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ABSTRACT 

The lower Wuchiapingian Khuff unit consists of shallow marine carbonates and 

evaporites, and has two parts: the upper Wuchiapingian and the lower Wuchiapingian; the lower 

unit has a thickness of around 90 meters in the studied field in Saudi Arabia. This study 

integrates sedimentology and sequence stratigraphy to contribute to the exploration and 

exploitation of lower Wuchiapingian Khuff unit. 

The lithofacies include subaerial exposure, sabkha/saline anhydrite, tidal flat, lagoon, 

shallow subtidal, shoal flank, shoal crest, and open marine. The lithofacies succession represents 

an arid, homoclinal ramp within an extensive tectonically-stable low-relief epeiric sea. The study 

area, during the time of deposition, exhibited no significant depth variations or clear landward 

seaward directions, and was dominated by shallow subtidal, lagoon and high-energy shoal 

deposits distributed between interpreted three structure-induced paleo-highs.  

The lower Wuchiapingian Khuff unit covers a time span of approximately 3.5 My. (from 

the boundary of the Capitanian-Wuchiapingian; based on strontium isotopic analysis). The lower 

Wuchiapingian Khuff represents a third-order composite sequence. The four constituent 

depositional sequences (WK-1 to WK-4) represent third-order eustatic cycles, and each is 

bounded by regionally mappable sequence boundaries with varying degrees of exposure features. 

The systems tracts within these depositional sequences represent parasequence sets. The unit 

consists of 17 shallowing-upward parasequences, grouped into symmetric and asymmetric fifth-

order cycles. The WK-2 to WK-3 sequences have the highest reservoir quality and core 

coverage, and were used to construct lithofacies distribution maps for both transgressive systems 

tracts and highstand systems tracts. Eustatic sea level changes controlled the formation of 

accommodation space during a period of diminished tectonic activities, showing only subtle 

variations in antecedent-paleotopography. Evident south to north trends include lateral 

lithofacies changes, increasing dolomitization, increasing anhydrite cementation, thinning in the 

bounding anhydrite units, and strontium enrichment. 

The lower Wuchiapingian Khuff unit is known for reservoir heterogeneity. The detailed 

petrographic, geochemical, core and imaging analyses revealed 24 diagenetic processes that have 

influenced pore types, pore throats (permeability) and pore size distributions. The processes are 

subdivided between the eogenetic and mesogenetic diagenetic environments.  
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Each diagenetic process, to varying degrees, affects the reservoir quality positively or negatively; 

based on their effect, they were classified into major and minor processes. The major processes 

include dolomitization, dissolution, compaction, calcite cementation, stylolitization, fracturing, 

and anhydrite cementation. There are minor diagenetic processes that have no significant effects 

on porosity and permeability, which include micritization, chertification, pyritization, reservoir 

bitumen entrapment, celestite cementation, fluorite cementation, and authigenic quartz 

formation.  

Dolomitization is the most porosity-altering process, and occurs as early dominant 

replacive dolomite and late dolomite cement. The replacive dolomite is interpreted to have 

occurred as a direct result of the reflux of hypersaline waters derived from the updip evaporative 

lithofacies that show heavier C-O-Sr isotopic ratios. This early (near surface) dolomitization 

enhances porosity and permeability in the forms of fabric-destructive sucrosic dolomite in the 

shallow subtidal lithofacies and fabric-preserving dolomite forming intercrystalline porosity that 

connects interparticle pores and isolated molds of the grain-dominated lithofacies. The burial 

dolomite cement reduces porosity by filling moldic and interparticle pores. The C, O, Sr and S 

isotopes indicate a contemporaneous marine origin of the Khuff carbonates and anhydrites. 

Enriched (C-O-Sr) isotopes are associated with the overdolomitized tidal flat and lagoon 

lithofacies. Depleted oxygen isotopes are associated with limy carbonates and prominent 

(regional) subaerial exposures.  

The porosity types are primary (interparticle) and secondary (moldic, intercrystalline, 

vuggy, microporosity, and fracture porosity); the secondary porosity resulted from meteoric 

dissolution, replacive dolomitization, and fracturing. The pore size distribution, derived from 2D 

image analysis of QEMSCAN BSE images, is dominated by upper micropores for the good 

reservoir rocks; the lower micropores dominate the poor reservoir rocks. The porosity-modifying 

diagenetic processes, identified porosity types, and pore size distributions suggest that lithofacies 

and diagenesis have strong influence on reservoir quality in lower Wuchiapingian Khuff unit. 
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CHAPTER 1 

INTRODUCTION 

The Middle Permian to Early Triassic Khuff Formation across the Arabian Gulf region is 

a significant carbonate basin fill extending over 3.7 million square kilometers. The Khuff 

carbonates offer a significant target for gas exploration and production across the region 

(Pšppelreiter and Marshall, 2014).  

