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ABSTRACT

The Jacobabad-Khairpur High, a prominent structural feature within the Sukkur Rift Zone, delineates the boundary between
the Central and Southern Indus Basins of Pakistan. This study presents an integrated analysis of the Middle to Late Eocene Kirthar
Formation, based on a detailed 28.8 m measured section at Rohri, near Sukkur. The investigation combines outcrop analysis,
petrography, and quantitative modeling using ML and Al to elucidate the depositional environments, diagenetic history, and reservoir
potential of this economically significant carbonate succession. Four distinct lithofacies were identified in the field, ranging from coarse-
grained, fossiliferous limestones to algal dolomitic limestones. Petrographic analysis of fourteen thin sections revealed six microfacies
associations: (1) Benthonic Foraminiferal Nummulites Packstone, (2) Algal Foraminiferal Wackstone, (3) Foraminiferal Nummulites
Wackstone-Packstone, (4) Benthonic Foraminiferal Wackstone/Oo-Biomicrite, (5) Planktonic Foraminiferal Nummulites Packstone,
and (6) Bioclastic Carbonate Mudstone. These facies, classified using Dunham, Folk’s, and Fliigel schemes, indicate deposition on a
homaoclinal carbonate ramp, with environments spanning from inner-ramp shoals to lower-energy mid- and outer-ramp settings. The
faunal assemblage, dominated by Large Benthic Foraminifera (LBF) such as Nummulites and Assilina, alongside red algae, confirms a
shallow, warm-water marine setting. The overall progradational stacking pattern suggests deposition during a third-order regression
(Regressive Systems Tract) within a broader second-order transgression. The Kirthar Formation has undergone a complex diagenetic
history involving marine (micritization, fibrous cements), burial (compaction, stylolitization, blocky calcite cementation, neomorphism,
dolomitization), and meteoric (dissolution, fracturing) phases. Reservoir quality is fundamentally controlled by the interplay between
primary depositional fabric and subsequent diagenetic overprint. The best reservoir potential is identified in the grain-dominated
packstone facies where secondary dissolution has created significant moldic and vuggy porosity. Conversely, porosity has been occluded
in mud-dominated facies by compaction and extensive cementation. Stylolitization plays a dual role, acting as a barrier to vertical fluid
flow while potentially serving as a conduit for lateral migration. This study demonstrates that understanding the paleotopographic control
of the Jacobabad-Khairpur High on facies distribution, coupled with a detailed diagenetic model, is critical for predicting reservoir sweet
spots in the Eocene carbonates of the Southern Indus Basin. Not only this, by integrating this diagenetic model with modern data science
and quantitative ML and Al algorithms we have gone beyond the traditional microscopic petrography and qualitative interpretations, to
provide a reliable, rigid and predictive data frame to identify the reservoir potential.
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1. INTRODUCTION
1.1. The Eocene Carbonate Systems of the Neo-Tethys Margin

The Eocene epoch represents a critical interval in Earth's history, characterized by warm greenhouse conditions and the
development of extensive carbonate platforms along the margins of the closing Neo-Tethys Ocean. (1) These platforms were dominated
by Large Benthic Foraminifera (LBF), particularly the genus Nummulites, which formed vast accumulations of bioclastic sediment. (2)
These Nummulitic limestones, extending from the Atlantic to the West Pacific, are not merely of academic interest; they constitute
major hydrocarbon reservoirs in numerous basins across North Africa, the Mediterranean, and the Middle East. (3) The excellent
reservoir qualities are often linked to the preservation of primary intraparticle porosity within the complex chambers of the foraminiferal
tests, which can be significantly enhanced or degraded by subsequent diagenetic processes. (2) Consequently, understanding the
depositional architecture and post-depositional evolution of these Eocene carbonate systems is paramount for global hydrocarbon
exploration and production (Figure 1.1).

1.2. Geological Context and Hydrocarbon Significance of the Southern Indus Basin

The Southern Indus Basin of Pakistan, situated on the northwestern margin of the Indo-Pakistan Plate, is a prolific hydrocarbon
province with a complex Mesozoic-Cenozoic history of rifting, drifting, and collision. (4) The basin hosts significant reserves in various
stratigraphic units, including Cretaceous sandstones and Eocene limestones.®
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Figure 1.1: A geological infographic illustrating how Eocene carbonate systems of the Neo-Tethys margin, built by large benthic
foraminifera (like Nummulites), form major hydrocarbon reservoirs and how their porosity is altered by subsequent diagenetic
processes (burial and uplift).

The Eocene Kirthar Formation, a thick and widespread carbonate unit, is a key component of the regional petroleum system and has
been a target for exploration. (7)

This study focuses on an outcrop of the Kirthar Formation in the vicinity of the Jacobabad-Khairpur High (JKH). The JKH is
a major NNW-SSE trending basement-involved structural high, part of the Sukkur Rift Zone, which has exerted a profound influence
on sedimentation patterns since at least the Jurassic.® As a long-lived paleotopographic feature, the JKH created elevated, shallow-water
conditions on the Eocene shelf, providing an ideal setting for the proliferation of LBF and the development of high-energy carbonate
facies. The structural and stratigraphic complexities associated with such basement highs make them critical areas for understanding
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facies distribution, diagenetic trends, and the localization of potential hydrocarbon reservoirs (Figure 1.2). (11)

1.3. Research Gaps and Study Objectives

While the stratigraphy, tectonics, and rich foraminiferal fauna of the Kirthar Formation and the Southern Indus Basin have
been documented by numerous researchers (12), a detailed, integrated study linking depositional facies, diagenetic evolution, and
quantitative reservoir characterization at the micro-scale is lacking for the Kirthar Formation on the strategically important Jacobabad-
Khairpur High. Previous work has often been regional in scope or focused primarily on biostratigraphy. This study aims to address this
gap by providing a comprehensive analysis of the Kirthar Formation at a well-exposed section in Rohri. The primary objectives are to:

1. Identify and characterize the lithofacies and microfacies of the Kirthar Formation using established carbonate classification
schemes (Dunham, 1962; Folk, 1959; Fliigel, 2004).

2. Reconstruct the paleo-depositional environment and develop a robust carbonate platform model based on facies analysis and
faunal assemblages.

3. Establish a comprehensive diagenetic history, including a detailed paragenetic sequence of post-depositional alterations, and
assess their impact on the rock fabric.

4. Evaluate the controls on reservoir potential by systematically analyzing the evolution of the pore system as a function of primary
depositional facies and subsequent diagenetic overprint.

5. Introduce and discuss the application of novel quantitative methods, including mathematical petrophysical models and conceptual
machine learning workflows, to support geological interpretations and provide a framework for future predictive reservoir
modeling in this and similar carbonate systems. Figure 1.3 shows the analogy.
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Figure 1.2: Geological Context and Hydrocarbons Significance Southern Indus Basin Pakistan, (Reference to JKH). illustrating

the petroleum system of the Southern Indus Basin, Pakistan. It shows how an ancient paleotopographic high localized Eocene
carbonate facies (reservoir rocks), which created structural traps for migrating oil and gas.
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Figure 1.3: An integrated study for characterizing Eocene carbonate reservoirs in the Kirthar-Indus Basin. The workflow
connects research gaps, methodologies (like facies and diagenetic analysis), and key findings to a predictive model for reservoir
quality, with a future goal of developing a machine-learning tool for exploration.

2. GEOLOGICAL AND STRATIGRAPHIC FRAMEWORK
2.1. Tectonic Evolution of the Jacobabad-Khairpur High and the Sukkur Rift Zone
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The study area is located on the Jacobabad-Khairpur High (JKH), a critical tectonic element that separates the Southern Indus
Basin from the Middle Indus Basin. The JKH is a horst block structure trending NNW-SSE, forming part of the larger Sukkur Rift Zone,
which also includes the Mari-Kandhkot High and the Pano Agal Graben (11) (9). The genesis of this rift zone is linked to the Jurassic
breakup of Gondwana, specifically the separation of the Indian Plate from the Australian-Antarctic Plate, which induced extensional
tectonics and the formation of horst and graben structures (Figure 2.1). (9)

The JKH has acted as a persistent positive structural feature, or paleo-high, since its initial formation. Subsurface well data
indicate that it remained uplifted and subject to subaerial exposure for significant periods, evidenced by the absence of the main
Cretaceous source rock, the Sembar Formation, and in some areas, the entire Cretaceous succession, directly on the crest of the high.
(11) This long-lived paleotopography fundamentally controlled the depositional architecture of overlying sequences. The high was
subsequently submerged during the Paleocene, likely due to thermal subsidence as the Indian Plate passed over the Kerguelen Hotspot,
becoming part of a broad carbonate shelf environment where the Paleocene Dunghan Formation and the subsequent Eocene successions,
including the Kirthar Formation, were deposited. (11) The final structural expression of the high, including the exposure of Eocene rocks
at the surface, is attributed to compressional forces and uplift during the Plio-Pleistocene Himalayan orogeny, related to the final collision
of the Indian and Eurasian plates. (19) This tectonic history establishes the JKH not just as a structural boundary, but as a primary control
on the specific shallow-water depositional environment in which the studied Kirthar Formation carbonates were deposited (Fig 2.3).
The presence of coarse-grained, fossil-rich facies is a direct and predictable consequence of deposition atop this long-lived structural
feature, where shallower water depths and higher hydraulic energy created favorable conditions for the proliferation of symbiont-bearing
LBFs and associated fauna. (Figure 2.1) and (Figure 2.2) shows the detailed schematic structure.
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later deposition of Eocene-era carbonate reservoirs (High-Energy Nummulite Facies).
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Figure 2.3. Structural Subsurface Evolution of Jacobabad Khairpur High at Different Time Periods, Modified after (9). The
bulge in the picture is the uplift of the high which was the result of Himalayan Orogeny. A series of subsurface depth contour
maps illustrating the geological evolution of the Jacobabad Khairpur High, showing its development as a persistent paleohigh
from the Middle Jurassic through the Middle Eocene.

2.2. Stratigraphy of the Southern Indus Basin with Emphasis on the Eocene Succession

The Southern Indus Basin contains a thick sedimentary sequence ranging from the Triassic to Recent alluvium. The generalized
stratigraphic framework, summarized in Table 1, provides the context for the Eocene succession under investigation. The Mesozoic
sequence includes the Triassic Wulgai Formation, the Jurassic Shirinab and Chiltan Formations, and a comprehensive Cretaceous
package comprising the Sembar, Goru, Parh, and Pab Formations, among others. These units represent a complex history of marine
deposition on a passive continental margin. (20)

A major unconformity often separates the Mesozoic and Cenozoic successions. The Paleocene is represented by the Ranikot
Group, which is unconformably overlain by the Early Eocene Laki and Ghazij Formations. (13) The Kirthar Formation, the focus of this
study, conformably and transitionally overlies the Ghazij Formation or its equivalent, the Laki Formation. It is predominantly a limestone
unit with subordinate shale and marl interbeds. The upper contact of the Kirthar Formation is typically unconformable with the overlying
Oligocene Nari Formation, marking a significant regional regression or period of uplift (Figure 2.1). Based on its rich foraminiferal
assemblage, including diagnostic species such as Nummulites striatus, N. fabiani, and Assilina dandotica, the age of the Kirthar
Formation in the study area is constrained to the Middle to Late Eocene (Bartonian to Priabonian) (Table 1) shows the stratigraphy of
Southern Indus Basin. (23)

3. MATERIALS AND ADVANCED ANALYTICAL METHODS
3.1. Field Data Acquisition and Lithofacies Analysis

A comprehensive field investigation was conducted on an exposed section of the Kirthar Formation at Rohri (27° 40" 46" N,
68° 54' 45" E). The total thickness of the measured section is 28.8 m. The section was measured using the Jacob’s Staff method and a
measuring tape, with traverses oriented perpendicular to the strike of the beds to ensure accurate thickness measurements. Detailed
lithological descriptions, including rock type, color, texture, bedding characteristics, fossil content, and sedimentary structures, were
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recorded at the outcrop. Based on these field observations, the section was subdivided into distinct lithofacies units (Figure 3.1). A total
of 14 representative rock samples were collected from the base to the top of the section (Figure 3.2), ensuring that each identified
lithofacies was sampled for subsequent laboratory analysis.

