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Heterogeneity of carbonate reservoirs resulting from lithological, textural, and diagenetic variations
makes fluid flow behavior complex and unpredictable. This study was carried out to perform a
comparative analysis of petrophysical and statistical methods in reflecting the geological attributes of the
Kangan Formation in the central Persian Gulf. Core data and thin sections were analyzed to examine the
relationships between geological characteristics and petrophysical and statistical approaches. Porosity and
permeability, the percentage of lithologic components, and diagenetic parameters including the type and
rate of cementation, compaction, and dolomitization have been used. Four approaches were employed for
data classification, including (1) the Winland method, (2) the Flow Zone Indicator (FZI), (3) the Jenks
statistical method based on porosity and combined porosity-permeability, and (4) a newly defined
Geological Quality Index derived from the integration of dolomite content, effective porosity, and the rate
of cementation as the main controlling factors of reservoir quality. The results showed that for all methods,
reservoir quality increases from the lower to the upper groups and is accompanied by increasing dolomite,
decreasing cementation and decreasing anhydrite. In the FZI method and in the Jenks method based on
GQlI, the separation of rocks in terms of lithologic and petrophysical characteristics was more orderly and
more interpretable than with the other methods. Mean porosity and permeability vary from about 8% and
3 mD in the lower groups to more than 22% and 230 mD in the higher groups, which indicates a strong
correlation between reservoir quality and diagenetic processes. The Winland method defined the overall
boundaries well but was less sensitive to lithological differences. Overall, the results of this study indicate
that combining geological data with statistical and petrophysical methods, can provide a more accurate
and realistic representation of reservoir heterogeneities in carbonate formations and can be applied in
modeling complex reservoirs.

Introduction

(Gunter et al., 1997). Various statistical methods have

Many studies have attempted to subdivide rocks into
more homogeneous units with respect to fluid-flow
behavior using petrophysical indices. Among the most
important of these methods are the Flow Zone Indicator
(FZ1) (Amaefule et al., 1993) and the Winland (Pittman,
1992). These approaches are generally based on
laboratory core data and aim to identify flow units with
similar permeability characteristics. However, most of
these methods are empirical in nature and do not
explicitly account for geological and diagenetic factors

been developed for classifying data without relying on
prior assumptions. One such method is the Jenks
algorithm (Jenks, 1967; Jenks and Caspall, 1971), which
operates by minimizing within-class variance and
maximizing differences between classes. This method
has previously been applied in geostatistics and
environmental data modeling (Gui et al., 2025; Majhi et
al.,, 2024), but its use in petrophysical studies—
particularly in carbonate rocks—remains very limited.
Applying such an algorithm can help identify natural
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breaks in the data and provide classifications that are
independent of empirical relationships. The present study
was carried out to comprehensively investigate the
relationships among geological attributes, petrophysical
classifications, and the capability of statistical methods
in the Kangan Formation of the Central Persian Gulf. In
this study, in addition to the classical Winland and FZI
methods, the Jenks statistical method was used to detect
natural breaks in the data so that lithofacies separation
could be performed without prior assumptions. In the
next step, and with the aim of integrating geological data
into the classification process, a new index called the
Geological Quality Index (GQI) was defined. This index
was calculated based on three key parameters—
percentage dolomite, effective porosity, and the rate of
cementation—to quantify the constructive and
destructive diagenetic effects on rock quality.
Accordingly, the ultimate objective of this research is to
evaluate the correspondence between statistical and
petrophysical groups and the lithologic characteristics, in
order to determine which method has greater ability to
reflect true geological boundaries. Rather than merely
using lithologic characteristics to describe petrophysical
groups, this study takes a novel approach by
incorporating those characteristics directly into the
process of defining lithofacies. Thus, the present research
represents a step toward reconciling geological and
petrophysical perspectives in reservoir-rock
classification and improving understanding of
heterogeneity in carbonate formations.

Materials and Methods

The data used in this study were obtained from a
drilled well in the Kangan Formation located in the
central part of the Persian Gulf. The dataset consists of
core laboratory results (porosity and permeability) and
thin-section data, in which diagenetic and lithological
parameters were quantitatively determined based on
microscopic observations and the use of standard
classification charts. In the lithological data, the
percentages of limestone, dolomite, and anhydrite were
quantitatively measured. In addition, the abundance of
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different cement types—including isopachous, blocky,
bladed, and anhydrite cements—was estimated on a
semi-quantitative scale from zero (absent) to four (very
abundant). For petrophysical analysis, three main
approaches were applied: the Winland method, the FZI,
and the Jenks classification algorithm. To assess the
effects of lithology and diagenesis on reservoir quality, a
new index called the GQI was defined. This index
combines three simple yet effective factors: the
percentage of dolomite as a representative of textural and
diagenetic variations, effective porosity as an indicator of
pore network connectivity, and the cementation rate as an
indicator of occluding processes.