The Khuff petroleum system is part of the main Paleozoic (Silurian-Triassic) petroleum 

system, which produces from the sandstones of Jauf (Devonian) and the Unayzah 

(Carboniferous-Permian) Formations, and the shallow carbonates of the Khuff (Permian-

Triassic) Formation (Figure 1.1 on page 3). This petroleum system has a world-class assemblage 

of source, reservoir, seal and trap.  

The proven source rocks occur primarily in the organic-rich Silurian Base Qusaiba 

Shales, which may have generated 80-90% of the Paleozoic hydrocarbons in several major oil 

and gas fields in eastern central Arabia (Mahmoud et al., 1992; Nairn and Alsharhan, 1997). This 

source rock is present in every drilled basin across the Arabian Peninsula and North Africa. The 

Qusaiba hot shale contains mainly type II kerogen, with a hydrogen index ranging between 100 

and 400 mg HC/g TOC. The organic-rich shale unit has a gamma-ray reading higher than 150 

API units, with a thickness that varies from 3 to 75 m. It has an average total organic content of 

5% (Mahmoud et al., 1992; Cole et al., 1994; Jones and Stump, 1999; LŸning et al., 2000; 

Norton et al., 2000).  Thermal maturity modeling suggests three primary hydrocarbon-generating 

areas in eastern Saudi Arabia: the southwest, eastern, and northeastern areas. The trapped 

hydrocarbons of the study field are sourced from the southwest and eastern areas (Norton et al., 

2000). The Qusaiba shales entered the oil window in the Triassic time, followed by the gas 

generating phase that extended from the Early Cretaceous until the present time (Pietraszek-

Mattner et al. 2008). 

The seals for the Khuff reservoir intervals include the impermeable anhydrite layers, tight 

carbonates within the formation, and the shale of the overlying Sudair Formation. The Triassic 

Sudair Shale is a regional top seal that completely separates the Paleozoic Petroleum System 

from the Mesozoic Petroleum System (Konert et al., 2001). Hydrocarbon vertical migration 

requires high relief structures bounded by faults or fracture swarms (Figure 1.2 on page 4). The 
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regional basin evolution has controlled charge, and vertical migration into Khuff traps through 

faults that connect the source rock to the different reservoirs (Abu-Ali, 1991). The reactivation of 

the basement faults and these pathways are included when establishing the charge model 

(Wender et al., 1998).  

The Khuff deposits extend across many countries, including Saudi Arabia, Qatar, Iran, 

the United Arab Emirates (UAE), Bahrain, Kuwait, and Oman (Alsharhan, 2006). In Saudi 

Arabia, the Khuff Formation sits unconformably on the Permo-Carboniferous siliciclastic 

Unayzah Formation, and unconformably underlies the shales of the Triassic Sudair Formation 

(Figure 1.1). The Khuff thickness in general ranges from 370 m in central Arabia to more than 

490 m in eastern Arabia (Al-Jallal, 1995).  

The Wuchiapingian Khuff in the studied field consists of two parts, the tight upper 

Wuchiapingian Khuff and the porous lower Wuchiapingian Khuff, and both have almost equal 

thicknesses of around 90 m in the study area. This study covers the Wuchiapingian Khuff unit, 

which is early Late Permian (Wuchiapingian) in age (Al-Dukhayyil, 2012). The lower 

Wuchiapingian Khuff unit occurs at a depth of around 3,700 m with a porosity ranging from 3% 

to 35% (12% average), and a permeability ranging from 0.1 mD to as high as 1.8 Darcy (100 mD 

average). The lower Wuchiapingian Khuff unit consists of shallow marine carbonates with 

different lithology percentages (from highest to lowest) of dolomite, dolomitic limestone, 

limestone and anhydrite. It is vertically and laterally heterogeneous across the study field due to 

depositional and, more importantly, diagenetic controls (Dasgupta et al., 2001). The depositional 

environments of the Khuff sediments include subaerial exposure, sabkha/salina, tidal flat, 

lagoon, shoal complex, and open marine settings. 

