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Article history: Heterogeneity in carbonate reservoirs is one of the key factors controlling reservoir quality and fluid
Received: 2025 August 15 flow. In this study, the heterogeneity of the Dariyan Formation in the Persian Gulf was evaluated using
Accepted: 2026 May 10 the Lorenz coefficient in combination with an integrated analysis of petrophysical and geological
Available online: 2026 June 22 data. The study was conducted based on data from one well, incorporating quantitative interpretation

of petrophysical logs, including gamma ray, bulk density, neutron porosity, sonic, and deep resistivity

Keywords: logs. In addition, 1093 thin sections from core samples were petrographically analyzed at the well
Heterogeneity scale to identify depositional facies, textures, microfacies characteristics, pore types, and dominant
Lorenz coefficient diagenetic processes. To quantitatively assess reservoir heterogeneity, the Lorenz coefficient was
Dariyan Formation applied as a statistical index within depth intervals of 2 m. Lithological, textural, and facies-related
Petrophysics heterogeneity in several intervals, shows a clear relationship with diagenetic trends. Increased
Carbonate reservoirs heterogeneity is associated with reduction in average porosity and permeability, whereas diagenetic

processes such as cementation and stylolitization locally reduce petrophysical heterogeneity. The
findings provide a more detailed quantitative insight into intra-reservoir heterogeneity in the Dariyan
Formation and highlight the applicability of the Lorenz coefficient for characterizing heterogeneity

in carbonate reservoirs, with implications for improved reservoir modeling and production strategy

optimization.
1. Introduction
Heterogeneity in carbonate reservoirs significantly affects porosity, structural or depositional factors contribute to this heterogeneity,
permeability, and fluid flow, and thus plays a central role in acting across scales from microscopic to reservoir level (Lucia,
hydrocarbon exploration, evaluation, and production. Variations in 1999; Akbarzadeh et al., 2025).
lithology, texture, microfacies, pore types, diagenetic features, and Extensive studies in Iran over the past two decades have integrated
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petrophysical, lithological, and facies data to assess heterogeneity
in carbonate formations such as Dalan, Kangan, Sarvak, and Ilam.
These studies highlighted the importance of microfacies, pore
types, and diagenetic processes in controlling reservoir quality
(Aghli et al., 2020; Saadat et al., 2024; Mehdipour et al., 2025).
However, most assessments remain qualitative or limited to general
zonal descriptions, with less attention to quantitative indices for
systematic, depth-wise heterogeneity analysis.

To address this gap, this study applies an integrated quantitative
approach using petrophysical well-log data, lithological
observations, and facies analysis, combined with the Lorenz
coefficient to quantify heterogeneity at regular depth intervals.
The study aims to explore the relationships between petrophysical
heterogeneity, porosity and permeability variations, microfacies,
depositional subenvironments, and diagenetic processes, thereby
providing a more robust understanding of reservoir behavior.

This approach is innovative in combining high-resolution
quantitative petrophysical analysis with detailed lithological
and facies characterization. Findings are expected to enhance
geological reservoir modeling, improve prediction of heterogeneity
distribution, and support optimized hydrocarbon development

strategies in carbonate reservoirs of the Persian Gulf.

2. Research methodology

This study evaluates geological heterogeneity in the Dariyan
Formation, central Persian Gulf, using an integrated approach
combining well-log and lithological data. Data were obtained
from a single exploration well, including gamma-ray (GR), bulk
density (RHOB), neutron porosity (NPHI), sonic velocity, and deep
resistivity logs. A total of 268 m of core was recovered, from which
1,093 thin sections were prepared for detailed petrographic and
diagenetic analysis at approximately 25 cm intervals.