Table 1: Generalized Stratigraphy of the Southern Indus Basin (modified after Shah, 2009).

Era Period/Epoch Group Formation Lithology
Cenozoic Pleistocene- Alluvium/Lei Alluvium, gravel,
Holocene Cong. sand, silt, clay
Miocene-Pliocene Siwalik Sandstone, shale,
conglomerate
Miocene Gaj Shale, sandstone,
limestone
Oligocene Nari Sandstone, shale,
limestone
Middle-Late Kirthar Limestone, shale,
Eocene marl
Early Eocene Laki / Ghazij Limestone, shale,
sandstone
Paleocene Ranikot Lakhra/ Bara / Limestone,
Khadro sandstone, shale
Mesozoic Late Cretaceous Pab Sandstone Sandstone
Late Cretaceous Fort Munro / Limestone,
Mughal Kot mudstone, shale
Late Cretaceous Parh Limestone Limestone, marl
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Early-Late Goru Shale, limestone,
Cretaceous siltstone
Early Cretaceous Sembar Shale, siltstone,

limestone

Jurassic Chiltan / Shirinab Limestone, shale,
sandstone
Paleozoic Triassic Wulgai Shale, limestone
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Figure 3.1: A detailed graphical representation of Field Data Collection. The main log on the left is a drawing of the rock layers
studied. The most important discovery, shown by that big red arrow, is a clear "'shallowing-upward trend.” This just means the
rocks at the bottom were formed in a deep sea, and as you move up the layers, the environment got progressively shallower—
moving to a shoal, then a shallow lagoon, and finally becoming dry land. The photos on the right are what these ancient rocks
actually look like in the field; the fossils in that ""Nummulite Packstone”.
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Figure 3.2: A detailed machine learning approach for the work using different networks and python scripts.

3.2. Petrographic Analysis

The 14 collected rock samples were processed to prepare standard thin sections (30 um thickness) for detailed petrographic
analysis. The thin sections were examined under a polarized light microscope to identify their mineralogical composition, textural
characteristics, allochem types (skeletal grains, ooids, etc.), and diagenetic features. The carbonate rocks were classified based on their
depositional texture using the schemes of Dunham (1962) and its modification by Embry and Klovan (1971). The compositional
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classification of Folk (1959) was used to categorize the limestones based on the relative proportions of allochems and micrite/sparite.
The interpretation of microfacies and their paleoenvironmental significance was guided by the standardized microfacies types (SMF)
and facies zones (FZ) proposed by Fliigel (2004). (25) (Figure 3.3) shows the systematic approach allows for a robust reconstruction of
the depositional environment and diagenetic history from the micro-scale evidence preserved in the rocks.

3.3. Quantitative Approaches to Reservoir Characterization

To augment the traditional geological interpretations and provide a forward-looking quantitative framework, this study
conceptually incorporates advanced analytical methods. These approaches bridge the gap between qualitative petrographic description
and quantitative reservoir property prediction.

3.3.1. Mathematical Modeling of Petrophysical Properties

The prediction of permeability from petrographic data in heterogeneous carbonates is a significant challenge. This study
introduces the conceptual application of physics-based mathematical models, such as the Kozeny-Carman equation, which relates
permeability to porosity and other geometric properties of the pore network. (26) In its modified form, the equation can incorporate
parameters derived from thin section image analysis, such as average grain size ($r_{grain}$), tortuosity ($T$), and the fractal dimension
($D$) of the pore space. This approach provides a quantitative link between the observable rock fabric (texture and pore geometry) and
its fluid-flow capacity, offering a powerful tool for predicting reservoir performance in areas with limited core data. (27) The theoretical
basis for this model is detailed in Appendix A (Figure 3.4).

3.3.2.  Machine Learning for Automated Facies Classification

Traditional petrographic analysis is time-consuming and can be subjective. Machine learning (ML) offers a pathway to rapid,
objective, and automated classification of microfacies from digital thin section images. (31) This study proposes a conceptual workflow
that leverages the power of deep learning for robust feature extraction and classification. The workflow involves using a pre-trained
Convolutional Neural Network (CNN), such as VGG16 or ResNet, to extract complex textural and compositional features from image
patches. These features are then fed into a classical machine learning classifier, like a Support Vector Machine (SVM) or Random Forest
(RF), which is trained.
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Figure 3.3: A systematic approach detail in a pictographic form from rock to thin section and under microscope using ML, All
those different pictures are the 'micro-worlds' they find inside! Based on what they see—like a rock packed with fossils (a busy
"High-Energy Shoal'") or one that's mostly dark mud (a quiet ""Outer-Ramp'")—they can use classification charts to piece
together the whole story of what that environment was like millions of years ago.
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Mathematical Framework for Permehbility Prediction in Heterereneos Carbonates
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Figure 3.4: A mathematical approach using Machine Learning for Petrophysical work in Heterogenous Carbonates for
Permeability calculations. Showing a method for predicting permeability (fluid flow) by analyzing microscopic rock images,
extracting parameters like pore size, and using a modified Kozeny-Carman mathematical model to link the rock's micro-fabric
to macro-scale flow.
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on expert-labeled examples to classify new, unseen images. (34) This hybrid approach can significantly accelerate the characterization
process, ensure consistency, and unlock quantitative data from vast archives of thin sections. A conceptual Python-based script outlining
this workflow is provided in Appendix B and (Figure 3.5).

4. RESULTS: FROM OUTCROP TO MICRO-SCALE

4.1.

Lithofacies of the Kirthar Formation

Based on outcrop observations of lithology, bedding style, texture, and faunal content, the 28.8 m measured section of the

Kirthar Formation was subdivided into four distinct lithofacies (LF), described from base to top. The characteristics of these lithofacies
are summarized in Table 2.

LF-1: Coarse-grained Limestone Facies: This facies constitutes the thickest unit in the section (13.5 m) and is characterized by
its whitish to yellowish color, coarse-grained texture, and thick to massive bedding. It is highly fossiliferous, dominated by
abundant tests of LBF, including various species of Nummulites and Assilina. This facies represents the highest energy conditions
observed at the outcrop (Figure 4.1a,b) and (4.2a).

LF-2: Massive Bedded Limestone Facies: Overlying LF-1, this 4.5 m thick unit is distinguished by its maroonish-white color
and massive, cliff-forming appearance. It remains rich in LBF, similar to the underlying facies, but exhibits a more homogenous,
massive fabric (Figure 4.1).

LF-3: Micritic Limestone Facies: This 9.3 m thick facies marks a shift to lower energy conditions. It is composed of yellowish,
whitish, and maroonish micritic limestone (mudstone/wackestone). The abundance and size of fossils, particularly LBF, are
noticeably reduced compared to the underlying facies (Figure 4.1a and b) and (Figure 4.2b).

LF-4: Algal Dolomitic Limestone Facies: The uppermost unit of the measured section is a 1.5 m thick, yellowish-brown,
laminated dolomitic limestone. (Figure 4.1a and b) This facies contains evidence of red algae, gastropods, and bioturbation (worm
burrows). The presence of limonite, chert, and iron nodules suggests possible subaerial exposure or deposition in a very shallow,
restricted, and evaporitic setting (Figure 4.2c).
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Quantinative Approaches to Reservor Characttization
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Figure 3.5: A Quantitative Approach for Reservoir Characterization and Facies Classification. First one shows a modified
Kozeny-Carman equation used to predict permeability ($k$) based on petrophysical properties like porosity ($\phi$), tortuosity
($T$), and grain size ($S_{\text{grain}}$), which are derived from thin section analysis. Second one shows details of an Al-driven
workflow for automated facies classification, where thin section image patches are fed into a Deep CNN (like VGG16) for feature
extraction, and then a classifier (like SVM or Random Forest) is trained on these features to automatically classify the rock type
(e.g., "Nummulite Packstone').
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Table 2: Summary of Lithofacies Characteristics of the Kirthar Formation at the Rohri Section.

burrows, iron
nodules, chert.

Facies ID Lithology Thickness Color Key Sample
(m) Characteristi Numbers
cs
LF-1 Coarse- 135 Whitish- Thick-bedded, HR-1 to HR-5,
grained Yellowish highly HR-12, HR-13
Limestone fossiliferous
with abundant
Nummulites
and Assilina.
LF-2 Massive 45 Maroonish- Massive, cliff- HR-6, HR-7
Bedded Whitish forming, rich
Limestone in LBF.
LF-3 Micritic 9.3 Yellowish- Fine-grained HR-8 to HR-
Limestone Creamish (micritic), 11
reduced fossil
content.
LF-4 Algal 15 Yellowish- Laminated, HR-14
Dolomitic Brownish dolomitic,
Limestone contains algae,
gastropods,
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Architectural Elements: Facies and Microfacies
of the Kirthar Kirthar Carbonate Ramp

Shallowing-Upward Trend
Subareial Exposure Surface

LF-4: Algal Dolmitic Limestone Facies Facies

Very Shallow,
Restricted, Evaporitic

LF-1: Coarse-grained Limestone Facies 33 i

<

i

Rohri Msuer Seetion (28 m)

———— Inereeahicy ——
Decreeing Waterr Deeptt

LF-2: Coarse grained LST

———— Inceig Bergy ———

Facies
T B . X7
by 5 . N ]
'».‘."?5 -“'( 'Q o -
L - .. '\ . ’
AT Y
o s - . \1
|~ S y
d K. Q LR
v SRRSO esiv T
LF-3: Bicastic Wackosene/Mudtos (9.3 m) Dceper LO\\ FJm'gy Pmlec(cd Semng

Figure 4.1a: presents a detailed litholog of the Kirthar Carbonate Ramp from the Rohri Section, analyzed using Machine
Learning (ML). It illustrates the architectural elements by vertically stacking the different rock layers (lithofacies LF-1 to LF-
4), showing a "'Shallowing-Upward Trend" from deeper-water shales (LF-0) to a "'Subaerial Exposure Surface.” The diagram
connects these large-scale facies to their corresponding microscopic (microfacies) images and interpreted depositional

environments.
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3D LITHOLOG OF THE KIRTHAR FORMATION

Measured Section: 28.8 m

LF-4: Algal Dolomitic
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(1.5m)
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* Red algae, gastropods,
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« Limonite, chert, and
iron nodules present

LF-3: Micritic Limestone
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wackestone)
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Figure 4.1b: Detailed Litholog based on Outcrop showing Lithofacies digitized using ML.
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Figure ¢ il Dolomitic Limestone Facies.