Results and Discussion

To distinguish and compare the reservoir behavior of
samples, the data were classified using several different
approaches. These included (1) the Winland (R35)
method, (2) the FZI, (3) the Jenks statistical method,
based on porosity and combined porosity—permeability,
and (4) the GQI. In each method, the samples were
divided into several groups or rock types with distinct
petrophysical properties. Overall, four groups were
identified in the Winland method (RT1 to RT4), six
groups in the FZI method (HFU-1 to HFU-6), and five
groups in each of the Jenks models (J1 to J5). The
geological characteristics of the rock types differ among
methods. In the Winland classification, the transition
from RT4 to RT1 corresponds to a continuous increase in
reservoir quality; however, the lithological composition
and rate of cementation do not necessarily vary
uniformly. In the FZI classification, the improvement in
quality from HFU-1 to HFU-6 is evident in the increasing
porosity and permeability. Lithologically, dolomite
content shows a generally increasing trend from HFU-1
to HFU-6, while anhydrite exhibits no consistent
behavior and, in some cases it may even increases. The
dominant cement type in all classes is blocky, and the
prevailing dolomite texture is fine-crystalline. Therefore,
the observed improvement in reservoir quality in the FZI
method appears to be more related to pore types and
facies characteristics than to changes in cement type or
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dolomite crystal fabric. In the Jenks classification based
on porosity, the most prominent change associated with
improved quality is the marked decrease in anhydrite
content from J1 to J5, whereas the limestone/dolomite
ratio shows no linear trend, with maximum dolomite
occurring in the middle classes. The two-dimensional
Jenks classification (¢p—K) provides clearer separation
between classes and better reveals the direct influence of
pore types. Although anhydrite content in the higher
classes is relatively high, reservoir quality remains
favorable. This apparent inconsistency indicates that, in
this classification, the connectivity and size of pore
throats and the organization of the pore network are more
decisive than the simple percentage of anhydrite. In the
GQIl-based classification, class J1—with very high
limestone and very low dolomite content—is clearly
distinguished from class J5, which exhibits very high
dolomite content. The upward trend in reservoir quality
from J1 to J5 is clearly evident, corresponding to an
increase in dolomite content, a decrease in cementation
intensity, and a transition from mud-supported to grain-
supported facies.

A comparison of the four main approaches used in this
study shows that each highlights a particular aspect of the
behavior of the Kangan carbonate rocks, but their ability
to discriminate geological and petrophysical features is
not the same. In this context, Winland and FZI effectively
discriminate hydraulic behavior but provide limited
insight into lithology and diagenesis. Jenks-based on
porosity reflects both petrophysical and geological
variations, while the ¢—k variant enhances hydraulic
resolution. Jenks—GQI offers the most comprehensive
representation of reservoir quality by integrating
geological, diagenetic, and petrophysical controls.

Conclusions

This study evaluates the effectiveness of different
classification methods in explaining the relationship
between geological characteristics and the petrophysical
behavior of carbonate rocks in the Kangan Formation.
Four approaches were assessed using core, laboratory,
and petrographic data: (1) the Winland method, (2) the
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Flow Zone Indicator (FZI), (3) the Jenks method based
on porosity and combined porosity—permeability, and (4)
a Jenks-based geological index. The results show that
methods (1) and (2) primarily reflect the hydraulic
behavior of the pore system and effectively rank rocks by

porosity and permeability, but are limited in
discriminating lithological, facies, and diagenetic
features. In contrast, method (3) better captures

lithological and facies variations and provides a clearer
differentiation of reservoir quality based on pore-
network connectivity, while method (4) demonstrates the
strongest consistency between geological, diagenetic,
and petrophysical data. These findings indicate that in
heterogeneous carbonate reservoirs such as the Kangan
Formation, integrating a geological-statistical index with
a hydraulic indicator provides a more robust framework
for reservoir classification and modeling.
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Fig. 1. a) Location of the study area in the central part of the Persian Gulf, and b) stratigraphic column and the studied formation