Petrographic analysis involved microfacies characterization,
identification of diagenetic processes, and classification of pore
types. Microfacies were classified according to Dunham (1962),
and pore types: including intergranular, intragranular, moldic,
and diagenetic pores were categorized following Lucia (1995).
Sedimentary subenvironments were interpreted based on fossil
content, texture, and structural features. Observed lithological and
textural properties were quantified as percentages for each thin
section to correlate petrographic and petrophysical characteristics.
Quantitative heterogeneity was assessed using the Lorenz
coefficient (L), which measures the deviation of cumulative
parameter distributions from a perfectly uniform distribution.
Petrophysical well-log data were processed at 2 m depth intervals,
and Lorenz curves were calculated for GR, NPHI, RHOB, sonic,
and resistivity logs. Core-derived porosity and permeability values

were used to independently assess petrophysical heterogeneity,

while GR logs provided additional insight into lithological and clay
content variations.

Data processing and scaling were performed using GeoLog
v7, and statistical analyses and Lorenz curve plotting were
conducted in Microsoft Excel. The integrated analysis of well-log,
core petrophysical, and microscopic data enabled simultaneous
evaluation of depositional and diagenetic effects on reservoir

heterogeneity.

3. Results and Discussions

The study of the Dariyan Formation in the Persian Gulf Basin
underscores the pivotal role of microfacies and diagenetic processes
in controlling reservoir heterogeneity and quality. Detailed thin-
section analyses of core samples allowed the identification of
nine distinct microfacies (MF1-MF9), corresponding to a range
of depositional sub-environments, including tidal flats, lagoons,
carbonate shoals, and restricted to open marine ramp settings.
Each microfacies exhibits characteristic textures, skeletal content,
and diagenetic features, which collectively influence reservoir
properties.

MF1-MF4, predominantly associated with tidal-flat and lagoonal
environments, are characterized by micritic textures, low skeletal
abundance, laminated fabrics, and early marine cementation.
These features lead to moderate to high heterogeneity, limited
intergranular porosity, and reduced connectivity of pore networks.
In particular, extensive micritization observed in these low-energy
settings transforms primary grains and fills intergranular space,
further diminishing effective porosity.

MF5-MF6, representing shoal and elevated carbonate
sub-environments, contain higher skeletal debris and planktonic
fragments. Early marine cementation in these units helps preserve
intergranular pore networks, while minor micritization and
occasional bioturbation create moderate heterogeneity. These
characteristics result in improved reservoir quality relative to
lagoonal microfacies, with better porosity preservation and
enhanced fluid flow pathways.

MF7-MF9, corresponding to restricted and open marine ramp
settings, are dominated by skeletal-rich wackestones and floatstones.
Variable cementation and minor dissolution generate localized
heterogeneity; however, the overall porosity remains relatively
consistent in several intervals. Bioturbation and stylolitization are
commonly observed in deeper intervals, affecting pore connectivity
and contributing to vertical heterogeneity within these open marine
facies.

Diagenetic processes, including micritization, cementation,
minor dolomitization, bioturbation, and mechanical compaction,
exert a dominant control on reservoir properties. Micritization

in low-energy lagoonal settings is particularly widespread,
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transforming grains and reducing porosity, while early marine
cementation in shoal environments helps preserve intergranular
pore networks. Burial diagenesis involving chemical compaction,
dissolution, and stylolitization further modifies pore structure,
increasing heterogeneity in deeper intervals.

Petrophysical log analyses, incorporating gamma-ray,
density, sonic, and neutron logs, reveal strong -correlations
between heterogeneity, microfacies distribution, pore types, and
diagenetic alterations. Low heterogeneity intervals correspond
to wackestone-dominated textures with effective intergranular
porosity, often within open marine-restricted microfacies (MF7).
Conversely, high heterogeneity is observed in micritic, laminated
tidal-flat microfacies (MF1-MF2), characterized by increased clay
content, fracture-dominated pores, and reduced effective porosity.
Correlation of petrophysical data with detailed sedimentological
and microfacies analysis allows robust interpretation of porosity
distribution and reservoir connectivity.