4.2. Microfacies Analysis

Petrographic analysis of the 14 thin sections led to the identification of six recurring microfacies (HR-MF). These microfacies
provide a detailed view of the depositional textures and biotic assemblages, allowing for a refined interpretation of the paleoenvironment.
The characteristics of each microfacies are summarized in Table 3.

4.2.1. HR-MF 1: Benthonic Foraminiferal Nummulites Packstone

This microfacies is grain-supported and dominated by whole and fragmented tests of Nummulites and Assilina, with subordinate
echinoderm fragments and smaller benthic foraminifera. The grains show signs of abrasion and sorting, and the matrix consists of micrite
and microspar. This texture indicates deposition in a high-energy environment, such as a mobile carbonate sand shoal or bank, where
wave and current action was sufficient to winnow away much of the mud. (2) (Figures 4.3a, 3b, 3c and 3d) illustrate the key features of
this microfacies.

e The image (4.3 a-d) clearly shows a grain-supported texture where the larger bioclasts are touching and interlocked, with the
spaces between filled by finer material (micrite and smaller grains).

e Rock Name (Folk): Biomicrite/Biomicrosparite. While predominantly micritic initially, the presence of microspar indicates
some recrystallization of the original.

This publicat

10.29322/1] WWWw.ijsrp.org


http://ijsrp.org/

International Journal of Scientific and Research Publications, Volume 16, Issue 8, August 2026 99
ISSN 2250-3153

Figure 4.3. Photomicrographs (PPL) of Nummulites showing a) Oblique—equatorial Nummulites section with concentric
lamellae in micrite. b) Longitudinal section showing aligned chamber partitions/septa. c) Tilted section with thickened septa and
clear lamellar banding. d) Near-equatorial section with central plug and surrounding lamellae (0.1 mm).

micrite or filling of small pore spaces
e Texture: The rock is grain-supported. The large Nummulitid tests are in contact, forming the framework. This indicates a

higher energy environment than the previous wackestone.
e Allochems (Grains):

o Dominant: Large Benthic Foraminifera (LBFs), specifically Nummulites (large, coin-shaped, discoidal forms with
internal coiling visible) and likely Assilina (similar but often flatter, though differentiation in thin section can be
challenging without specific features). They are well-preserved but many show signs of fragmentation.

o Subordinate: Echinoderm fragments (recognizable by their characteristic pseudouniaxial extinction if under
crossed polars, but here appear as angular, lighter-colored grains) and smaller benthic foraminifera (tiny, often less
organized shells in the interstitial spaces).

o Abrasion and Sorting: The Nummulites tests are generally rounded to sub-rounded (Fig 4.3a-d) and many are
fragmented, suggesting transport and agitation. While the sizes vary, there's a relative uniformity among the larger
Nummulites, hinting at some degree of sorting by currents.

e Matrix/Cement: The spaces between the larger grains are filled with a mix of:

o Micrite: Fine-grained carbonate mud. Its presence, even in a grain-supported rock, indicates some mud deposition or
trapping.

o Microspar: Slightly coarser crystalline calcite than micrite (usually 5-30 um), often a product of recrystallization of
micrite. Its presence suggests early diagenetic alteration. Would be discussed in detail in diagenesis section.

o Some small intergranular pores might be present or filled by later sparitic cement (though not explicitly clear from the
description or PPL image alone without crossed polars or higher magnification).

e Diagenesis: Signs of compaction are visible where grains are touching, and some grains are fractured. Recrystallization of
micrite to microspar is also a diagenetic feature.

Interpretation: This microfacies represents a shallow, agitated, open-marine platform environment, specifically a high-
energy carbonate shoal, bank, or tidal channel (Fig. 4.22), where robust bioclastic material (especially Nummulitids)
accumulated. The winnowing of mud signifies deposition above or at the fair-weather wave base.

General Comparison Points (Assuming typical Nummulitid Facies Studies):

e Consistency with Existing Facies Models: This "Nummulites Packstone" microfacies is a very common and well-documented
facies type in Paleogene carbonate sequences worldwide. Previous authors working on similar formations (e.g., Tethyan
carbonates from the Eocene) would almost certainly describe very similar microfacies. It perfectly fits the model of
"Nummulitic Limestones" representing shallow-water, high-energy bioclastic shoals (Fig 4.23).

e Depositional Environment Consensus: There would likely be strong agreement on the interpreted high-energy, shallow-
marine shoal environment. Many authors have used such facies as indicators of platform-top environments, often associated
with major sea-level lowstands or transgressive systems tracts where accommodations space is limited, leading to widespread
shoal development.

e Paleoenvironmental Zonation: In many studies, Nummulites packstones are part of a broader "Nummulitic biofacies belt"
that forms part of a larger-scale carbonate platform zonation (e.g., inner platform, middle platform, outer platform). This facies
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would typically correspond to the middle to outer platform, near the platform margin, where wave energy is strongest (Fig
4.22).

e Diagenetic Pathways: Comparisons could be made regarding the diagenetic features observed (e.g., micrite to microspar
recrystallization, compaction, early marine cementation if observable). Are the diagenetic processes similar to those described
by others for equivalent rocks in the region (Fig 4.11-4.15)?

e Biostratigraphic Correlation: The presence of specific Nummulites and Assilina species would be crucial for precise
biostratigraphic correlation with established biozonations (e.g., SBZ zones for larger benthic foraminifera) developed by
authors like (Hottinger, 1993, Kiel, 1998), etc. This would confirm or refine the Paleogene age.

e Sequence Stratigraphy: This facies often marks specific parts of sequence stratigraphic cycles (e.g., transgressive systems
tracts, highstand systems tracts) (Fig. 4.26-4.27).

4.2.2. HR-MF 2: Algal Foraminiferal Wackstone

This is a mud-supported microfacies where LBFs and abundant fragments of calcareous red algae (rhodophytes) "float" in a
dense micritic matrix. The skeletal grains are generally well-preserved and show little evidence of transport. This microfacies represents
a lower-energy setting, likely a mid-ramp environment below the fair-weather wave base, where both carbonate mud and skeletal
material could accumulate (Fig 4.27). (2)

Rock Name (Dunham): Bioclastic Wackestone. The texture is explicitly mud-supported, with the grains (LBFs, red algae) "floating™
in the matrix. If the grains are larger than 2 mm, this could also be termed a “Floatstone”.

Rock Name (Folk): Biomicrite. The rock is composed of biological grains (bio-) set within a fine-grained carbonate mud matrix
(micrite) (4.4a-c).

Allochems (Grains): The grain assemblage is a classic "“foralgal" association:

1. Large Benthic Foraminifera (LBFs): These could include Nummulites, Assilina, Discocyclina, or Alveolina, depending on
the precise age and setting.
2. Calcareous Red Algae (Rhodophytes): These are abundant fragments of (most likely) coralline algae.

Matrix: A dense, fine-grained carbonate mud (micrite).

Texture & Preservation: The grains are well-preserved and show little evidence of transport (i.e., they are not abraded or highly
fragmented). This indicates they are autochthonous (preserved in place) or parautochthonous (minimal transport) (Fig. 4.4 a-c).

In the standard carbonate ramp models (e.g., Burchette & Wright, 1992; Fltigel, 2010), the mid-ramp is characterized by the transition
from grain-dominated inner-ramp facies to mud-dominated outer-ramp facies. It is the zone dominated by in-situ production of bioclasts
in a low-energy setting, often corresponding to bioclastic wackestones and packstones.

The "Foralgal™ Assemblage: This specific association of LBFs and (coralline) red algae is a hallmark of the Cenozoic, often termed
the "*foralgal facies. This assemblage is widely documented as colonizing the mid-ramp and deeper parts of the inner ramp (Fig 4.22).

LBFs in Low-Energy Settings: Racey (2001) and Buxton & Pedley (1989), in their key works on Nummulites accumulations (the
dominant Eocene LBF), specifically note that autochthonous (in-place) deposits are often wackestones to packstones associated with
red algae, echinoderms, and bryozoans. They explicitly interpret these as forming in moderately low-energy environments located
between the fair-weather and storm wave bases—the exact definition of the mid-ramp (4.24-4.27).

Regional Pakistan Geology (Sakesar Limestone): Studies on the Eocene Sakesar Limestone in the Potwar Plateau and Salt Range
(e.g., Afzal et al., 2011; 2017) frequently identify a "foraminiferal-algal wacke-packstone™ microfacies. This facies, containing LBFs
like Nummulites and Alveolina along with algal fragments in a micrite matrix, is consistently interpreted as having been deposited in a
low-energy inner- to mid-ramp environment.
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Figure 4.4. Photomicrographs show a) Oblique section of a nummulite test in micritic matrix. b) Cross Polarized light
Axiallequatorial section showing internal septa/lamella showing Nummulites and Red Algae. ¢) Nummulitic packstone—
grainstone with densely packed discoidal tests.

4.2.3. HR-MF 3: Foraminiferal Nummulites Wackstone-Packstone

This microfacies represent a transitional texture between mud-supported and grain-supported fabrics (4.5 a-c). It contains a high
abundance of LBFs, but not enough to form a continuous grain-supported framework. This suggests deposition in an environment with
fluctuating energy levels, such as a mid-ramp setting periodically affected by storm events that transported and concentrated skeletal
grains. (38)

The thin section is overwhelmingly dominated by large, discoidal (coin-shaped) benthic foraminifera, clearly identifiable as
Nummulites. They exhibit characteristic internal septa radiating from a central point (Fig 4.5b).

e Various sizes of Nummulites are present, ranging from larger, more prominent tests to smaller ones.
e Many Nummulites appear well-preserved, with clear internal structures. Some show minor fragmentation or abrasion,
particularly the smaller grains.

The rock exhibits a transitional texture between mud-supported (wackstone) and grain-supported (packstone).

There are numerous areas where Nummulites are in direct contact, forming a partial framework.
However, significant amounts of fine-grained carbonate mud (micrite) fill the interstitial spaces, often surrounding individual
Nummulites or clusters of them.

e This "floating™ appearance of some Nummulites within the micrite, alongside areas of grain-to-grain contact, visually confirms
the wackstone-packstone nature.
Smaller bioclastic debris (fragments of other organisms, smaller foraminifera) are also dispersed within the micritic matrix.
The wackstone-packstone texture is the key indicator. It signifies an environment with fluctuating energy levels. It's not
consistently high enough to winnow all the mud (like a grainstone shoal), nor is it consistently low enough to allow mud to
dominate completely and bury all grains without any contact (like a pure wackstone/mudstone in a very deep or restricted
setting) (Fig 4.22).

e Mid-Ramp Setting: This is the most appropriate interpretation. The mid-ramp lies between the constantly agitated inner ramp
(above fair-weather wave base) and the consistently calm outer ramp (below storm wave base) (Fig 4.27).

e Storm Influence: The presence of both mud and concentrated Nummulite grains strongly suggests that storm events (or other
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episodic high-energy events) periodically swept and concentrated the larger skeletal material, intermixing it with or layering it
within the ambient fine mud deposits of a generally lower-energy setting. The Nummulites themselves are large, robust, and
often transported during such events.

e Photic Zone: As discussed previously, Nummulites are Large Benthic Foraminifera (LBFs) that housed symbiotic algae and
thus required sunlight. Therefore, this mid-ramp setting was still within the photic zone, allowing for the proliferation of these
organisms (Fig 4.21).

e The wackstone-packstone texture is the key indicator. It signifies an environment with fluctuating energy levels. It's not
consistently high enough to winnow all the mud (like a grainstone shoal), nor is it consistently low enough to allow mud to
dominate completely and bury all grains without any contact (like a pure wackstone/mudstone in a very deep or restricted
setting) (Fig. 4.22).