(Tavakoli and Jamalian, 2019)
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Fig. 2. Microscopic images of the microfacies in the Kangan Formation in the studied well. a) anhydrite, b) mudstone, ¢) stromatolite
boundstone, d) thrombolite boundstone, €) fossiliferous mudstone, f) peloid/intraclast bioclast wackestone, g) oncoid/peloid
packstone, h) ooid bioclast packstone, i) peloid ooid/bioclast grainstone, j) bioclast/intraclast ooid grainstone, k) intraclast
bioclast/ooid packstone, I) crystalline carbonate. a): XPL, h) to 1): PPL
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Table 1. Facies characteristics observed in the Kangan Formation within the study area

Facies . . Dominant Dominant diagenetic | Porosity | Permeability Reservoir
Facies group name Environment )
code Pore type process (%) (mD) quality
Almost no Anhydrite
MF1 Anhydrite Supratidal, Sabkha - . cementation and 13 14 Very weak
effective porosity .
compaction
... | Closed to semi-open . Moderate
MF2 Mudstone often with lagoon with partial Interpartlgle and dolomitization 5.8 4 Weak
evaporites h moldic .
evaporation and isopachous
Stromatolite Intertidal zones with Intercrystalline Dolomitization and Weak to
MF3 o o and . 3.8 10
boundstone microbial activity moldic moderate compaction moderate
: Negligible - .
ME4 Thrombolite Low energy lagoon to porosity or limited High cementation and 25 01 Weak
boundstone semi-open mold severe compaction
- Fully enclosed .
MF5 Fossiliferous evaporator, above the No effec_:tlve Anhydritization 11 0 Very weak
mudstone porosity
platform
o Transition zone Intercrystalline - s
MF6 _Pelmd/mtraclast between lagoon and and High dolomltlzatl_on 4.6 4.7 Moderate
bioclast wackestone . and local dissolution
shoal moldic
. . Shallow section of A
Oncoid/peloid . . Dolomitization and
MF7 packstone medium energy Interparticle moderate cementation 6.4 22 Good
platform
Ooid bioclast Interparticle and Dissolution and
MF8 packstone Shoal vuggy limited cementation 4 21 Good
S Energetic shoal but : ;
ME9 Peloid 0_0|d/b|oclast with obstructive ) Blocke_d Cementation qnd High 07 0 Weak
grainstone di - interparticle compaction
iagenesis
MF10 B|o<_:last/|!1traclast Open energetic shoal Interparticle and | Low cgmen_tatlon a nd 14 42 Very good
0oid grainstone vuggy effective dissolution
Intraclast Intercrystalline Extensive
MF11 bioclast/ooid Seaward shoal and dolomitization and 9.9 15 Good
packstone vuggy open diagenesis
The upper part of the
platform, under the Extensive
MF12 |Crystalline carbonate influence of Intercrystalline dolomitization and 12 100 Very good
magnesium-bearing low compaction
fluids
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Fig. 3. Frequency distribution of the studied facies. The facies assemblage indicates deposition within a shallow carbonate platform,

where facies MF8 is the most abundant
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Integrated Sedimentological and Reservoir Log of the Studied Well
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Fig. 4. Vertical variation column of lithological, textural, microfacies, sedimentary environment, pore types, diagenetic processes,

and petrophysical parameters (porosity and permeability) in the Kangan Formation. This figure illustrates the relationship between
geological characteristics and the petrophysical behavior of the rocks
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Overall Lithology Composition - Kangan Formation
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Fig. 5. Frequency distribution of lithological composition in the Kangan Formation, which is predominantly composed of limestone
and dolomite.
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Distribution of Dominant Porosity Types - Kangan Formation
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Fig. 6. Frequency distribution of porosity types in the Kangan Formation. Intercrystalline porosity is the most common, whereas

fenestral porosity occurs less frequently
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Table 2. Geological characteristics of all identified rock types across the studied methods and classification schemes

