 67(2): 372-389
ISSN 1337-7027 an open access journal

376



Petroleum and Coal

2. Experimental

Rock typing involves classifying reservoir rocks into distinct units that were formed under
comparable conditions and underwent similar diagenetic processes. Consequently, each rock
type exhibits a consistent porosity-permeability relationship, a uniform capillary pressure pro-
file, and identical water saturation at a specific height above the free water level, as originally
outlined 471, 323 core samples extracted from the Mishrif Formation in the Buzurgan oil field
were utilized in this study. These cores cover the whole field parts to make the results more
accurate.

Multiple quantitative techniques are available to delineate rock typing and its associated
petrophysical characteristics. In this study, various methods were utilized according to the
method limitations. These methods were experienced in previous studies for the Mishrif For-
mation in this area and the Mesopotamia basin and approved that they will be good to analyze
(Figure 3). Analyzing facies delves into a comprehensive scrutiny of diverse rock compositions
and their unique attributes present in the reservoir. This method involves pinpointing and
classifying these facies through cluster analysis aided by IP software. It aims to enhance the
spatial mapping of rock properties within the Mishrif Formation in a specified oilfield in Southern
Irag. Such comprehension plays a pivotal role in predicting fluid dynamics within the reservoir
and enhancing the efficacy of production tactics.
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Fig. 3. The workflow for rock typing and the identification of flow units.
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Cluster analysis processes are used to identify groups of similar data points in a multi-
dimensional log space called electrofacies. These electrofacies can then be used to character-
ize the physical and fluid properties of rocks in a reservoir. Cluster analysis was utilized to
identify unique collections of electrofacies on the response logs of a reservoir. This allowed
them to better understand the reservoir's heterogeneity and to develop more effective pro-
duction strategies. Cluster analysis is a powerful tool for petroleum engineers, as it can help
them to better understand the complex geology and Petrophysics of reservoirs [48],

Both raw and interpreted log data, encompassing Gamma Ray (GR), Sonic (DT), Uninvaded
Zone (Rt), Invaded Zone (Rx0), Effective Porosity (®e), and Water Saturation (Sw) from four-
teen wells, were utilized for cluster analysis. In this research, the data was meticulously input
into the Interactive Petrophysics (IP) software. Arranging the datasets involved capturing the
logarithmic values, utilizing the K-means statistical technique. This method reduces devia-
tions' sum of squares at individual points. The first phase includes evaluating randomness by
determining the mean depth levels per cluster, known as the average cluster thickness, uti-
lizing the initial log information. The theoretical average thickness is calculated to validate if
the clusters are uniformly spread across each depth level, as detailed in the specified equa-

tions.

) Number of depth levels
Avg.thickness =

Number of cluster layers )
Pi

Random thickness = a-m (8)

where pi is the proportion of the depth of the cluster allocated.

Rand ndex = Avg.Thickness 9)
andomness tnaex = Random Thickness

The rock types were classified based on their port radius (R35) values, following the criteria [491;
— Megapores: When R35 exceeds 10 pm, the rock is categorized as a "Megapores" and can

yield production rates in the range of tens of thousands of barrels per day.

— Macropores: A rock is designated as "Macropores" when R35 falls within the range of 2 to
10 um, with the potential to yield several hundred barrels per day.

— Mesopores: A rock is characterized as "Mesopores" when R35 falls in the range of 0.5 to 2
pm and can support production levels in the hundreds of barrels per day.

— Micropores: Rock types with pore radius (R35) values within the range of 0.1 to 0.5 p.

— Nanopores: Rock types with pore radius (R35) values less than 0.1 p.

The Stratigraphic Modified Lorenz Plot (SMLP) method is a proper technique for determining
flow attributes within porous media. SMLP illustrates the relationship between cumulative flow
capacity (cumulative %Kh) and cumulative storage capacity (cumulative %K®) in the reser-
voir's stratigraphic sequence to define petrophysical flow units within wells. By plotting cumu-
lative storage and flow capacity on a Lorentz diagram in stratigraphic order, changes in slope
can indicate variations in flow behavior. Steep segments of the plot suggest high reservoir
flow capacity relative to storage capacity, potentially indicating efficient flow conduits or faster
reservoir processes.