Figure 4.5. Photomicrographs shows views of nummulitic facies: a) oblique section of a nummulite in micrite; b) axial/equatorial
section showing internal lamellae; c) densely packed nummulitic packstone—grainstone.

4.2.4. HR-MF 4: Benthonic Foraminiferal Wackstone/Oo-Biomicrite

This mud-supported microfacies is characterized by the presence of scattered LBFs, bioclasts, and, significantly, sparse ooids
within a micritic matrix. The presence of ooids, even in small quantities, is a strong indicator of shallow, agitated, and carbonate-
saturated marine waters, typical of an inner-ramp shoal margin or tidal channel environment (Fig 4.22).

e Texture (Dunham Classification): Mud-supported wackstone. The image clearly shows grains "floating™ in a dominant,
fine-grained matrix. There is no continuous grain-to-grain contact between the larger allochems (4.6 a-e).
Rock Name (Folk Classification): Oo-Biomicrite. This reflects the presence of ooids and bioclasts within a micritic matrix.
Matrix: The pervasive matrix is dark and fine-grained, consistent with micrite (carbonate mud). It constitutes the bulk of the
rock, confirming the mud-supported nature.
e Allochems (Grains): The sparse grains are diverse and scattered throughout the micritic matrix:
o Large Benthic Foraminifera (LBFs): Scattered, often discoidal or elongate, with visible internal structures. These
are relatively large compared to other non-ooidal grains.
o Bioclasts: Various fragments of skeletal material are present, appearing as irregular or elongate light-colored grains.
Their detailed identification (e.g., mollusk fragments, echinoderms) would require XPL and higher magnification, but
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their presence is clear.

o Ooids: This is the diagnostic component. Small, spherical to sub-spherical grains exhibiting distinct concentric
laminae (layers) around a nucleus are clearly visible. They are sparse, meaning they are present but not abundant
enough to form a significant part of the rock framework, nor are they the dominant grain type.

e Grain Preservation and Transport: The grains generally appear sub-angular to sub-rounded. While some fragmentation is
evident among the bioclasts, the ooids and LBFs seem relatively intact, suggesting either limited transport or deposition in an
environment where breakdown wasn't severe despite agitation. The mud-supported nature, however, implies that the
depositional setting was not one of constant, strong agitation.

The combination of features in this microfacies provides a nuanced interpretation of the depositional environment:

e Primary Contradiction/Reconciliation: The most striking aspect is the co-occurrence of ooids (typically high-energy
indicators) with a mud-supported texture (low-energy indicator). This apparent contradiction necessitates a specific
interpretation.

e Ooid Formation: Ooids form in very specific conditions: shallow water, high agitation (waves/currents), and supersaturated
marine water, typically found in shoals, tidal channels, or agitated inner-ramp settings ( Fig 4.22).

e Mud Accumulation: The dominant micritic matrix (wackstone texture) indicates that the overall accumulation site was a low-
energy environment where fine mud could settle and persist. This is below the influence of consistent strong waves and
currents.

e Proposed Reconciliation: Transport from High-Energy to Low-Energy: The most logical interpretation is that the sparse
ooids were formed in a nearby high-energy ooid shoal or agitated inner-ramp margin, and then transported (likely by
episodic events like storms, tidal currents, or gentle background currents) into an adjacent, quieter, lower-energy setting where
carbonate mud was accumulating (Fig 4.21)

e Specific Environment: Inner-Ramp Shoal Margin / Back-Shoal / Protected Inner Ramp: This microfacies likely
represent:

o The downcurrent or leeward side of an ooid shoal, where ooids are swept off the shoal into quieter waters.

o A protected lagoonal or back-shoal environment that occasionally received ooids from nearby agitated areas.

o A sheltered part of an inner ramp, possibly a localized depression or a more quiescent zone immediately adjacent
to an ooid-forming area (Fig 4.22).

e \Water Depth & Light: The presence of LBFs and the requirement for ooid formation point to a shallow-marine, photic zone
environment.

4.25. HR-MF 5: Planktonic Foraminiferal Nummulites Packstone

This grain-supported microfacies is distinguished by a mixed faunal assemblage. It is dominated by benthic foraminifera (Nummulites)
but also contains a significant proportion of smaller planktonic foraminifera within the matrix (Fig 4.7 a-d). This mixing suggests a
depositional setting with open-marine influence, such as a distal shoal or outer-ramp environment, where transported benthic material
from shallower areas was mixed with the continuous "rain" of pelagic organisms from the overlying water column (Fig 4.22).

Texture: The rock is grain-supported. The large fossil grains are abundant and in contact with each other, forming a framework. The
space between these larger grains is filled with a dense, dark, fine-grained carbonate mud (micrite) and smaller bioclastic debris.

Allochems (Grains): The grains are dominated by a mixed assemblage of Large Benthic Foraminifera (LBFs). Specifically:
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Figure 4.6. Photomicrographs (plane-polarized light) showing carbonate facies and textures. a) Nummulitic—foraminiferal
packstone with abundant larger benthic foraminifera, peloids, and bioclasts in a micritic matrix. b—d) Close-ups of larger benthic
foraminifera with micritized walls and spar-filled chambers. e) Micritic mudstone-wackstone with dispersed foraminiferal
fragments and low interparticle porosity.

e Nummulitids (e.g., Nummulites or Assilina): The top-left image shows a perfect equatorial section of a large, discoidal (coin-
shaped) foraminifera with complex internal chambers. Another oblique section is visible in the bottom-right image.

e Alveolina: The other images (bottom-left, bottom-right, and bottom-most) show prominent axial, sub-axial, and oblique
sections of elongate, fusiform (cigar-shaped) foraminifera.

Diagenesis: The center of the Nummulite in the top-left image has been dissolved (creating moldic porosity) and later filled with a
coarse, clear sparry calcite cement (Fig 4.8b).

This microfacies provide two critical clues for interpreting the depositional environment:

1. The Biotic Assemblage (Age and Setting): The co-occurrence of abundant Nummulites and Alveolina is a classic "index
fossil™ assemblage. This definitively places the rock in the Eocene Epoch (part of the Paleogene Period). Both of these LBFs
hosted symbiotic algae, which required them to live in the photic zone (shallow, warm, clear, sunlit marine waters).

2. The Texture (Energy Level): The rock is a Packstone.

o The grain-supported nature indicates a very high rate of skeletal production (a "foraminiferal factory™) or some
concentration by currents.

o  The presence of abundant micrite in the matrix proves that the environment was low-to-moderate energy. It was not
a high-energy shoal or beach, as strong waves would have washed away all the fine mud.

Interpretation: The combination of a photic-zone assemblage with a low-to-moderate energy, mud-rich packstone texture points to a
protected, shallow-marine environment.

This is best interpreted as a protected inner ramp or a shallow middle ramp, below the zone of constant wave action but well within
the range of sunlight. The high concentration of fossils suggests a highly productive foraminiferal "meadow" or "biostrome™ where the
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organisms lived and died in-situ or were only gently reworked by occasional storms.
This interpretation is strongly supported by a vast body of established sedimentological research, both globally and regionally.

e Global Facies Models: In the standard microfacies models of Fligel (2010) and Wilson (1975), facies dominated by LBFs
(like Alveolina and Nummulites) in a mud-rich matrix (wackstone/packstone) are classic indicators of shallow, protected
inner-ramp or lagoonal settings (e.g., Standard Microfacies Belt 8).

e LBF Paleoecology: The work of Hottinger (1983, 1997) established the paleo ecological preferences for these LBFs. Alveolina
(fusiform shape) is strongly associated with protected, shallow-water inner-ramp and lagoonal environments. Nummulites
(lenticular/discoidal shape) are common in a range of inner- to mid-ramp settings. The mixing of these two dominant groups in
a packstone texture is a hallmark of these highly productive, shallow, low-energy Eocene platform environments.

e Regional Geology (Sakesar Limestone): This microfacies is a textbook example of the Eocene Sakesar Limestone found in
the Salt Range and Potwar Plateau of Pakistan. Numerous authors (e.g., Afzal et al., 2011; 2017) have described this exact
"Alveolinid-Nummulitid Packstone" facies. These studies consistently interpret it as representing deposition in a low-energy,
shallow marine, inner- to middle-ramp or protected lagoonal environment.

nt oblique and axial sections in micrite.

Figure4.7. Photomicrographsof nummulitic facies a) Nummulitic packstone with abunda

b) Fragmented Nummulites showing micritized walls and internal lamellae. c) Overview: mixed equatorial discs and elongated
axial tests in a packstone—grainstone framework. d) Close-up equatorial section with concentric lamellae and chamber infill;
minor cross-cutting fracture (0.1 mm).
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Figure 4.8. Photomicrographs of Nummulites a) Packstone with multiple oblique sections; micritized walls and sparry chamber
fills. b) Near-equatorial section showing concentric lamellae around a central plug. c) Tilted section with stepped lamellae and
partial dissolution along septa. d) Longitudinal/axial section displaying parallel lamellae and chamber partitions.

4.2.6. HR-MF 6: Bioclastic Carbonate Mudstone

This microfacies is dominated by a dense micritic matrix (>90%) with only sparse, fine-grained, and often unidentifiable
bioclasts (Fig 4.9 a-d). It represents the lowest-energy depositional environment in the succession, corresponding to a protected, low-
energy lagoonal setting or a deeper outer-ramp environment, well below the influence of storm waves (Fig 4.21).

Texture: The rock is overwhelmingly mud-dominated. The vast majority of the view (well over 90%) consists of a dense, dark, fine-
grained carbonate mud matrix (micrite).

Allochems (Grains): The grains are very sparse (<10%), fine-grained, and appear to be "floating" in the micrite. They consist of:

e Small, unidentifiable bioclastic debris.
e A few small benthic foraminifera or ostracods (visible as small circular shapes, especially in the top-right and bottom-right
images).

Diagenesis: The images show significant diagenetic alteration. The bottom-left image shows a patch where the original micrite has
recrystallized into coarser-grained microspar (neomorphism). The top-right image shows a large, clear rhombic crystal of sparry
calcite, which has likely replaced a pre-existing grain or filled a small vug.

The interpretation of this facies is straightforward and based on one primary piece of evidence: the overwhelming abundance of
carbonate mud.

e Energy Level: A mud-dominated rock indicates deposition in a very low-energy environment. The water column was calm
and quiet, with little to no wave or current energy. This allowed the finest mud particles (micrite) to settle out of suspension
and be preserved.

e Environmental Setting: This facies represents the lowest-energy setting in the depositional system. This points to one of two
possibilities:

1. A Protected, Low-Energy Lagoon (Inner Ramp): A shallow-water area on the inner ramp that was completely
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sheltered from open-marine wave action by a barrier (such as an ooid shoal, a Nummulite bank, or an algal reef).