Overall, this study demonstrates that an integrated approach
combining detailed microfacies characterization, diagenetic history,
and petrophysical log interpretation provides a comprehensive
framework for evaluating heterogeneity in carbonate reservoirs. Such
a methodology enables improved prediction of reservoir quality,
porosity distribution, and hydrocarbon potential, highlighting the
importance of understanding both depositional and diagenetic

controls in carbonate systems such as the Dariyan Formation.
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4.Conclusion

This study examines reservoir heterogeneity in the Dariyan
Formation by integrating well-log data, microfacies analysis,
and the Lorenz coefficient to identify its controlling factors.
Heterogeneity was found to be systematic, governed by the
interaction of depositional and diagenetic processes rather than
random distribution. Lithological variations, particularly clay
content in limestones and degrees of dolomitization, significantly
influence petrophysical heterogeneity by creating discontinuities
in porosity and permeability. Grain-supported facies, such as
wackestone and packstone, exhibit lower heterogeneity and higher
effective porosity, whereas mud-supported and fossiliferous
mudstone facies show higher heterogeneity due to pore occlusion
and diagenetic effects.

Depositional subenvironments also play a key role: lagoonal and
proximal carbonate ramp settings display the highest heterogeneity
due to facies diversity and diagenetic overprint, while restricted
open-marine subenvironments show more uniform deposition and
lower heterogeneity. Overall, effective porosity, pore type and
connectivity, microfacies, depositional environment, and diagenetic
history are the primary controls on reservoir heterogeneity. Despite
limitations related to finite well-log coverage and uncertainties in
pore characterization, the integrated methodology provides a robust
framework for assessing reservoir quality and supports future three-

dimensional modeling and flow studies.
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Table 1. Well characteristics, number of samples, and methods used in this study.

Feature

Details

Studied well

Central Persian Gulf

Studied formation

Dariyan Formation

Depth intervals

Lower Member: 25 m
Hawar Member: 30 m
Upper Member: 55 m

Number of samples

Drilled cores: 268 m
Microscopic thin sections from core samples: 1093

Laboratory methods

Petrophysical logs: gamma ray, density, sonic, neutron porosity, and deep resistivity
Microscopic analysis: thin sections for studying lithology, texture, facies, and diagenetic processes based on visual

Statistical analysis: use of the Lorenz coefficient to evaluate heterogeneity for every 2 m of well-log data
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Figure 2. Photomicrographs of thin sections illustrating nine microfacies of the Dariyan Formation. From left to right,
images correspond to MF1 to MF9, including: carbonate mudstone to fossiliferous carbonate mudstone a) associated with
neomorphism; bioclast wackestone; b) affected by neomorphism and calcite cementation; Orbitolina wackestone; ¢) with
neomorphism and calcite cementation; peloid—bioclast wackestone; d) showing neomorphism and calcite cementation;
peloid-bioclast wackestone to packstone; e) affected by neomorphism and dissolution; bioclast—peloid packstone; f)
associated with neomorphism and fracturing; bioclast wackestone; g) with neomorphism and calcite cementation; bioclast
floatstone; h) affected by calcite cementation; and carbonate mudstone to bioclast wackestone; i) showing neomorphism
and calcite cementation. Peloids are indicated by green arrows and bioclasts by yellow arrows. All images were taken under

plane-polarized light. The scale is identical for all images and corresponds to that shown in image (a).
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Figure 3. Diagenetic processes observed in the Dariyan Formation from a to 1) dolomitization, micritization,

bioturbation, dissolution, aggrading neomorphism, mechanical compaction, chemical compaction (stylolite),

cement (blocky), and fracturing. All images are taken under plane-polarized light. The scale is the same for all

images. The diagenetic features are indicated by arrows.
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Figure 4. Geological and petrophysical properties chart based on the gamma ray heterogeneity index

of the Dariyan Formation.
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Continued from Figure 4. Geological and petrophysical properties chart based on the gamma ray

heterogeneity index of the Dariyan Formation.

