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Abstract

The effectiveness of dynamic models in field development and predicting future reservoir performance depends on the accuracy and
reliability of geological models. These models are constructed based on an accurate categorization of reservoir rock types and the
identification of flow units. understanding the geological structure, lithological characteristics, and depositional processes is crucial
in differentiating rock types and determining flow units within strata. This study focuses on identifying rock types and flow units
within the upper Cretaceous reservoir/Qamchuga formation of the Jambur oilfield. By employing four petrophysical techniques
across six wells, it was determined that the Rock Fabric Number technique and the Winland porosity-permeability relation were
insufficient for accurately estimating permeability, primarily due to constraints in regression analysis. The classification of flow zone
indicators resulted in the identification of five distinct rock classes that offer a more reliable means of assessing permeability in
intervals lacking core data. Subsequently, the cluster analysis process sorted the reservoir rock into cohesive groups based on the raw
log data and calibrated it with the Flow Zone Indicator (FZI) method. In conclusion, permeability can be determined through
equations derived from the FZI method, and the establishment of petrophysical characteristics within a geological model can be
achieved by utilizing rock facies derived from cluster analysis.
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1- Introduction
. . o . which predicted the pore throat radius at 35% mercury
To improve reservoir performance prediction, reservoir  caniration [3].  Additionally, Amaefule, in 1933
rocks are classified based on geological properties [1].  geyeloped the hydraulic flow zone indication technique,
The categorization is influenced by environmental and  \hich divides reservoir rock into units with similar
deposition conditions [2]. Knowing these conditions  pyqraulic properties through pore-throat frameworks [7].
enables the construction of a more accurate three-  This method is widely used, and it identifies rock types by
dimensional model of the reservoir, thereby facilitating  analyzing distinct permeability-porosity relationships and
more e_xact prognostlcatlons_ regardlng_ the spatial capillary pressure profiles [8, 9]. Accurate rock
distribution of rock properties and fluid flow [3].  cjassifications are essential for providing precise
Identification of rocks and flow units starts with facies  istribution of rock attributes and dependable
analysis using core data. It concludes with the  hermeability estimates to predict uncored wells in
Electrqfames deflnltlon_of log data. and is calibrated with  racervoir models [3]. Building correlations between cored
the_estlmated petrophysical properties. T_he features othe and uncored intervals is crucial for computing the
facies are greatly affected by diagenetic processes like  nermeability of uncored intervals [10]. In carbonate
dissolving, compaction, and cementation [4]. The flow  reseryoirs, the rock types and facies may vary throughout
stream thrpt_Jgh a rock changes dgpendlng on diagenesis time, complicating the pore networks and making it
and deposition processes; hence, it cannot be accurately gjfficult to determine the flow unit and type of rock [11].
predicted from log survey data [5]. Therefore, several  Tne formation of the reservoir under study is the
methods should be tested to determine the most reliable Qamchuga formation, first identified by van Belen et al.
one. Researchers have developed and made available a  \yno discovered that the Qamchuga limestone formation
range of categorization techniques based on log and core iy northern Iraq has an excessive dolomite thickness [12].
data [6]. One of these techniques is the Lucia \yjth the aim of an accurate geological model
classification (1983-1999), which categorized rock types  constryction for a reservoir, this study focused on
based on fabric rock number using the interparticle  cparacterizing rock types and determining flow units in
porosity-permeability - relationship. Another developed  the ypper Cretaceous reservoir from conventional core
method is the empirical correlation found by Winland,  4ata of six wells through porosity and permeability
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relations employing three different procedures as well as
implementing cluster analysis techniques by raw log data
for differentiating the structure's facies and deriving
formulas from a more valid approach to forecast
permeability in an uncored region.

e  Area of Study

The Jambur field is located in Kirkuk, northern Iraqg. It
is part of an oil and gas resource zone that developed
among many northwest-southeast extending anticlines
throughout the Zagros Fold Belt. The hydrocarbon
systems in the field are Tertiary and Cretaceous in age
[13]. The Cretaceous reservoir is composed of upper and
lower Cretaceous reservoirs separated by the upper
Sarmord Formation, which is marl-dominated and
accounts for approximately 70% of the field's total
production [14]. The Qamchuqga Formation is the main
Cretaceous reservoir in the Jambur area. It comprises
considerable shallow-water carbonate formation from the
Aptian to the Albian times, with lithology and
depositional environment varying from place to place,
with an increasing marine influence on the southeast [15].
The research is centered on the upper Qamchuga
reservoir, which is mainly formed out of dolomite and
limestone facies. The shape is an asymmetrical convex
structure with a 4.5-kilometer-wide and 30-kilometer-long
dip in certain places as it goes from northwest to
southwest [13].