Alternatively, barriers or seals within the porous medium can appear as segments devoid
of storage and flow capacity. Meanwhile, baffles represent regions with limited flow capacity
relative to storage capacity. The SMLP method could be valuable for identifying rock types
based on their flow behavior [5°1, The construction of the SMLP and MLP (Modified Lorenz Plot)
entails five distinct steps.

1) Organizing the data by depth.

2) Calculating the proportions of storage and flow capacity for each data point in Routine core
analysis (RCA) through the "Phi depth" and "Permeability depth" variables.

3) Generating the Stratigraphy-based Modified Lorenz Plot (SMLP) by plotting the percentages
of storage capacity against flow capacity. Each inflection point serves to identify initial flow
units.

4) Confirming and finalizing each initial flow unit by cross-validating it with various other
methodologies such as SFP (Stratigraphic Flow Path), Winland, RQI/FZI (Reservoir Quality
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Index/Flow Zone Indicator), and BVW (Bulk Volume Water) across the entire wellbore

within the reservoir column.

5) Constructing the Modified Lorenz Plot (MLP) to represent the final flow units, organized by
their decreasing flow speed.

Air-brine capillary pressure data for Mishrif Formation was available from plugs using the
Porous Plate method/ spontaneous imbibition for (Well-1 & Well-2). The plugs had permeabil-
ities in the range <10 mD to 102 mD, and porosities 12 % to 25%. This adequately covered
the observed range in the data. All necessary corrections were achieved including Stress, clay-
bound water, and fluid correction to adjust the results from the laboratory to reservoir conditions.

The laboratory Pc curves were utilized in the simulator adjustment to be made for the
different fluid systems, i.e. air-brine in the laboratory Vs oil-brine in the reservoir, this is
normally handled through the Leverett J-function, defined as given in Equation [511;

Pc
](Sw) =
(0.cos8) *\/% (10)

All capillary pressure data falling within the water saturation classes was plotted out on a
normalized saturation scale, given by following Equation:

(Sw — Swc)
Swn = m (11)
De-normalized water saturation can be found from this equation:
Sw = Swn * (1 = Swc) + Swc (12)

3. Results and discussion
3.1 Cluster analysis

The plot is constructed by selecting the clusters with the least randomness, typically de-
noted by the highest points. This is done after introducing some noise, aiming to replace a
high level of randomness with an average level. The degree of randomness is quantified using
values, with greater values [52], The randomness plot specific to the Mishrif Formation is vis-
ually depicted in Figure 4.

Cluster Groups Randomness

Randomness Ratio (Low more Random)
=

u u T u u u u u y u y y u 4 y u y y u
2z 3 4 5 & T 8 9 10 1 12 13 14 15 16 1T 18 19 20
Humber of Clusters

Fig. 4. Randomness Assessment of Cluster Group Types within the Mishrif Formation.

To classify a new data point (rock facies attribute vector) is presented by SOM. Self-Organ-
izing Maps (SOMs) offer an effective way to classify rock facies based on their attributes and
capture the spatial relationships and patterns in geological formations. They provide a graph-
ical representation of the data distribution, aiding geoscientists in understanding and inter-
preting complex geological structures. Additionally, SOMs can be valuable for exploring data
and identifying potential new facies or stratigraphic features that may not have been apparent
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through traditional methods. Figure 5 depicts the ultimate graphical representation of the
cluster analysis conducted on fourteen wells within the Mishrif Formation.
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Fig. 5. Plot of cluster editing result.

The cluster analysis technique identified four distinct rock types, which are further described
below and visualized in Figure 6:
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Fig. 6. A cross-sectional representation of rock types within the Mishrif Formation for wells 1 and 2 using

Cluster Analysis.

1) Rock Type-I: This category represents the highest quality type (displayed by the yellow),
and it is categorized by the low GR and water saturation values, and values of the neutron,
sonic, and Rt were notably greater than Rxo, which lead to high porosity values.
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2) Rock Type-II: This type is considered a good quality (displayed in blue). It exhibits low GR
and modest water saturation values and medium to-great values of neutron, sonic, and Rt,
which are higher than Rxo. Porosity values in this category are medium to high.