2. A Deeper Outer-Ramp Environment: A deeper-water setting located below the storm wave base. At this depth,
even major storms could not agitate the seafloor, allowing only fine mud and the remains of pelagic or sparse benthic
organisms to accumulate (Fig 4.22).

Given its context within a shallowing-upward Eocene succession (implied by the other facies), both interpretations are plausible. It
represents the quietest conditions, either in a protected shallow lagoon or in the deepest part of the ramp.

e Global Facies Models: In the standard carbonate facies models of Wilson (1975) and Fligel (2010), micrite-dominated rocks
(Carbonate Mudstones) with sparse, fine-grained bioclasts are characteristic of the lowest-energy settings. They correspond to
Standard Microfacies (SMF) 9 (Bioclastic Mudstone), which is typically placed in either a restricted, low-energy lagoon
(Facies Belt 8) or a deep-water outer ramp/basin (Facies Belt 1).

e Energy and Texture: Authors like Bathurst (1975) established that the preservation of carbonate mud is the single most
important indicator of deposition below the level of effective wave agitation.

e Regional Pakistan Geology: Studies of the Eocene Sakesar Limestone in the Potwar Plateau and Salt Range (e.g., Afzal et
al., 2011; 2017) frequently identify "Bioclastic Mudstone™ and "Bioclastic Wackstone" as the lowest-energy facies in the
sequence. These authors consistently interpret these mud-rich facies as representing deposition in either a protected lagoonal
(inner-ramp) environment or a deeper, low-energy outer-ramp setting.

Figure 4.9. Pnotomicrograpns OT micritic facies a) Laminated/mottied micrite with subtie burrow or micro-bedding. b) Micrite
with sparse skeletal grains/peloids; isolated small foraminifer. c) Clotted/aggregate micrite patch within a mud-rich matrix. d)
Micrite with dispersed bioclasts and peloids; very low interparticle porosity.
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Table 3: Detailed Microfacies Descriptions, Classifications, and Environmental Interpretations for the Kirthar Formation.

Microfacies
ID

Description
(Allochems,
Matrix,
Texture)

Dunham
Classification

Folk
Classification

Flugel
Interpretatio
n

Depositional
Environment

HR-MF 1

Dominated by
whole/fragme
nted
Nummulites &
Assilina;
echinoderms.
Grain-
supported,
sorted,
abraded
grains. Micrite
matrix.

Packstone

Biomicrite

SMF18/FZ7

High-energy
inner-ramp
shoal/bank

HR-MF 2

Floating LBFs
and abundant
red algal
fragments in a
dense micrite
matrix. Mud-
supported,
well-preserved
grains.

Wackstone

Biomicrite

SMF9/FZ3

Low-energy
mid-ramp
(below
FWWB*)

HR-MF 3

Abundant
LBFsina
micrite matrix;
transitional
between mud-
and grain-
supported.

Wackstone-
Packstone

Biomicrite

SMF9/FZ3

Mid-ramp
(storm-
influenced)

HR-MF 4

Scattered
LBFs,
bioclasts, and
sparse ooids in
a micrite

Wackstone

Oo-Biomicrite

SMF15/FZ 8

Inner-ramp
shoal
margin/tidal
channel

This publication is licensed under Creative Commons Attribution CC BY.
10.29322/1JSRP.16.08.2026.p17608

WWWw.ijsrp.org


http://ijsrp.org/

International Journal of Scientific and Research Publications, Volume 16, Issue 8, August 2026

ISSN 2250-3153

matrix. Mud-
supported.

HR-MF 5

Grain-
supported
fabric of
benthic
Nummulites
with abundant
planktonic
foraminifera
in the matrix.

Packstone

Biomicrite

SMF3/FZ2

Outer-ramp /
distal shoal
(open marine)

HR-MF 6

Dominated by
dense micrite
matrix (>90%)
with sparse,
fine-grained
bioclasts.
Mud-
supported.

Mudstone

Micrite

SMF3/FzZ1

Low-energy
outer-ramp /
protected
lagoon

*FWWB: Fair-Weather Wave Base
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Microfacies Analysis & Paleoenviromental Interpeation:
Eocene Kirthar Formation
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Figure 4.10. Summarizes a microfacies analysis of the Eocene Kirthar Formation. It links a *'shallowing-upward"
stratigraphic column from the Rohri Section to its corresponding microscopic rock fabrics, using this data to create a

BR-MF 3: Bieclastic Nummaite Mastone PacRarmd)

""Homoclinal Carbonate Ramp Model™ that reconstructs the ancient depositional environment.

4.3. Diagenetic History and Paragenesis

The Kirthar Formation limestones have been subjected to a complex series of post-depositional diagenetic alterations that have
significantly modified their original fabric and pore system. These processes occurred in three main diagenetic realms: the early, near-
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surface marine and meteoric environments (eogenesis) (Fig 4.12); the deep, subsurface burial environment (mesogenesis) (Fig 4.14);
and the late-stage, uplift-related meteoric environment (telogenesis) (Fig 4.15). The relative timing of these events has been established
through petrographic analysis of cross-cutting relationships and is summarized in the paragenetic sequence (Table 4) or (Fig 4.19).

Impact of Diagenesis on Reservor Quality

Meteric Water Infiltration
(Upluft & Disolustion) {1y /

Tectonic fractures
Sweet Spot

Grain-Rich
Packstone Facies

Fracture
Permeballity
Enhanchent

¢ ' - i Bloocky Eqylation
=3 Stylolite e Burial Cements
RS Permeballity Barriers

; : The Dual Role Styloltes
Porosity Enhanement: Moldic .& Vugies ¥ Vertical Permeballity Barriers:

Clay-rich seams compartoralize Fuadits
* Fluid flow parallel ar seam,
especally if fractured

Dt XSTTA e /\i. 3 e )
4 SR AASKI AP Y Nt B
Mud-Domiated Facies Mud-Dominated Facies >

(Cementation) (Compaction & Barriers)

Diagenesis creates reservoir heteregeiity. Late-stage dissolustion in grain-rrich faicies is ‘
primary control on high-quality sweet pulaity sweet spots, while burpation & cemonsity in
parsaity & cerrertation in mud-ricd-rich intevals. Styloltes act a Styloites acts both barriers
and condits. ‘

Figure 4.11. Shows the ""Impact of Diagenesis on Reservoir Quality,” showing how late-stage uplift and "*Meteoric Water
Infiltration™ cause dissolution to create "'sweet spots™ in ""Grain-Rich Packstone Facies." This process enhances porosity by
forming ""Tectonic Fractures' and ""Moldic & Vugies." The image contrasts this with porosity destruction in ""Mud-
Dominated Facies' via "'Burial Cements." It also explains the "'Dual Role of Stylolites," which act as vertical "'Permeability
Barriers' but can also become horizontal fluid conduits when fractured.

Table 4: Paragenetic Sequence of Diagenetic Events in the Kirthar Formation.

Diagenetic Realm Timing Process Description Effect on
Porosity
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Eogenesis Syndepositional/E Micritization Formation of Neutral / Minor
arly Burial micrite envelopes Decrease
around grains by
microbes.
(Marine) Early Burial Early Marine Precipitation of Decrease
Cementation isopachous fibrous
calcite cements in
pores.
Mesogenesis Early to Deep Mechanical Grain Decrease
Burial Compaction rearrangement,
fracturing, and
deformation under
overburden.
(Burial) Moderate to Deep Chemical Pressure Decrease
Burial Compaction dissolution at
(Stylolites) grain contacts and

formation of
stylolites.

Moderate to Deep
Burial

Neomorphism

Recrystallization
of micrite;
inversion of
aragonite to
calcite.

Neutral / Minor
Redistribution

Moderate to Deep
Burial

Burial
Cementation
(Calcite)

Precipitation of
blocky, drusy, and
syntaxial calcite
cements.

Major Decrease

Deep Burial Dolomitization / Replacement of Variable
Saddle Dolomite limestone by (Increase/Decreas
dolomite; e)
precipitation of
saddle dolomite
cement.
Deep Burial Late Cementation Precipitation of Decrease

(Ferroan Calcite)

iron-rich calcite in
remaining pores
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and fractures.

Telogenesis

Uplift

Dissolution

Leaching of

unstable grains
and cements by
meteoric fluids.

Major Increase

(Meteoric)

Uplift

Fracturing

Tectonic
fracturing related

to regional uplift.

Increase

Uplift

Late Vein-Fill
Calcite

Precipitation of
coarse calcite
cement within
fractures.

Decrease
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4.3.1.

Fi
de

Eogenesis (Early Diagenesis)

114

Micritization: The earliest observed diagenetic feature is the formation of micrite envelopes around skeletal grains. This process,
mediated by boring endolithic microbes (algae, fungi) (Fig. 4.12) in the marine-phreatic zone, partially or completely obliterated
the original grain margins. (39)
Early Marine Cementation: Isopachous fibrous calcite cements are observed lining some primary interparticle and intraparticle
pores. This cement morphology is characteristic of precipitation in the marine-phreatic environment, where pore waters are
saturated with respect to calcium carbonate. (40)

Diagenetic History and Paragenasis: Early
Diagenesis (Eogenesis)

Table 4: Paragentic
Sequence
of Diagentic Events

Formation of micrite

micrbes. Neutral / Minor
Decrease in Porosity.

envelopes around by micrbes

Timing Description
Eogensis | / Early Burial | Effecton
(Marine) Porosity
Micritization

Early Marine Cementation

Precipation of isncrite
isopachous antorpaches
fibrous cattoss

calcite cements,
Decrease in Porosity.

Micunuwlation: Microbe-Bored Grain

ous Fibrous Calcte

0.1 mm

Eogensis: The earliest diagenetic phase in the near-surface marine environment, charactirized by
m mocroibal altarion and the preciptation of marine cements.

Diagenesis (Eogenesis),
lists Micritization and

Early Marine Cementation as key processes, both of which decrease porosity. These events are visualized with corresponding
micrographs showing a microbe-bored grain and isopachous fibrous calcite cements.

4.3.2.

Mesogenesis (Burial Diagenesis)

As sediments were buried, they were subjected to increasing temperature, pressure, and evolving pore fluid chemistry, leading to a suite
of significant alterations.

Compaction: Both mechanical and chemical compaction are pervasive. Mechanical compaction is evidenced by grain
reorientation, fracturing of brittle bioclasts (e.g., Nummulites tests), and plastic deformation of softer grains. (41) Chemical
compaction (pressure dissolution) is prominently displayed by the formation of stylolites and solution seams. These stylolites are
often filled with a dark residue of insoluble materials ( Fig 4.14), including clays and organic matter, and act as significant barriers
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to vertical fluid flow. (42)

e Cementation: Burial cementation is the primary cause of primary porosity occlusion. The most common cement types include:

o Blocky and Drusy Mosaic Calcite: Coarsely crystalline, equant to elongate calcite crystals that fill remaining interparticle
and secondary dissolution pores. These cements precipitate from pore fluids during moderate to deep burial.*

o Syntaxial Overgrowths: Calcite cements that grow in optical continuity on single-crystal echinoderm fragments, a common
process during burial diagenesis (Fig 4.14).

o Ferroan Calcite and Saddle Dolomite: Late-stage, iron-rich calcite and coarsely crystalline dolomite with curved crystal
faces and sweeping extinction are observed filling fractures and vugs. Their presence indicates precipitation from hot, saline,
and reducing brines during deep burial (Fig 4.13). (46)

e Neomorphism: This process involves the in-situ transformation of carbonate minerals. It is observed as the aggrading
recrystallization of fine micrite matrix into coarser microspar and the inversion of original aragonitic skeletal components (e.g.,
gastropods, corals) to the more stable mineral, low-magnesium calcite (Fig 4.14). (48)

e Dolomitization: Dolomite occurs as a replacement of the original limestone fabric, particularly noted in the algal limestone facies
(LF-4). This can range from fabric-preserving mimetic replacement to fabric-destructive, coarsely crystalline mosaics. The
presence of saddle dolomite cements suggests at least one phase of dolomitization was related to hot fluids during burial (Fig
4.14).
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Integrated Predictive Reservor Model: Kirthar Formation Sweet Spots
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grain-rich facies & cements) reduced parsoity Fluid flow paralel along seam,
= espa, if fractured.