2- Methodology

According to core data, each type of rock has a
particular relationship between porosity and permeability,
an identical pressure differential profile, and the same
saturation point of water at any depth above free water
[16]. Based on this concept, several techniques for
classifying reservoir rock were created. In this study, we
focused on three theories based on core data as well as a
clustering strategy based on log data, as outlined below:

2.1. Rock Fabric Number (RFN)

Lucia developed a method for classifying rocks
according to their grain framework, and these could be
divided into grain stone, grain-dominated - where open or
closed intragranular porosity and grain-supported
structure, and mudstone - where mud fills the spaces
between particles. The size of the pores and the
distribution of pore sizes alter the structure of the rock
and, therefore, influence a rock's ability to flow and
saturation point level [16]. Laboratory measures of
porosity and permeability are wused in Lucia's
Petrophysical Rock Classification to link the distribution
of pore sizes to the number of rock fabrics in a sample
[17]. Lucia introduced the rock fabric number, denoted as
RFN, as Eqg. 1 [11].

logK = (9.7982 — 12.0803 log RFN) + (8.6711 —
8.2965 log RFN log @) (1)

2.2. Winland porosity-permeability plot

Winland established a correlation between porosity and
permeability as a function of throat diameter according to
mercury injection-capillary pressure curves for three
hundred twenty-one samples of sandstone. He observed
that porous rock and R35 were most closely connected
[11, 16]. Kolodzie provided the equation as follows:

logR35 = 0.732 + 0.588logk — 0.8641log @ 2

According to R35, five petrophysical flow units with
varying source efficiencies are highlighted: the mega-
porous unit with a pore throat diameter greater than 10
um; the macro-porous unit with a pore throat diameter
between 2.5 and 10 um; the mesoporous unit with a pore
throat diameter between 0.5 and 2.5 pum; the micro-porous
throat diameter between 0.2 and 0.5 um; and the nano-
porous unit with a pore throat diameter less than 0.2 pm
[11].

2.3. Hydraulic Flow Zone Indicator/FZI Method

In 1993, Amaefule et al. extended the Kozeny and
Carmen correlation to include the quality of reservoir
indicator ideas based on pores-throat, porosity, granular
distribution, and other microfeatures to detect flow zone
indicators [8]. The classification is obtained from the
porosity and permeability core data, and the resultant
equation may be used to predict permeability in uncored
intervals [18]. summarizes the Kozeny and Carman
equation which yields flow units as follows:

RQI = 0.0314£ 3)
The normalized porosity index ((@) to be:

@z = % 4)
Then FZI is to be:

Fl = % (5)
Taking the logarithm of both sides of Eq. 5 will lead to
the final correlation, which is expressed as follows:

logRQI = log®z + log FZI (6)

Log-log plots of RQI vs. FZI show HFU; each flow unit
has an individual FZI. Any samples belonging to the same
HFU will have the same pore-throat characteristics and
will lay on a straight line with a slope of one. The same
sloped parallel lines will connect data with the same FZI
value but different from the first data [19, 20].

2.4. Electrofacies /cluster analysis
"Electrofacies” are facial features, rock types, or

clusters used to differentiate rocks using well-log
responses instead of cores, cuttings, or outcrops,
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eliminating the requirement for depositional conditions or
minimum sediment formation evaluations. The Facies
analysis is a useful method that may be defined, according
to Serra and Abbott, as "splitting the log data into sets of
log replies that reflect a sediment” [21]. Theoretically,
data points that fall within the same group should share
similar qualities and/or characteristics, whereas those
belonging to other groups should have distinctly different
features. Unsupervised learning methods like clustering
are commonly used in the field of statistical data analysis
[21, 22].