éjjl.hilﬁdffam;om&};@x})dl.zﬁ@@&\}&a\f%}ﬁ
. . Z - . é . - o
ol (Ssbs g SRl Solg 5o 5 S8 (S m55 s Lo
.(Tucker and Wright, 1990; Ehrenberg et al., 2016)
Bile 5 o3 i Ol g5 ol GSeal o5l 3 (bl g i )

Wl ol b s e adalie Olojen D)o (K28 5 (JB (slelaon
S 3 5k Gl SanSs i ol 0 Aoy AYVE ol L S
G 5 & S el 04 S g il e a5l (sl s
M&h%ﬁjﬁc;\lygﬁu6\.&;5\{);4{@J\>):u)&&'}§~hl}
Aguilera, 2004; Corbett) Aas ga (153115 g sSeal cdbln g1 pla 2alS
OL Glawr & 5 0 ey o5 s o0 O 5505 oyl 3 o 2 (et al., 2012
(30 S S A e ol ] 6855 g sl ST 5 Reabej 5
¢S Sl p b ods ad el ol ot Ko JEo 215K RISl
e (faazme 53 3 sk e 0y uly G)i..ab 0L 53 g5 (Ao ys +V/F 550>)
Jolss S0l 288 o g 5V (38l (slaol 53 (g3ldl 53Ls s
Sl - Kanl 6l S 05bes o gor Hlb,y L 4T (g el 0dkd (5 p o3 5d0
.(Machel, 2005; Ehrenberg and Walderhaug, 2015) s !>

bl o yeSaTe&ew (/2 Y S Het < +/+¥) 5YL 5, Kaab g3de oL 4o
3L g I 5 ol a5 FONs1 ey YIRS sl
ol 3l HISET Yls” u;,igurf Glro b & o (Ao 3 VV/F) S S
Mce&adﬁwﬁmtjuﬁ}obﬁaﬁMFl jMFZ LsLAA)L«iJ}:) nojl;.
Fias e LS Sl Skl 345 5 e i L als Lol
Lucia, 1999; Corbett et) "l 0L 515 L3l 51 Jide opl 55 5V @,ﬁulﬁ 9
(al., 2012

Yy

S S G550l JIS bl p (S pdg 5 sl - Y-F
Sk & a0l 0 JSK8) ool J&s SSKeal Lasls )y
(elia S Gl S5 b i LU, OLLIs Ll s J&s 5 Saal
S anli (534 03k 533,413 S 55b5 slad) 5 Bl g g eslaslst s 5 ¢ L
WSATeE g1l 5 035 Vb b (ol g5 o S Het < +/0)) ool
b ST Ola ol 3 45 358 0 odalie Lls yeSaT 5 a5l
oolie 55 o 55 i el i Kin OS5 o 5005l Ao s AV/EA sl
Sl e U85 JB 55 o IS oin20L5 5Kl

.(Lucia, 1999; Ehrenberg et al., 2016) —! (s ol JK;; L& C’"L P i
348 o5LY 2 53¢ 5Kl Sl Il g 5 2l s s b g gy 3L S
W0 S 50 oy o 395 g Sladiy L3 g 5 0 SON5) B0 S5 5L (5 Sanl
53 bty B aes b Olatoals Glacil (25 Sl 28 5 oKanl slaojl 5o
Slalllas 53 &8 (lodsoly 6l S 5ds 5 SsKenl [EalS 5 g Jiuki slow!
(Lucia, 1999; Ahr, 2008) Sl e 3518 556505 6y S 03l
YU beeslast 5y g5 ol SRl o3l 53 csleslust s, 08 ss
O o3 /YA Gl 3L (0 STy S L) MFT o5l 55 5 03
MF2 5 MFT glaeslest )55 oo oS small Jltie 1530 L o151y g
o) Lsls Gl gisS w5 OS Y Gladiss 4 bdes & L o Ll
Sl 0Lzt 8 5 (65108 Sladame g 215 Sy oyl sy i
Lrs ol jen G Sk S 5 JEa S8l SalB L Vien
Slslp Sl &S das e Ol gsmy sladases 5 Lo (Fliigel, 2010)
I 558anl 2l 1L isS wigy 5 O SN ladasn 1 4 Ly o slad pos
3w b Slyd Jamma ) g RIS Jlo 3 00yls Soen 52