3) Rock Type-III: Occupying the intermediate classification (displayed in green). This type is
characterized by moderate GR and water saturation values and intermediate for neutron,
sonic, and Rt, which exceed Rxo, and the porosity values in this category are low to me-
dium, signifying mid-range characteristics.

4) Rock Type-IV: Represents the least favorable rock type (marked in red). It features high
GR and water saturation values and low for neutron, sonic, and Rt, slightly less than Rxo.
The porosity in this category isn't exceptionally low.

According to Net-to-gross (NTG) calculations, hydrocarbons lie in the MB11 and MB21 units

mainly (Figure 6).

3.2. Flow units

This method identified unique FZI ranges for various rock types within the Mishrif For-
mation, which leads to their classification into four distinct categories, as shown in Figures 7
and 8. The quality of different rock types was evaluated based on DRT criteria outlined in
Table 1. A power model was employed to graphically represent the relationship between per-
meability and porosity for each rock type, displaying strong correlation coefficients across the
board. As a result, accurate estimations of permeability based on the porosity values specific
to each rock type are attainable.

10000

y = 1.647e30.722x

R?=0.8944 y = 0.1613e30992x
1000 1 R®=0.827
100 + y = 0.0324e27-599%

R*=0.8534

10

11 o o 0% %e 0 ol ey 00 JEBC
y = 0.0039e30-02x
R*=0.8825

0.1 1

Core Permeability, md

0.01
0 0.05 0.1 0.15 0.2 0.25 0.3

Core Porosity

Fig. 7. Core Porosity Vs. Core Permeability for Mishrif Formation.

Table 1. Rock types and corresponding DRT and FZI.

Rock Code Rock type DRT-range FZI-range
1 Rock Type-I 13- 16 3.881-11.6744
2 Rock Type-II 11 -13 1.461-2.898
3 Rock Type-III 9-11 0.4183-1.66
4 Rock Type-1V 7-9 0.1562-0.4752

Through core analysis, the permeability values varied across the range from 0.05 md to
1367 md, with an average value of 46.078 md. The permeability estimation is based on the
porosity-permeability relationship specific to each rock type. Four rock types were delineated
using the DRT criterion, as visually demonstrated in Figures 9 and 10. These equations serve
as a valuable resource for estimating permeability within the geological model, with each rock
type's unique permeability equation detailed in Table 2.
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Fig. 8. Relationship between rock quality index (RQI) versus normalized porosity (PHIZ).

Table 2. Rock classification and correlations within the Mishrif Formation.

Rock Code Rock type Correlations Correlation coefficient R2
1 Rock Type-I K=1.647%¢(30.722%0) 0.8944
2 Rock Type-II K=0.1613%¢(309920) 0.827
3 Rock Type-III K=0.0324%¢(27:599+0) 0.8534
4 Rock Type-1V K=0.0039%*¢(30.02+9) 0.8825

The outcomes of this approach reveal that the Mishrif Formation can be categorized into
four distinct hydraulic flow units (HFUs). Each HFU exhibits consistent FZI ranges and signifies
a unique rock type characterized by varying porosity and permeability attributes. These HFU
groupings are as follows:

— HFU-I: This group reflects a very good porosity-permeability trend and represents the res-
ervoir rock with best quality in the Mishrif Formation.

— HFU-II: This group reflects a good porosity-permeability trend and represents good reser-
voir rock quality.

— HFU-III: This group reflects a moderate porosity-permeability trend and represents the
intermediate reservoir rock quality.

— HFU-IV: this group reflects a low porosity-permeability trend and represents bad reservoir rock
quality.

The correlation recognized by Winland was applied to identify different types of rock or HFU
in the Mishrif Formation based on the permeability and porosity values. The pore radius (R35)
or pore type using the available core data of Well-1 and Well-2 was identified, where four pore
size groups or HFUs have been recognized in Fig.9 and described as follows:

- [ _s0

1000

Permeability

[1] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Porosity

| Hock Type-1 & Rock Type-2  ® Rock Type-3 o Rock Typed =01 05 =2 =10 ..-nl

Fig. 9. Relationship between core porosity and core permeability of (R35 Method).
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3.3. Rock type

Utilizing the available core analysis data, which includes porosity and permeability, we have
identified different pore types and their respective pore radius (R35). Four distinct groups of
pore sizes have been distinguished, as illustrated in Figure 9.