Diagenesis controls reservor hetergereity. Late-stage disolustion in facies is primary
contoroine control on igh-high-quality sweet spots, while burial compaction & reduces porurst.h
&p

I
"

permeabiity in mud-rich intervals, Styloltes act as both barriers and conduits

Figure 4.13. Stylolite-Controlled Diagenetic Influence on Reservoir Architecture. an "Integrated Predictive Reservoir Model"'
for Kirthar Formation "'sweet spots." It shows how diagenesis (geological alteration) controls reservoir quality: late-stage
""Meteoric Water Infiltration™ causes dissolution, creating "*Secondary Moldic and Vuggy Pores' (porosity enhancement) in
the upper ""High-Energy Packstone Facies." In contrast, the lower ""Mud-Dominated Facies" experiences "'Porosity

Reduction' through ""Compaction & Cementation." The model also details the "'Dual Role of Stylolites™ as both vertical
barriers and potential horizontal fluid conduits.
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Diagengetic History and Paragenesis:
Burial Diagiesis (Mesogniesis)
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Mesognesis: Deep burial proceses dominated by campaction, cemertation, and recrysllization, leading to
major pososity destruction.

Figure 4.14. Shows the details of the processes of Burial Diagenesis (Mesogenesis), showing how it leads to "'major porosity
destruction." It breaks the process into three categories with microscopic examples: 1. Compaction, illustrated by a
"Fractured Nummulite Grain' and "'Stylolite (Pressure Dissolution Seam)""; 2. Cementation, showing ""Blocky Calcite
Cement," ""Syntaxial Overgrowth Cement," and "'Saddle Dolomite"; and 3. Neomorphism & Dolomitization, exemplified by
"Microspar Cement'" and "Dolomite Rhombs.”
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4.3.3. Telogenesis (Late-Stage Diagenesis)

Following tectonic uplift and exhumation, the Kirthar Formation was exposed to meteoric fluids, leading to late-stage
alterations.

e Dissolution: This is a critical process for secondary porosity enhancement. The circulation of undersaturated meteoric fluids led
to the partial or complete dissolution of chemically unstable components, such as aragonitic fossils and some calcite cements (Fig
4.15). This created significant moldic porosity (dissolution of a grain, leaving its shape) and vuggy porosity (larger, fabric-cutting
pores). (47)

e Fracturing: Tectonically induced fractures and veins are common, related to the compressional stresses of the Himalayan orogeny
that uplifted the region (Fig 4.15). These fractures cut across all earlier fabrics and are often filled with very late-stage, coarsely
crystalline calcite cements. (48)

4.4, Reservoir Characterization

The hydrocarbon reservoir potential of the Kirthar Formation is a direct function of its pore system, which is the product of the
original depositional fabric modified by the complex diagenetic history described above (Fig 4.16).

4.4.1. Porosity Types and Distribution

Both primary and secondary porosity are observed in the Kirthar Formation limestones, though secondary porosity is
volumetrically more significant for creating effective reservoir intervals.

® Primary Porosity:
o Interparticle Porosity: The space between grains, which was likely high initially in the grain-dominated packstone facies
(HR-MF 1) but has been largely occluded by burial cements (Fig 4.17).
o Intraparticle Porosity: The internal chambers within foraminiferal tests, particularly Nummulites. This is a key porosity type
in many Eocene carbonate reservoirs and can be preserved if not filled by cement. (2)
e Secondary Porosity:
o Moldic and Vuggy Porosity: These are the most important porosity types for reservoir quality. They were created by the
dissolution of unstable skeletal grains (molds) and cements/matrix (vugs) during meteoric diagenesis. (50) This type of
porosity is best developed in the initially grain-rich facies (HR-MF 1, HR-MF 5) (Fig 4.17).
o Fracture Porosity: Tectonically induced fractures create significant permeability pathways, especially in the more brittle,
well-cemented limestone beds. While the fracture volume itself may be low, they are critical for connecting otherwise isolated
pores. (48)
o Intercrystalline Porosity: The pore space between dolomite crystals, which can form excellent, well-connected pore networks
in dolomitized intervals. (48)
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Figure 4.15. Late-Stage Diagenesis (Telogenesis), an uplift-related process where meteoric water infiltration enhances reservoir
quality. It details the two primary mechanisms: 1) Dissolution, where ""undersaturated meteoric fluids' leach unstable grains

to create "'Secondary Moldic & Vuggy Pores," and 2) Fracturing, which forms ""Tectonic Fractures' that act as fluid pathways
and significantly enhance permeability.
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Quantinative Approaches to Reservor Characttization
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Figure 4.16. Quantitative approaches to reservoir characterization.
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Figure 4.17. illustrates ""Porosity Types' and "'Facies-Controlled Reservoir Quality.” It uses a series of micrographs to
compare different porosity types, including good-quality primary intraparticle (Nummulites), secondary moldic, and vuggy
porosity, with a ""Poor Reservoir Facies' (Mudstone). A 3D block diagram and a bar chart demonstrate how this works in a
reservoir, showing that the ""High-Energy Nummulite Packstone™ (LF-1) forms a high-quality ""sweet spot'* for oil, while the
mudstone facies has poor reservoir quality.

4.4.2. Impact of Diagenesis on Reservoir Quality

The diagenetic processes have had a dichotomous impact on the reservoir quality of the Kirthar Formation.

e Porosity Enhancement: The single most important process for creating viable reservoir rock was late-stage dissolution associated
with meteoric water influx during uplift. This process created extensive secondary porosity, particularly in the
grainstone/packstone facies that contained abundant chemically unstable aragonitic bioclasts. (54) Dolomitization also has the
potential to enhance porosity and permeability by creating a new intercrystalline pore network (55) (Fig 4.18).

e Porosity Reduction: Burial diagenesis was largely destructive to reservoir quality. Mechanical and chemical compaction
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significantly reduced the bulk volume and pore space. The subsequent precipitation of extensive blocky calcite and late-stage
ferroan calcite cements occluded most of the remaining primary interparticle porosity (48) (Fig 4.18).

e The Dual Role of Stylolites: Stylolites introduce significant heterogeneity and anisotropy. Their clay-rich seams act as effective
vertical permeability barriers, potentially compartmentalizing the reservoir. However, these same stylolite surfaces can act as high-
permeability conduits for fluid flow parallel to the seam, especially if they are associated with fractures or have not been completely
cemented. (56) This dual behavior means that stylolites can both trap hydrocarbons and facilitate their migration, depending on
the orientation and connectivity of the stylolite network relative to fluid flow paths (Fig 4.11).
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Table 2: Paragenetic Sequence of Diageetic Events in

in the Kirthar Formation e S
]
Diagenetic Process Description Effect on Poreer ¢
(Marine) Burinial (Deacblusty) ¥
. selzopedios Cements
. Formation of micrite envelope : “..,ht?}. g
Eoprine Syndpostion] envelopes of wiplees around by | Neutral / Minor P “r ey
Cementation | Early Burial| - arownd grains by mbrben do A " -
cemenis. g 11.
Econgaision Early to Precipatal Compachus fibrus Deécrease
Deep Burial |  calcte deformation.
Mechanical Early to Deep Burial Decrease
Compeation Moderate | Grain araangenent, fracturing
Deep Burial| {nrnem contacts al grain
aragonite as to along seams.
Precipation disolustion at grain | Nesoritidution
contacts of argonite to calelte.
Meeonization Burial Cementation (Caleite) Meutral /
(Sy]dotis) Precipation of blocky. micrite; Leaching unaisr-
inversion of synitrarsy, and dements by
syniastion of conietion of increase/Decrase)
remaining to calcite,
o Darly Dolomization / Saddle Dolomite | Major Decrease
Lok Burial preciictation saddle dominuite
dolomuie,
Froposis Replaczation ivon-rich fimech- | Moldic posich
Upluift caleite in fdcreise/Laoldgrase) Dolomite)
Decrense
Late Vein-Fill | Tectonic Deep Variable
Calcite fractuing Upluft Major Increase.
reloid
Telogessis regional Precippation of forzcalere Tecteatic calcite
uphift cements by meticon frocours. within a flutids,

124

Figure 4.19. Paragenetic sequence of diagenetic events in the Kirthar Formation. detailing the complete geological history
from early marine (Eogenesis) and burial (Mesogenesis) diagenesis to late-stage uplift (Telogenesis). It outlines each process
(e.g., Cementation, Compaction, Dolomitization), its timing, and its ultimate effect on porosity. The sequence is illustrated with
a corresponding set of micrographs showing key diagenetic features like Isopachous Cements, Block Calcite, Saddle Dolomite,
Moldic Porosity, and Tectonic Fractures.
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Predictive Diageetic Model: Facies to Reservor Quality Sweet Spots
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Figure 4.20. Predictive diagenetic model linking facies to reservoir-quality sweet spots. It gives the details of the diagenetic
chronology—from Eogenesis (early) to Mesogenesis (burial) and Telogenesis (uplift}—and its impact on porosity. A bar chart
and micrographs show that facies-controlled reservoir quality is ""Excellent™ in ""Packstones™ (LF-1) due to dissolution
(creating vuggy pores), but ""Poor™ in ""Mudstones" (LF-3) due to compaction. A final 3D model shows oil and gas trapped in
this high-quality, fractured packstone "Sweet Spot.”

5. DISCUSSION
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5.1

Depositional Environment and Platform Model

The collective evidence from the lithofacies and microfacies analysis strongly indicates that the Kirthar Formation in the Rohri

area was deposited on a homoclinal carbonate ramp (Fig 4.22). A ramp is a gently sloping platform without a continuous, high-relief
marginal reef or shoal complex separating it from the deeper basin. (1) The identified facies represent a classic transect across such a
ramp environment, developed on the paleotopographic high of the JKH (Fig 1.2).

The inner ramp is represented by the algal dolomitic limestone (LF-4) and the oolitic wackstone (HR-MF 4). This zone was
characterized by very shallow, restricted to high-energy, agitated waters, likely within the photic zone, allowing for algal growth
and ooid formation. The evidence of iron nodules and dolomitization in LF-4 suggests periodic subaerial exposure or deposition
in peritidal to sabkha-like conditions at the landward extent of the ramp (Fig 4.21, 4.22 and 4.23).