 

1.1 Geological Setting 

The Arabian PlateÕs tectonic evolution went through five evolutionary stages, which are 

from oldest to youngest: the Precambrian compressional phase, the Late Precambrian to Late 

Devonian extensional phase, the Late Devonian to Mid-Permian phase (two extensional periods 

separated by a compression), the Late Paleozoic to Mesozoic extensional phase and the Late 

Mesozoic to present-day compressional phase. All these stages have shaped the subsurface 

architecture and the large-scale sediment accumulation (Sharland et al., 2001). The lower 

Wuchiapingian Khuff unit has been affected to different degrees by these stages. 
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Figure 1.1 Paleozoic composite log showing the study interval of the lower Wuchiapingian 
Khuff unit. Modified from Konert et al., (2001).  
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Figure 1.2 Simplified cross-section showing a fault-bounded high relief structure. The faults act 
as migration pathways from the Silurian source rocks (Faqira et al., 2009).  
 

During the Late Ordovician, the Palaeo-Tethys extensional continental margin changed to 

a compressional continental margin, marked by back-arc rifting and volcanism (in the northern 

part of the plate), as a result of SW-directed subduction under the Gondwana margin (Beydoun, 

1991). Also, the Late Ordovician marks the second main glacial period, when ice sheets covered 

much of Africa and west Arabia and resulted in clastic glaciogenic sediments (Vaslet, 1990). 

During the Early Silurian, a significant transgression followed the ice sheet melting, which led to 

shallow to deep marine conditions across the plate. Subsequently, the organic-rich, black shale of 

the Qusaiba Member (Qalibah Formation) was deposited, forming the source rock of the 

Paleozoic reservoirs in Arabia and North Africa (Mahmoud et al., 1992; LŸning et al., 2000, 

Aoudeh and Al -Hajri, 1995; Abu-Ali et al., 1991).  

The Arabian Plate was part of Pangaea during most of the Paleozoic, but in the Late 

Paleozoic phase, a progressive continental rifting continued around the plate, developing N and 

SE-facing passive margins. The plate was dominated by the ramp carbonates with lesser 

evaporites and clastics in the Permian (Sharland et al., 2001). During the Mid-Permian, a back-
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arc extension resulted in the continental rifting that had started in the Early Permian to form the 

Neo-Tethys Ocean and a new passive margin (Figure 1.3). The intra-continental rifting between 

the Arabian and the Cimmerian terranes started 300 to 260 My, million years ago, to form the 

Neo-Tethys Ocean. Back-arc stretching and thinning of lithosphere led to a continental 

depression, and a new passive margin developed along the northeastern Arabian Plate margin. 

The Hercynian Orogeny (Late Devonian to Carboniferous) may have increased the subduction 

within the Palaeo-Tethys beneath the plate, resulting in an increase in the back-arc stretching and 

rifting (Konert et al., 2001, Sharland et al., 2001).  

The pre-Unayzah Unconformity (PUU), or the Hercynian Unconformity, underlies the 

Unayzah sediments, and is associated with the breakup between the Arabian Plate and the 

Iranian terranes. The new passive margin Khuff deposits resulted from very rapid subsidence 

coinciding with a significant marine transgression. Thermal subsidence and the load of the post-

rift sediments may have driven the subsidence during the Khuff time. The Khuff transgression 

started in Iran and Oman and rapidly advanced towards central Arabia. The movement of major 

faults created differential subsidence and thickness variations in the Lower Khuff. After the 

deposition of the middle anhydrite (the lower bounding anhydrite of the lower Wuchiapingian 

Khuff unit), the subsequent deposits represent a shallow water carbonate platform that covered 

much of the Arabian Plate. The shallow water marine settings lasted until the Mid-Cretaceous. 

The clean carbonates and evaporites were interrupted by Sudair and Minjur clastics (El-

Bishlawy, 1985; Al-Jallal, 1995; Bishop, 1995; Nairn and Alsharhan, 1997). Khuff hydrocarbon 

fields are associated with four major tectonic trends: En-Nala trend, the Qatar Arch, the Zagros 

fold belt and the Arabian Gulf salt structures (Faqira et al., 2013). 

Plate reconstruction and paleogeography indicate that the Khuff was near the Equator, 

and it formed under arid conditions when the climate transitioned from icehouse to greenhouse 

climate states (Figure 1.4) (Al-Fares et al., 1998, Konert et al., 2001, Ziegler, 2001, Koehrer et 

al., 2010). The Khuff Formation was deposited on a large east-facing, arid ramp within an 

extensive epeiric sea on the western and southwestern margin of the newly formed passive 

margin. The platform had an SE-NW strike direction and SW-NE dip direction, with the initial 

deposition of the Basal Khuff Clastics, followed by shallow water carbonates and evaporites. 