— Megapores Type: This signifies a high-quality reservoir rock type, corresponding to the first
group of the Flow Zone Indicator (HFU-I).

— Macropores Type: Represents a good reservoir rock quality, aligning with the second group
of the Flow Zone Indicator (HFU-II).

— Mesopores Type: Indicates an intermediate reservoir rock quality, corresponding with the
third group of the Flow Zone Indicator (HFU-III).

— Micropores Type: Denotes lower reservoir quality and corresponds with the fourth group of
the Flow Zone Indicator (HFU-IV).

3.4. Stratigraphic modified Lorenz plot (SMLP) method

The implementation of these steps enables the recognition and thorough characterization
of flow patterns within the reservoir. Figures 10, 11, and 12 offer visual depictions of the
Stratigraphy-based Modified Lorenz Plot (SMLP) and the Modified Lorenz Plot (MLP) for two
wells. Inflection points show the flow changes or storage capacity, which help to evaluate
reservoir flow. Steeper slopes indicate faster flow rates, while horizontal trends indicate little
to no flow. The consistent 45° trend of the storage capacity line suggests that storage capacity
is evenly distributed throughout the reservoir. When the two lines overlap or closely follow
each other, all pores contribute equally to flow; this trend could result from inter-crystalline
or inter-particle porosity. As the lines separate, different pores contribute more to flow than
moldic or vuggy porosity would indicate. Examination of the inflection points within the SMLP
curves has resulted in the identification of a total of 19 distinct flow units.
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Fig. 10. Relationship of storage capacity with Fig. 11. Relationship of flow capacity with depth.
depth.
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The creation of the SMLP, as depicted in

Fig. 12. Relationship of storage capacity with flow | Figure 12, involves the utilization of core
capacity. data measurements to calculate storage

capacity (as illustrated in Figure 10) and flow capacity (as shown in Figure 11) within the
stratigraphic framework, including the cumulative percentage of sample interval points by depth.
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The resulting plot shows different hydraulic flow standards, marked by inflection points
along the curve.

For example, in Figure 12, the data reveals the presence of 19 distinct hydraulic flow stand-
ards. The steeper the slope of a line segment (e.g., segments 4, 9, and 17 in Figure 12), the
greater the flow capacity of the corresponding depth segment, while a flatter line segment
(e.g., segments 6, 8, 10, and 18 in Figure 12) indicates poorer flow capacity in the respective

3.5. Air-brine capillary pressure

A plot of the laboratory data (Figure 13), which the curves have been color-coded according
to the Water saturation class detailed below in Table (3).

Table 3. Water saturation classes.

Group Water saturation range
1 Sw < 20
2 20 < Sw < 30
3 30 < Sw < 50
4 Sw > 50

Pc, bar

-
. T S temes

el L L 22 22 X2 T TR P LT Y
o 10 20 30 40 50 60 70 80 90 100

Sw (%6)

Fig. 13. Capillary Pressure of all samples of Mishrif Formation.
3.6. Capillary pressure procedure

The differing curves attempted to reflect a slight difference in shape to the saturation profile
observed through the transition zone. The final curves entered into the simulator require the
J-function to be entered. So that the simulator can back calculate a capillary pressure curve
for each grid cell (Figure 14).
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Fig. 14. Capillary pressure of each rock type.
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3.7. Discussion

The MA HFLs are characterized by low porosity / high permeability / high resistivity. They
are generally observed around faults where diagenesis and/or fracturing enhance their flow
properties. Because of its high permeability, the impact on water breakthrough and the sig-
nificant under-sampling of these facies in the core, further data acquisition is required (core,
FMI, dipole sonic) to describe the flow properties of these facies better. These rocks in MA are
distinguished by their capability to yield free oil, featuring a high oil column, a water saturation
range of less than 20%, coarse porosity, substantial porous throat dimensions, and elevated
oil saturation.