3- Results and Discussions

Analysis of conventional core data reports from six wells
that reached the formation under study resulted in the
collection of 32 core plug samples. These wells were
selected based on their location: five wells from the north
part and one from the south part of the structure. The data
for each well was organized and compiled into an Excel
spreadsheet. The scatter was significant in the generated
plots of porosity versus permeability; as a result, they
were classified based on three major facies types—
dolomite, limestone, and dolomitic limestone—using the
conventional method to determine the most reliable
statistical correlation as in Fig. 1. the plot shows that
dolomite samples have much greater permeabilities than
limestone samples with the same porosity; R2 values for
dolomite, dolomitic limestone, and limestone are 0.539,
0.4919, and 0.0228, respectively, but no apparent
relationship has been formed between the data. The
strategies outlined in the methodology section were used
to establish the best correlation between permeability and
porosity core data as follows.

3.1. Rock Fabric Number

This method is most often used to carbonate rock. The
porosity-permeability relation reveals that the upper

Qamachga formation's geological structure consists of
Class 1: Grain stone rocks are very permeable. Class 3:
mud fabric rock represents the nature of the rock poorly,
while Class 2: grain-packstone represents a specific type
of rock effectively (Fig. 2 a). Based on this texture, the
formation has been divided into three groups, as
illustrated in Fig. 2 b. Depending on the correlation
coefficient, the relationship seemed weak regression,
making them inappropriate for estimating permeability.
The result of this study concluded that the RFN method
was best for skimming core porosity and permeability and
identifying reservoir geological structures. However, the
permeability estimation by using this technique has
limitations because the upper Qamachqg formation core
sample contains fractures and various types of wvugs,
which required the extraction of additional information on
separate and touch vugs from reliable SCAL data, which
is currently unavailable.
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Fig. 1. Classical Correlation of Core Permeability and
Porosity
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Fig. 2. The Classification of Rock Fabric Number for The Upper Qamachqg Formation
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3.2. Winland plot

This classification divides the formation into five rock
classes based on the equivalent to pore throat diameters
and equivalent reservoir properties, as depicted in Fig. 3.
The petrophysical parameters have been obtained for each
different rock type in Table 1. The categorization
approach based on throat pore size revealed that
nanopores had a permeability of less than 1 md is a bad
quality reservoir rock. The rock that has a variety of pore

sizes (micropores, mesopores, macropores, and mega-
pores) with permeabilities ranging from moderate to
excellent is considered a good reservoir rock. Mega pores
are described as fractures with permeabilities of 2000 md.
The Winland technique is the best way to separate the
formation into rock-type units, but the weak regression
reflected in the correlation coefficients of PRT-1 and
PRT-2 makes it not the best option for predicting
permeability.
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Fig. 3. Winland Plot Classification

Table 1. Winland Method Petrophysical Characteristics
No.

Rock- Pore throat Pore throat ~Permeability

type type size(pm) (MD) R2
PRT-1 Nanopores 0.1-0.4 Less than 1 0.19
PRT-2 Micropores 0.4-1.58 1- 20 0.37
PRT-3 Mesopores 1.58-6.31 20- 200 0.71
PRT-4 Macropores 6.31-25.10 200 - 500 0.89
PRT-5 Mega pores 25.10-100 2000 1

3.3. Hydraulic Flow zone indication method

Based on the given core data, the rocks were divided
into five distinct groups using Eq. 3, 4, and 5. Fig. 4
illustrates the results in a uniform FZI generation. The
fourth and fifth groups have the best quality and
deliverability, whereas the first group contains inferior
reservoir rock with a deliverability of less than 2 md.

In Fig. 5, several parallel lines depict how RQI and
porosity index relate on a log-log scale. Each line
represents different core samples and has its slope.
Samples with the same slope share the same pore throat
description and flow unit at any given site on that line
[19]. The FZI technique categorized the upper Qamchuga
formation into five units, similar to the Winland method.
The correlation coefficient relations for each rock type
showed that the FZI application connected permeability

and porosity core data effectively, as shown in Table 2.
As a result, the porosity and permeability relationships of
the core data provided by the FZI approach are more
dependable for estimating permeability. and the equations
generated by the FZI technique from the cored intervals in
Table 2 have been applied to well Ja-19, as shown in Fig.
6 to validate the permeability calculation when it is
employed for uncored intervals.
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Fig. 5. Reservoir Quality Index Vs. Normalized Porosity