Method Class Avg. | Avg. Dolomite | Avg. Anhydrite Top 3 Dominant Dominant
Lime (%) (%) Facies Cement Dolomite
(%)
Winland RT1 (=10 um) 51.67 66.24 35.56 MF8, MF1, Blocky Sucrosic
MF12 dolomite
Winland RT2 (2.5-10 pm) 62.67 69.86 13.39 MF8, MF12, Blocky Dolomicrite
MF2
Winland RT3 (0.5-2.5 pm) 48.03 68.61 13.29 MF8, MF2, Blocky Dolomicrite
MF12
Winland RT4 (<0.5 pum) 68.01 52.91 21.32 MF8, MF2, MF6 Blocky Dolomicrite
FZI HFU-1 (Ultra-tight) 65.93 51.43 15.05 MF8, MF2, MF4 Blocky Dolomicrite
FZI HFU-2 (Tight) 61.87 52.54 16.79 MF8, MF2, Blocky Dolomicrite
MF10
FZI HFU-3 (Low) 67.2 58.21 19.08 MF8, MF6, MF2 Blocky Dolomicrite
FZI HFU-4 (Medium) 67.9 62.83 16.27 MF8, MF12, Blocky Dolomicrite
MF2
FZI HFU-5 (High) 56.2 67.33 17.12 MF8, MF12, Blocky Dolomicrite
MF2
FZI HFU-6 (Very high) 49.31 64.2 30.01 MF8, MF12, Blocky Dolomicrite
MF1
Jenks—porosity J1 65.3 54.74 28.97 MF8, MF2, MF6 Blocky Dolomicrite
Jenks—porosity J2 59.94 65.86 18.09 MF8, MF2, MF6 Blocky Dolomicrite
Jenks—porosity J3 49.16 72.01 8.92 MF8, MF12, Isopachous Dolomicrite
MF2
Jenks—porosity J4 70.34 48 6.36 MF8, MF2, Blocky Dolomicrite
MF10
Jenks—porosity J5 76.71 56.4 5.27 MF10, MF8, Blocky Sucrosic
MF12 dolomite
Jenks— J1 64.83 67.19 7.29 MF8, MF10, Blocky Sucrosic
(porosity— MF12 dolomite
permeability)
Jenks— J2 63.43 62.05 7.76 MF8, MF12, Blocky Dolomicrite
(porosity— MF10
permeability)
Jenks— J3 61.39 64.67 12.13 MF8, MF12, Blocky Dolomicrite
(porosity— MF2
permeability)
Jenks— J4 56 60.56 24.77 MF8, MF2, MF6 Blocky Dolomicrite
(porosity—
permeability)
Jenks— J5 66.7 55.1 26.63 MF8, MF2, MF6 Blocky Dolomicrite
(porosity—
permeability)
Jenks-GQlI J1 87.2 10.88 4.31 MF8, MF10, Blocky Dolomicrite
MF4
Jenks-GQlI J2 64.87 34.1 7.41 MF8, MF4, MF7 Blocky Dolomicrite
Jenks-GQlI J3 20 59.02 36.83 MF8, MF6, Blocky Sucrosic
MF10 dolomite
Jenks—-GQlI J4 9.83 74.95 24.08 MF8, MF6, Isopachous Dolomicrite
MF11
Jenks-GQlI J5 8 87.93 10.91 MF8, MF12, Blocky Dolomicrite
MF11
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Table 3. Reservoir properties (porosity and permeability) and sample numbers of all rock types across different methods and
classification schemes

Method Class Avg.Porosity (%) Permeability (mD) Number of samples
Winland RT1 20.6 145.3 12
Winland RT2 17.8 58.4 34
Winland RT3 13.1 15.9 66
Winland RT4 8.2 3.1 56

FZI HFU-1 7.9 2.8 41
FZI HFU-2 10.4 6.9 39
FZI HFU-3 13.7 19.5 36
FZI HFU-4 16.9 45.1 29
FZI HFU-5 20.1 122.7 15
FZI HFU-6 22.3 231.6 8
Jenks—porosity J1 8.6 29 33
Jenks—porosity J2 11.4 7.8 36
Jenks—porosity J3 14.8 17.6 34
Jenks—porosity J4 17.6 48.3 31
Jenks—porosity J5 21.3 136.2 34
Jenks—(porosity— J1 8.1 2.6 29
permeability)
Jenks—(porosity— J2 115 8.3 36
permeability)
Jenks—(porosity— J3 14.2 19.2 38
permeability)
Jenks—(porosity— J4 17.8 51.4 37
permeability)
Jenks—(porosity— J5 21.6 142.7 28
permeability)
Jenks-GQI J1 8.4 3 30
Jenks-GQlI J2 11.2 8.7 35
Jenks-GQI J3 14.9 215 38
Jenks-GQlI J4 175 47.8 36
Jenks-GQI J5 21 130.9 31
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Fig. 7. Porosity—permeability cross-plots based on the studied methods. a) Winland method; b) FZI method; c) Jenks method based
on porosity; d) Jenks method based on combined porosity and permeability
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