The mB1 does not represent a significant reservoir of porous rocks with a high porosity. An
amount of oil in good reservoir quality rocks or rocks with tight platform facies existed. Rela-
tively to the Microporous rocks with a high porosity elsewhere in the Mishrif that provide an
attractive development opportunity, the poorer reservoir quality in mB1 represents a much
poorer development opportunity. These facies of MB1 are marked by the extraction of free oil,
a high oil column but porous system featuring moderately sorting a water saturation range
(20 = Sw < 30), and possessing coarse porosity with medium-sized porous throats.

The upper MB2 shows better facies reservoir characterizations with high porosity and low
water saturation values than the lower. These facies are identified by their high displacement
pressure, and a notable water saturation range (Sw > 50), indicative of free water production
and a low sorting degree. Facies of the upper MB2 are distinguished by their moderate reser-
voir quality index, a water saturation range (30 < Sw < 50), and fine grain size, medium
sorting levels, and reduced displacement pressure. Reservoir facies with poor performance
can be identified in the lower MB2 and MC. That is according to high saturation values.

Forecasting the performance of rock and reservoir characteristics under varied hydrocarbon
recovery scenarios, such as high flow or thief units, and localized barriers or baffles, enables
reservoir engineers to identify the safest, most economical, efficient, and most effective de-
velopment plan for the Mishrif reservoir and will help prioritize efforts and focus on the MB2
and MA units.

Most of the studies that were carried out on the Mishrif Formation, whether in the Buzurgan
oil field or the Mesopotamia basin, agreed that this Formation consists of four rock types. This
study identified 19 hydraulic flow units for the Mishrif Formation by SMLP and four by RQI
methods depending on new data from the cored wells. Al-Jinaay and Jaber [23] could recognize
just ten units by the SMLP method and Al-Baldawi four units by the RQI method [27], The
capillary pressure curve in this study showed identical curves more than a study by Liu et al.,
2019 [29] and Falah and Alattabi, [24], That is might due to using the Porous Plate method,
which is more accurate than MICP.

According to Air-brine capillary pressure, the most capillary pressure curves lie in the sat-
uration zone between 12 to 40%. That reflects a good reservoir characterization.

4. Conclusions

Reservoir characterization is the crucial initial step in any field development or enhanced
oil recovery project. This study aims to offer a comprehensive reservoir description to reduce
risks associated with enhanced oil recovery and secondary recovery endeavors. Various meth-
ods for characterizing reservoirs and analyzing reservoir rock types and flow units were stud-
ied, especially for heterogeneous reservoirs. The cluster analysis of the selected Field reveals
that the Mishrif Formation comprises four facies, predominantly high porosity-permeability,
followed by medium to high, low to medium, and low porosity-permeability facies. Megapores
and Macropores are the prevailing pore throat radii within the Mishrif Formation. Analysis of
Stratigraphy-based Modified Lorenz Plot curves has unveiled 19 distinct flow units marked by
inflection points. Capillary pressure curves based on Air-brine saturation range between 12%
and 40%, highlighting three reservoir facies (Very good, relatively good, and medium perfor-
mance). The highest reserve of hydrocarbons is in the MB11 and MB21 units.
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Mathematical symbols

K
Pc
R35
Sw
¢
pe

Permeability

Capillary Pressure

Pore throat radius at 35% mercury saturation
water saturation

porosity

Effective Porosity

Acronyms and abbreviations

DRT
DT
FZI
GR
HFU
P
MA
MB1
MB2
MC
md
MICP
MLP
PRT
RCA
RQI
Rt
Rxo
SMLP

Distribution of Relaxation Times
Sonic log

Flow Zone Indicator

Gamma Ray

High Flow Unit

Interactive Petrophysics

Upper Mishrif

Lower Mishrif part 1

Lower Mishrif part 2

Rumaila Formation at base Mishrif.
milli-Darcy

Mercury Injection Capillary Pressure
Modified Lorenz Plot

Petrophysical Rock Types

Routine Core Analysis

Reservoir Quality Indexes
Resistivity of uninvaded Zone
Resistivity of invaded Zone
Stratigraphic Modified Lorenz Plot
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