The mid-ramp was the most extensive environment, characterized by moderate to high energy. It was dominated by vast shoals
and banks of LBFs (Nummulites, Assilina), represented by the coarse-grained packstone and wackstone-packstone facies (LF-1,
LF-2, HR-MF 1, HR-MF 3). The hydrodynamic behavior of Nummulites tests, which are easily transported by currents, was a key
factor in the formation of these accumulations. (2) The presence of both well-preserved (autochthonous) and abraded/fragmented
(allochthonous) tests indicates that these shoals were dynamic features, with LBFs living in situ but also being constantly reworked
and concentrated by wave and storm currents. (2) The algal foraminiferal wackstones (HR-MF 2) likely represent slightly deeper
or more protected areas on the mid-ramp, below the constant agitation of fair-weather waves (Fig 4.21, 4.22 and 4.23).

The outer ramp is indicated by the microfacies containing planktonic foraminifera (HR-MF 5) and the bioclastic mudstone (HR-
MF 6) as shown in (Fig 4.21-4.23). These facies represent deeper water settings below the storm wave base, with increasing
influence from the open ocean. The mixing of transported benthic material with pelagic fauna in HR-MF 5 is characteristic of the
transition from the mid- to outer-ramp (3).

This ramp model, with LBF shoals dominating the mid-ramp, is consistent with established models for many Eocene Tethyan carbonate
platforms as shown in (Fig 4.21-4.23). (1) As noted by Racey (2001), large flat Nummulites tend to be associated with deeper, outer
ramp settings, while smaller, more robust lenticular forms are found in shallower, inner ramp settings, with large banks occupying the
intermediate space, which aligns with the facies distribution observed in this study. (62)
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Figure 4.21. Carbonate ramp depositional framework and facies distribution. Comparison based on the facies, environment of
deposition in details with facies. A new approach and proposed model showing a "'Forced Regressive System Tract,"
combining 3D block diagrams of the ""Rohri Section" with a 2D time-distance graph. The 3D blocks on the left show the
vertical depositional sequence at Time 1 (Early Stage), Time 3: Main Stage, and Time 3: Late Stage. The 2D graph on the right
explains this sequence by plotting the basinward migration of sedimentary environments (e.g., ""Outer Ramp Shoal™ to "Inner
Ramp Lagoon'") over time, culminating in a final ""Exposure Surface' that matches the late-stage block.
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3D Depositional Model of the Kirthar Formation (Eocene), Rohri Area
A Homoclinal Carbonate Ramp on the iberruck-Kinthar High
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Figure 4.22. A new model proposed carbonate ramp depositional model, showing the lateral distribution of sedimentary facies
controlled by increasing water depth. The model transitions from landward '*Peritidal Mudflats™ to a high-energy "'Inner
Ramp' dominated by a ""Coarse-grained Nummulite Packstone' shoal (LF-1, LF-2). As water depth increases ""Basinward,"
the facies grade through various ooid-bearing, algal, and plankton-rich wackestones and packstones into a low-energy '"Outer
Ramp Distal"" environment, characterized by "Bioclastic Carbonate Mudstone" (HR-MF 6).
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Figure 4.23. Conceptual depositional model linking facies to ramp energy zones; thin-section textures illustrate protected muds,
algal and foraminiferal wacke/packstones, and storm-influenced nummulite deposits. A detailed pictogram model by using new

approach by ML.

5.2. Sequence Stratigraphic Framework

The vertical succession of facies in the measured section provides insights into the relative sea-level changes during the
deposition of the Kirthar Formation (Fig 4.29). The overall stacking pattern is progradational, or coarsening-upward, transitioning from
lower-energy micritic limestones (LF-3) at the base of the main succession to higher-energy coarse-grained limestones (LF-1, LF-2)
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towards the top, capped by peritidal deposits (LF-4). This progradational pattern is characteristic of a Highstand Systems Tract (HST)
or, more likely given the evidence of exposure at the top, a Forced Regressive Systems Tract (FRST) (Fig 4.24- 4.28). (25)

This observed third-order regression occurred within a broader, second-order sea-level rise (Transgressive Systems Tract) that
characterized much of the Eocene.The driver for this third-order regression could be eustatic (global sea-level fall) or tectonic. Given
the location on the tectonically active JKH (Fig 4.27), it is plausible that localized uplift of the high could have forced the shoreline to
prograde seaward, creating the observed shallowing-upward sequence independent of global sea-level changes. (65) This interpretation
effectively links the basin's tectonic evolution directly to its sequence stratigraphic architecture. (Fig 4.27).

3D SEQUENCE STRATIGRAPHIC MODEL AND SUBSURFACE EVOLUTION
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Figure 4.24. Sequence Stratigraphy of the Kirthar Formation," linking tectonic activity to sea-level change. It connects the
"Rohri Measured Section," a shallowing-upward sequence identified as a ""Forced Regressive Systems Tract™ (FRST), to its
causal mechanisms: a "'Relative Sea-Level Curve" (a rapid, third-order fall superimposed on a long-term, second-order rise)
and the ""Tectonic Driver" of localized ""'JKH Uplift," which forced progradation and exposure,
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Figure 4.25. links a stratigraphic column that culminates in an ""Exposure Surface" to its cause: a "'Forced Regressive System
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Figure 4.26. a ""Forced Regressive Systems Tract (FRST)"" carbonate ramp model, driven by a relative sea-level fall and tectonic
uplift. It uses a time-distance plot to show a '""Prograde-Stacking Pattern' where shallower, high-energy facies build out
"Basinward" over time. The sequence shows low-energy mid/outer-ramp deposits (LF-3) being progressively overlain by high-
energy inner-ramp shoals (LF-1) and mid-ramp shoals (LF-2). This model corresponds to the observed 28.8m Measured
Section"* shown on the left.
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Figure 4.27. FRST evolution through time. Early stage deposits outer-ramp mudstone (LF-3/HR-MF6); main stage builds
mid-ramp nummulitic shoals (LF-1/LF-2); late stage forms algal dolostone (LF-4) and exposure. Right panel shows

landward-to-basinward facies belts and migrating exposure surfaces.
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Figure 4.28. Kirthar Formation stratigraphic log (Rohri). A 28 m, upward-shoaling FRST from algal carbonate mudstone to
massive and coarse nummulitic packstones, capped by algal dolomitic limestone; thin-section inserts show corresponding

HR-MF facies.
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Figure 4.29: Shows the seque a) complete outcrop picture with all the sequences
labeled from the base to the Top. b) micritic limestone bed, ¢) mehroonish massive dolomitic limestone LF, d) massive bedded
limestone facie, e) Algal dolomitic limestone facie with a sharp contact.

5.3. Controls on Reservoir Quality: An Integrated Model

The final reservoir quality of the Kirthar Formation is not a random attribute but is the predictable outcome of the interplay
between the primary depositional environment and the subsequent diagenetic overprint (Fig 5.1). This relationship allows for the
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development of a predictive model for reservoir "sweet spots."

The primary control is the depositional facies, which dictates the initial porosity, permeability, and mineralogical composition.

High-energy, grain-dominated facies, such as the Nummulite Packstones (HR-MF 1) (Fig 4.3 a-d), started with the highest potential.
They possessed significant primary interparticle porosity and permeability, and their skeletal grains (many originally aragonitic) were
susceptible to later dissolution. (66) In contrast, low-energy, mud-dominated facies, like the Wackestones and Mudstones (HR-MF 2,
HR-MF 6) (Fig 4.4 a-c) and (Fig 4.9 a-d), had low initial permeability and were composed of fine-grained calcite mud (micrite), which
is prone to severe compaction. (66)

The secondary control is the diagenetic pathway each facies experienced. This pathway was itself influenced by the primary fabric.

The grain-dominated facies acted as initial high-permeability conduits, focusing the flow of diagenetic fluids. While this made
them susceptible to pore-occluding cements during burial, it also made them prime targets for dissolution by undersaturated
meteoric fluids during later uplift, leading to the creation of excellent secondary moldic and vuggy porosity. (39)

The mud-dominated facies, with their low initial permeability, were more prone to developing overpressure during burial, leading
to intense chemical compaction and the formation of stylolitic barriers that further reduced permeability. (42) However, these fine-
grained precursors are also more susceptible to pervasive dolomitization, which, if it occurs, can transform a non-reservoir rock
into an excellent reservoir with high intercrystalline porosity. (53) Therefore, the best reservoir quality in the Kirthar Formation is
predicted to occur in the thick-bedded, coarse-grained Nummulite packstone facies (LF-1, HR-MF 1) that were positioned
favorably to be flushed by meteoric fluids during telogenesis, leading to significant secondary dissolution while escaping complete
cementation during burial (Fig 5.1). The poorest quality is expected in the heavily compacted and cemented micritic limestone
facies (LF-3, HR-MF 6). This integrated model provides a powerful predictive tool: by mapping the distribution of depositional
facies, which can potentially be identified on seismic data, one can infer the likely diagenetic overprint and thereby predict the
distribution of the most promising reservoir intervals.

1. FACIES CONTROL | 2. DIAGENETIC CONTROL g ——
- . : (Poroscy Erdancement)

Integration of Facies, Diagenesis & Structure = ide
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Figure 5.1. Tectonic control on reservoir quality. Uplift of the Jacobabad-Khairpur High focuses wave/current energy and
winnowing, creating high-porosity nummulitic packstone shoals, whereas low-energy ramp mudstones remain tight; predictive
framework highlights sweet spots near fractured shoals.

5.4. Regional Context and Comparison

The depositional and diagenetic characteristics of the Kirthar Formation at Rohri show strong similarities to other Eocene
carbonate successions in Pakistan and across the former Tethyan margin (Fig 5.2). The facies associations are comparable to those
described for the Sakesar Limestone in the Potwar Basin and the Margala Hill Limestone near Islamabad, which also represent deposition
on carbonate ramps or shelves dominated by LBFs. (66) For instance, the study by Jamil et al. (2022) on the Sakesar Limestone identified
six microfacies ranging from mud-dominated outer ramp to grain-dominated inner ramp settings, a zonation that closely mirrors the
findings of this study (66)

Similarly, the Eocene Nisai Formation of the Pishin Belt contains rich assemblages of Nummulites, Assilina, Discocyclina, and
algae, which have been interpreted to represent a spectrum of inner to outer ramp environments. (20) This direct parallel in both faunal
content and environmental interpretation suggests that the processes governing carbonate deposition were consistent across different
sub-basins on the northwestern margin of the Indo-Pakistan Plate during the Eocene. The diagenetic processes observed—including
compaction, multi-phase cementation, dissolution, and dolomitization—are common themes in the diagenetic evolution of these Eocene
carbonates, highlighting the regional importance of burial and subsequent meteoric diagenesis in controlling reservoir quality. (69)

Furthermore, the Kirthar Formation serves as an excellent analogue for the highly productive Nummulitic reservoirs of North
Africa and the Middle East, such as the El Garia Formation in offshore Tunisia. (3) These reservoirs, as detailed by Racey (2001), are
also characterized by accumulations of reworked LBFs in shoal and bank settings, and their quality is similarly controlled by the balance
between cementation and secondary dissolution. (24) The insights gained from the Kirthar Formation on the JKH can thus be applied to
exploration models in other basins along the Tethyan belt where similar depositional and tectonic settings exist (Fig 5.2 a-c).
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Figure 5.2. Eocene Tethyan carbonate-ramp analogs from Pakistan to El Garia (Tunisia) show inner—mid—outer ramp belts with
nummulitic shoals and proven charge; target fractured nummulitic packstones as reservoir sweet spots. A predictive model for
global exploration.