The Khuff deposited during a period of continuous, slow subsidence and tectonic quiescence, 

and with sea-level oscillations of moderate wavelength and amplitude (Aigner and Dott, 1990, 
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Stampfli, 2000; Koehrer et al., 2010, Faqira et al., 2013). The Khuff carbonates are post-rift 

deposits that sit unconformably on the syn-rift Precambrian to Late Permian deposits (Figure 

1.5). This event marks the start of carbonate and evaporite sedimentation, and the cessation of 

long periods of clastic sedimentation, coinciding with the plate movement towards subtropical 

latitudes (Sharland et al., 2001).  

 

 
Figure 1.3 Paleo-plate reconstruction and the major tectonic elements of the Mid-Permian to 
Early Jurassic showing the intra-continental rifting between the Arabian and the Cimmerian 
terranes to form the Neo-Tethys Ocean (Sharland et al., 2001). 
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Figure 1.4 Paleogeographic plate reconstruction showing the location of the Arabian Plate (red 
rectangle) during the Late Permian (Scotese, 2002).  

 
 

 
Figure 1.5 Cross-section (SW-NE) of the Arabian Plate during Khuff time, showing the post-rift 
Khuff carbonates overlying the Pre-Khuff Unconformity (PCU). AP stands for Arabian Plate, 
and there are 11 tectonostratigraphic megasequence deposits on the Arabian Plate. Khuff 
deposits fall within the AP6 megasequence (Sharland et al., 2001).  
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CHAPTER 2 

SEDIMENTOLOGY AND SEQUENCE STRATIGRAPHY OF THE LOWER 
WUCHIAPINGIAN KHUFF FORMATION IN A FIELD 

 IN SAUDI ARABIA 

2.1 Abstract 

The lower Wuchiapingian Khuff unit consists of shallow marine carbonates and 

evaporites, and has two parts: the tight upper Wuchiapingian and the porous lower 

Wuchiapingian, and both have almost equal thicknesses of around 90 meters in the studied field 

in Saudi Arabia. This study integrates sedimentology and sequence stratigraphy to contribute to 

the exploration and exploitation of this porous unit. 

The lithofacies include subaerial exposure, sabkha/saline anhydrite, tidal flat, lagoon, 

shallow subtidal, shoal flank, shoal crest, and open marine. The lithofacies succession represents 

an arid, homoclinal ramp within an extensive tectonically-stable low-relief epeiric sea. The study 

area, during the time of deposition, exhibited no significant depth variations or clear landward 

seaward directions, and was dominated by shallow subtidal, lagoon and high-energy shoal 

deposits distributed between interpreted three structure-induced paleo-highs.  

The lower Wuchiapingian Khuff unit covers a time span of approximately 3.5 My. (from 

the boundary of the Capitanian-Wuchiapingian; based on strontium isotopic analysis). The lower 

Wuchiapingian Khuff represents a third-order composite sequence. The four constituent 

depositional sequences (WK-1 to WK-4) represent third-order eustatic cycles, and each is 

bounded by regionally mappable sequence boundaries with varying degrees of exposure features. 

The systems tracts within these depositional sequences represent parasequence sets. The unit 

consists of 17 shallowing-upward parasequences, grouped into symmetric and asymmetric fifth-

order cycles. The WK-2 to WK-3 sequences have the highest reservoir quality and core 

coverage, and were used to construct lithofacies distribution maps for both transgressive systems 

tracts and highstand systems tracts. Eustatic sea level changes controlled the formation of 

accommodation space during a period of diminished tectonic activities, showing only subtle 

variations in antecedent-paleotopography. Evident south to north trends include lateral 

lithofacies changes, increasing dolomitization, increasing anhydrite cementation, thinning in the 

bounding anhydrite units, and strontium enrichment. 
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2.2 Introduction 

2.2.1 Objectives 

The lower Wuchiapingian Khuff unit in the studied field has been known for 

heterogeneity and compartmentalization that affect the current field development and producing 

strategies. This study aims to explain the lateral and vertical heterogeneity in the lower 

Wuchiapingian Khuff unit through the integration of core description, thin section microscopy, 

and geochemistry to produce lithofacies architecture, a sequence stratigraphic framework, 

lithofacies maps, and to revise the existing depositional models. This will help explain the 

relationship between porosity and permeability to lithofacies architecture, sequence stratigraphy, 

and how their interrelationships influence pore system heterogeneity. This study also aims to 

refine both the absolute age of the lower Wuchiapingian Khuff unit and the orders of 

stratigraphic and eustatic cyclicity. The outcomes of this study will provide the building blocks 

for future 3-D geocellular and simulation models, which may lead to a better characterization of 

interwell heterogeneity.  