Table 2. Formulas for Permeability Regarding FZI

Principle

FZI e Formula Equation R?

classification

Fzl1 K=0° L054 z R2= 0.8842
=0l 0312 % (1- (2))] T

Fz12 K = @7 198 12 R2=0.8829
~ " 00314 x(1-0) -

FzZ13 K= <z)3[$]2 R2 = 0.99557
~ 7 00314 % (1-0) -

Fzl 4 K=0° 6593 z R2 = 0.9924
= 0l 0312 % (1- (2))] -

. 11.909 )
FzI5 K=0[———] R2 = 0.9287

0.0314 x (1 — 9)

3.4. Cluster analysis

The IP program was used to conduct a cluster analysis
on the studied region, using raw data (GR, DT, NPHI, and
RHOB) obtained from six wells as input data. Minimizing
the within-cluster sum of squares distance method was
used to compute the average of forty randomly generated
groups. The findings are almost identical to those of the
FZI approach for core data. Thus, the facies model of the
upper Qamchuga formation was developed by cluster
analysis and calibrated using the FZI approach. The

dendrogram'’s categorization procedure is illustrated in
Fig. 7. As can be seen in the cross-plot in Fig. 8, the
formation was split into five groups to reflect different
reservoir rock quality levels. Group 1 (green) represents
poor-quality reservoir rock; Group 2 (red) represents
intermediate-quality reservoir rock; Group 3 (yellow)
represents moderate-quality reservoir rock; Group 4
(black) represents beneficial-quality reservoir rock; and
Group 5 (blue) represents excellent reservoir rock. Fig. 9
and Fig. 10 represent the log views of wells 19 and 25,
respectively, which reflect the created facies from cluster
analysis and can later be used to estimate the reservoir
characteristics in the static model.
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Fig. 6. Permeability Comparison (Core vs. Predicted)
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Fig. 7. Dendrogram of the Cluster Group
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Fig. 8. The Cluster Analysis Cross-Plot for the Upper Qamchuga Formation
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Fig. 9. The Log View of Cluster Analysis for Well Ja-19
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4- Conclusions

To evaluate the rock types and flow units in the upper
Cretaceous carbonate reservoir, specifically the upper
Qamchuga formation in the Jambur oilfield, plots of core
porosity and permeability were generated for six wells.
The results showed significant scattering, leading to the
classification of three main facies types: dolomite,
limestone, and dolomitic limestone. However, the
correlation coefficient reflected a weak linear regression,
indicating a lack of a clear connection between the
variables. To address this issue, three alternative
strategies were employed for reservoir rock categorization
based on micro-facies features derived from core data
(RFN, Winland, and FZI), as well as cluster analysis
techniques based on electro-facies characteristics. The
conclusions drawn from these analyses are as follows:

1. The RFN approach presented to be the most effective
in detecting the reservoir geological structure, but it
was noted that additional information from SACL
data regarding the types of vugs (touch and separate)
is necessary to enhance the accuracy of permeability
estimation in the upper Qamchuga formation.

2. The Upper Qamchuga formation was categorized into
five flow zones using both the Winland porosity-
permeability plot and the flow zone index technique.
While the Winland technique exhibited poor
statistical regression, making it less reliable for
permeability determination, the FZI approach is
considered to be more reliable in this regard.

3. Cluster analysis was applied based on raw logs data,
and calibrated with the FZI technique, to construct a
facies model, serving as an initial step in determining
the petrophysical properties of the Upper Qamchuga
formation.

Fig. 10. The Log View of Cluster Analysis for Well Ja-25

Nomenclature

Abbreviations Description
DT The recorded travel time, psec/ft

FZI Flow Zone Indicator, um

GR Th_e recorded gamma ray log, API
units

HFU Hydraulic Flow Unit, um

K Permeability, MD

NPHI The recorded neutron log, API units

@z Normalized Porosity, fraction

PRT petrophysical rock type, um

R2 Correlation Coefficient

R35 Pore Throat radius at 35% mercury
saturation, pm

RFN Rock-Fabric Numbers, pm

RHOB The recorded bulk density, gm/cc

RQI Reservoir Quality Index, um

um Micrometers, 1pum =1x10-6m

D porosity, fraction
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