EA=PY :(P) P9 <100 G0 pole/ gl ySes g 631 o> jligo/....ousS j5 Jul= g jo9) i pud gull o 5950l 58S 2L )

@ Lithology (Darian-RHOB)
100 §7.60 92:31
%2
2 80 6923
e n
;: 60
£ 50
£ 4
23
= 2
10
0
0<Het<0.01 0.01<Het <0.02 0.02<Het <0.03
Heterogeneity value (Lc)
¥ Argillaceouslimestone @ Dolomitic limestone ¥ Limestone Limy dolomite
© Facies (Darian-RHOB)
50 46.15 46.15
f) 39.04
-~
3
I 30
; po)
=20
B
10
5
0
0<Het<0.01 0.01<Het <0.02 0.02<Het <0.03
Heterogeneity value (%)
®MFl ®MF2 =MF3 *MF4 ®MF5 sMF6 ®MF7 sMF§ ®MF9
(e) Pore types (Darian-RHOB)
100
100
90
. 76.92
S
> @ 3714
H
g 50
EX
2 30
. 20
10
0
0<Het <0.01 0.01<Het <0.02 0.02<Het < 0.03
Heterogeneity value (Lc)

®nterparticle WIntraparticle ®Moldic W Intercrystaline WVuggy # Fracture

(2) Stylolite (Darian-RIIOB)
100
00 9399 96.15

9%
o %
]
z 6
E 50
E 40
£ 30
= 20
10

0 === =

0<Het <0.01 0.01<Het < 0.02 0.02<Het < 0.03
Heterogeneity value (L¢)
mQ m] m2

~
=
=

Frequency (%)

(d

Frequency (%)

Cementation rate (Darian-RHOB)
100 9231
%
80
I
<
P
£ 5
EA 3462 3462
£ 30
o
10
0
0<Het<0.01 0.01<Het <0.02 0.02<Het <0.03
Heterogeneity value (Lc)
WO m] E2 N3 W4
Poro - Perm (Darian-RHOB)
(h) 20360
30
25
2 18.01
=
s 1185
b
10
5
T 2 0.045
0<Het<0.01 0.01<Het <0.02 0.02<Het <0.03
Heterogeneity value (Lc)

Lithology (Darian-RHOB)
100 87.60 9231
80
60
40
20
0
0<Het<0.01 0.01<Het <0.02 0.02<Het <0.03
Heterogeneity value (Lc)
¥ Mudstone B Wackstone " Packstone
¥ Floatstone ¥ Argillaceous limestone # Dolomitic limestone
= Limestone Limy dolomite
Sedimentary environment (Darian-RHOB)
* 69.23
70
60
50
4
30
20
10
0
0<Het<0.01 0.01<Het <0.02 0.02<Het < 0.03
Heterogeneity value (Lc)

Peritidal ®Logoon ® Leeward shoal  Shoal W Resricted open marine ® Open marine

u Porosity (%)  ®Permeability (mD)

Dl il 5,2 I 5 Rarl Gals ool (S35 2 5 sl e S S 55 13500 -0 S5

Figure 5. Geological and petrophysical properties chart of the Dariyan Formation based on bulk

density heterogeneity index.
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Figure 6. Geological and petrophysical properties chart of the Dariyan Formation based on neutron

porosity heterogeneity index.
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Figure 7. Geological and petrophysical properties chart of the Dariyan Formation based on sonic

velocity heterogeneity index.
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Figure 9. Distribution of limestone lithology across different textures in the Dariyan Formation.
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Figure 10. Distribution of the studied indices within the Dariyan Formation. The petrophysical logs are displayed alongside the geological

indicators, allowing direct observation and comparison.
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