5.5. Implications of Quantitative Modeling

The conceptual introduction of mathematical and machine learning models in this study points toward the future of carbonate
reservoir characterization. While traditional petrography remains the foundation, its time-consuming and subjective nature can create
bottlenecks in reservoir evaluation. These quantitative techniques offer a powerful means to enhance efficiency, reduce subjectivity, and
extract predictive, quantitative information from the same datasets.

e Permeability Prediction: Physics-based models like the Kozeny-Carman equation, when calibrated with petrographic data from
thin sections (such as pore fractal dimensions and grain radii), can provide rapid, first-order estimates of permeability. As
demonstrated in the workflow (Appendix A), this provides a direct, physics-based link between the observable rock fabric and its
fluid-flow capacity. This is invaluable for populating reservoir models in areas between cored wells, significantly reducing
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uncertainty in fluid flow simulations.(Fig 3.4 and 3.5). (26)

e Automated Petrography: The proposed hybrid machine learning workflow (using a CNN like VGG16 for feature extraction and a
Random Forest for classification) is designed to automate the labor-intensive task of microfacies classification. Such systems can
process thousands of images in the time it takes a petrographer to analyze a few, providing consistent, objective, and quantitative
data on facies proportions and distributions (Fig 5.3). This high-throughput analysis can identify subtle textural trends that might
be missed in manual studies and can be used to rapidly screen large sample sets, identifying key intervals for more detailed
investigation. (Fig 5.4) (71).

Integrating these data-driven approaches into standard geological workflows is not merely a novelty; it is a critical step for de-risking
exploration and optimizing the development of complex, heterogeneous carbonate reservoirs like the Kirthar Formation. This study
provides a conceptual blueprint for how to bridge the gap from qualitative observation to quantitative prediction

The Future of Carborrate Reservor Characterization
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Figure 5.3. Combine physics-based permeability models with ML-driven petrography for fast, objective facies mapping;
reservoir quality is highest in packstones and lowest in mud-rich facies, modulated by diagenesis. A hybrid approach to modeling
carbonate reservoirs. It argues that the "future' is to combine traditional physics-based permeability models (left) with faster,

more objective machine learning workflows (center) that can automatically classify rock types from images. The ultimate goal
This publication is licensed under Creative Commons Attribution CC BY.

10.29322/1JSRP.16.08.2026.p17608 WWWw.ijsrp.org


http://ijsrp.org/

International Journal of Scientific and Research Publications, Volume 16, Issue 8, August 2026

ISSN 2250-3153

140

is to create more accurate predictive models of reservoir quality (right), which is controlled by the original depositional facies
(e.g., high-energy packstones) and subsequent diagenetic changes (porosity creation vs. destruction).
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Fig 5.4. ML codes and script: shows a machine learning workflow for automatically classifying geological thin sections. First, a
training dataset is made from labeled image patches. A VGG16 (CNN) model extracts numerical features from these patches,
and a Random Forest model is then trained to link these features to the correct rock type. Finally, this trained system can
analyze a new, large image and produce a ""Classification Map'* that shows where each different rock type is located.
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Figure 5.5: ML algorithms to calculate and estimate porosity and permeability. A new approach.

illustrates a step-by-step computational method to estimate rock permeability from a microscope image. First, the image is binarized to
create a simple map of the pore spaces. This map is then analyzed to calculate two key parameters: porosity (phi), which is 18.53%,
and the fractal dimension (D), which is 1.7581. Finally, these two values are put into a formula to calculate the permeability, yielding
a final result of 93.7 md.

6. CONCLUSIONS

This integrated analysis of the Kirthar Formation confirms that its reservoir potential is the predictable outcome of a two-part story:
the primary depositional fabric and its subsequent diagenetic overprint. The tectonically active Jacobabad-Khairpur High was the
fundamental architectural control, creating a paleotopographic high that localized a high-energy "Nummulites factory" on a
homoclinal ramp. This process created the coarse, grain-dominated packstones that form the foundation for reservoir "sweet spots".
However, this potential was only unlocked by a complex diagenetic history. The most critical reservoir-enhancing process was late-
stage, uplift-related (telogenetic) meteoric dissolution, which aggressively created secondary moldic and vuggy porosity. In contrast,
the mud-dominated facies were compacted and cemented, ultimately becoming effective seals, while stylolites introduced critical
anisotropy, acting as vertical barriers but also as potential lateral conduits for fluid flow.
Crucially, these findings are not an isolated case. The Eocene Tethyan margin is a prolific hydrocarbon province, and this specific
depositional and diagenetic model—a tectonically-influenced ramp dominated by LBFs, later enhanced by meteoric dissolution—
serves as a powerful and widely applicable regional analogue. We see direct parallels in other major Pakistani reservoirs, such as the
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Sakesar Limestone , as well as in global analogues like the EI Garia Formation in North Africa. The true significance of this study,
therefore, lies in the methodology proposed to unlock these insights. By moving beyond traditional, qualitative petrography, we have
outlined a quantitative and predictive framework that fully honors the geological complexity.

By conceptualizing a workflow that integrates machine learning for automated facies classification with physics-based permeability
modeling, this work provides a scalable template for "reimagining™ the carbonate factory. This approach allows for the rapid,
objective, and data-driven characterization of heterogeneous reservoirs, directly linking the micro-scale fabric identified in thin
sections to the reservoir-scale fluid flow behavior. This quantitative linkage is the key to de-risking exploration and can be applied to
complex carbonate systems globally, well beyond the confines of the Indus Basin.
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Appendix A: Mathematical Framework for Permeability Prediction in Heterogeneous Carbonates

(The Kozeny-Carman (85)(KC) equation provides a fundamental relationship between permeability ($k$), porosity ($\phi$), and the
geometric properties of a porous medium. For complex carbonate pore networks, particularly those with fractal characteristics, the
standard KC equation can be modified to incorporate these complexities. This approach, outlined by researchers such as Pape et al.
(1999) and applied by (84) provides a method to estimate permeability from parameters measurable in thin section images. (26)

The modified KC equation is given by:
$$k = \frac{\phi}{c T r_{eff}*2}$$

where $c$ is a shape factor (often taken as 8 for cylindrical pores), $T$ is the tortuosity of the flow path, and $r_{eff}$ is the effective
pore radius.

For a pore system that can be approximated by a fractal model (such as the pigeonhole model for moldic pores), tortuosity and porosity
can be related to the fractal dimension ($D$) of the pore space and the average grain radius ($r_{grain}$). These relationships are valid
for $2 < D < 3$:

1. Tortuosity ($T$):

$$T = 1.34 \left(\frac{r_{grain}}{r_{eff}}\right)*{0.67(D-2)}$$
2. Porosity ($\phi$):

$$\phi = 0.5 \left(\frac{r_{grain}}{r_{eff}right)*{0.39(D-3)}$$

Application Workflow:

1. Image Analysis: A digitized thin section image is binarized to separate pore space from the rock matrix.

2. Parameter Extraction:
o Porosity ($\phi$): Calculated as the ratio of pore pixels to total pixels.
o Fractal Dimension ($D$): Determined using the box-counting method on the pore space image.
o Average Grain Radius ($r_{grain}$): Measured from the image.
o Effective Pore Radius ($r_{eff}$): Can be estimated from pore size distribution analysis.

3. Calculation: By substituting a representative value for $D$ (e.g., $D=2.11$ as used in 26), the equations for $T$ and $\phi$ can
be combined with the KC equation to derive a direct empirical relationship between permeability and porosity, constrained by
the measured grain size:

$$k = 4.3 \times 10°{11} r_{grain}*2 \phi*{7/5}$$

This final equation allows for a physics-based estimation of permeability using readily obtainable petrographic data, providing a
powerful tool for reservoir characterization.

Appendix B: A Conceptual Machine Learning Workflow for Automated Microfacies Classification from Thin Section Imagery

This appendix outlines a conceptual workflow for automating microfacies classification using a hybrid machine learning approach,
combining a Convolutional Neural Network (CNN) for feature extraction with a Random Forest (RF) classifier. The workflow is
described using a Python-based pseudocode structure, leveraging common libraries such as TensorFlow/Keras and Scikit-learn. (31)

Objective: To train a model that can automatically classify patches of a thin section image into one of the six defined microfacies
(HR-MF 1 to HR-MF 6).
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Python

# Import necessary libraries

import numpy as np

import tensorflow as tf

from tensorflow.keras.applications import VGG16

from sklearn.ensemble import RandomForestClassifier

from sklearn.model_selection import train_test_split

from sklearn.metrics import accuracy_score, classification_report

# Assume 'load_images_and_labels' is a custom function to load data

# from a directory structure where each sub-directory is a microfacies class.

#1. DATA PREPARATION

# Load image patches (e.g., 224x224 pixels) and their corresponding labels (0-5 for HR-MF 1-6)
image_patches, labels = load_images_and_labels(‘path/to/labeled_data/")

# Normalize pixel values to the range
image_patches = image_patches.astype('float32") / 255.0

# Split data into training and testing sets
X_train, X_test, y_train, y_test = train_test_split(image_patches, labels, test_size=0.2, random_state=42

# 2. FEATURE EXTRACTION USING A PRE-TRAINED CNN
#
# Load a pre-trained CNN (VGG16) without its final classification layers.

# This model, trained on millions of images (ImageNet), is a powerful feature extractor.
base_model = VGG16(weights='imagenet', include_top=False, input_shape=(224, 224, 3))
base_model.trainable = False # Freeze the layers to use it as a static feature extractor

# Function to extract features from a set of images
def extract_features(model, images):
features = model.predict(images)
# Flatten the output of the convolutional layers to create a 1D feature vector for each image
flattened_features = features.reshape((features.shape, -1))
return flattened_features

# Extract features for both training and testing sets
train_features = extract_features(base_model, X_train)
test_features = extract_features(base_model, X_test)

# 3. MODEL TRAINING USING RANDOM FOREST
#

# Initialize a Random Forest Classifier. RF is robust and performs well on high-dimensional feature sets.

rf_classifier = RandomForestClassifier(n_estimators=100, random_state=42, n_jobs=-1)

# Train the classifier on the extracted features from the training data
print("Training Random Forest Classifier...")
rf_classifier.fit(train_features, y_train)

print("Training complete.")
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#4. PREDICTION AND EVALUATION
#
# Use the trained classifier to predict the microfacies for the test set features
y_pred = rf_classifier.predict(test_features)

# Evaluate the model's performance

accuracy = accuracy_score(y_test, y_pred)

print(f"Model Accuracy: {accuracy:.4f}")
print("\nClassification Report:")
print(classification_report(y_test, y pred, target names=))

#5. APPLICATION (INFERENCE)
#
# To classify a new, large thin section image:

# 1. Divide the large image into a grid of 224x224 patches.

# 2. Preprocess each patch (normalize).

# 3. Extract features for all patches using the '‘base_model'.

# 4. Use the trained 'rf_classifier' to predict the microfacies for each patch.

# 5. Reassemble the predictions to create a classified microfacies map of the entire thin section.

This workflow demonstrates a powerful and scalable method for leveraging deep learning to automate a critical geological task,

enabling quantitative, data-driven analysis of rock microstructures.
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