 

2.2.2 Previous Research 

Coincident with the discovery of oil in Saudi Arabia, the Khuff Formation was first 

studied by Saudi Aramco pioneer geologists such as Max Steinke and Richard Bramkamp 

(Bramkamp, 1945, cited in Powers, 1966; Steinke and Bramkamp, 1952; Steinke et al., 1958). 

Powers et al. (1966) discusses the central Arabian Khuff outcrops regarding localities, 

thicknesses, lithologies and the nature of contact with the adjacent formations. The Khuff 

outcrops dominated all Khuff studies (i.e., El-Khayal et al., 1980; Delfour et al., 1982; Al-

Laboun, 1986, 1987, 1988, Al-Aswad, 1997) until the countryÕs Khuff gas program was 

launched in the 1980s.  

The initial subsurface data, taken from eastern Saudi Arabia, for the Ghawar Field and 

Dammam Field (home of the first Khuff gas discovery in Saudi Arabia) enabled more studies on 

the reservoir units, and many sedimentologists have correlated this reservoir with its time-

equivalent outcrops (Al-Jallal, 1985). Al-Jallal (1987) discusses the sequences, facies, 

depositional environments and the main diagenetic processes affecting the lower Wuchiapingian 

Khuff unit. Sharland et al. (2001) carried out a comprehensive review of the plate settings and 

the sequence stratigraphy on the Arabian Plate sedimentary succession. This study identified the 
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lower Wuchiapingian Khuff maximum flooding surface as P30, which extends plate-wide with 

high correlation confidence. Strohmenger et al. (2002) established a sequence stratigraphic 

framework for the Khuff Formation in the Arabian Gulf region and referred to the lower 

Wuchiapingian Khuff unit as the KS4 third-order composite sequence. Vaslet et al. (2005) built 

on the original works of Delfour et al., 1982 and Vaslet, 1990; and extended the regional 

geological mapping project. Their study defined the five depositional sequences of the Khuff 

outcrops in central Saudi Arabia, and proposed four different models for the Khuff FormationÕs 

evolution.  

Alsharhan (2006) discusses the Khuff Formation in the UAE in detail. The study includes 

sequence stratigraphy, facies, biostratigraphy, depositional settings, diagenetic settings and 

reservoir quality. It also presents a brief comparison of Khuff localities across the Arabian Gulf 

region. Insalaco et al. (2006) is a comprehensive sedimentological, sequence stratigraphic and 

biostratigraphic study of the Permo-Triassic Upper Dalan and Kangan formations in the Iranian 

Zagros outcrops and subsurface offshore. They have identified four third-order cycles. Their 

fourth cycle (Lower Upper Dalan) is time-equivalent to the lower Wuchiapingian Khuff unit 

with P30, put forward by Sharland et al. (2001) as the maximum flooding surface. Al-Dukhayyil 

(2007, 2012) provide a high-frequency sequence stratigraphic framework, facies distribution and 

depositional settings for the Triassic Khuff Formation across Ghawar Field, and he extended his 

study to cover the whole Ghawar Field in his later work. Also, he discusses the Permo-Triassic 

boundary on the Arabian Plate in great detail, and how it is associated with a sea-level fall (a 

plate-wide exposure). Koehrer et al. (2010) discusses a comprehensive sedimentological and 

sequence stratigraphic study of the Upper Saiq Formation (Late Permian Khuff equivalent) based 

on different well-exposed outcrops in the Oman Mountains.  

Al -Eid (2010) presents the Wuchiapingian Khuff carbonates across the central part of 

Ghawar including high-frequency sequence stratigraphy, facies mapping of each cycle, facies 

stacking, and a brief investigation into several controls affecting reservoir quality. Pšppelreiter 

and Marshall (2014) put together an EAGE publication discussing the petroleum elements of the 

Permo-Triassic Khuff Formation. The book presents the Khuff FormationÕs reservoirs, seals, and 

sources through the compiling of 15 papers (or chapters) that cover six Gulf countries.  
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Qattan and Budd (2017) discussed paragenesis of the lower Wuchiapingian Khuff unit in 

the southern Ghawar Field focusing mainly on the dolomitization process. The study is based on 

thin section petrography including cathodoluminescence imaging and carbon-oxygen isotopes.  

 Jafarian et al. (2017) examined facies architecture, depositional models, rock typing, 

diagenesis, and sequence stratigraphy of the Upper Dalan and Kangan Formations in Laban Gas 

Field, Zagros basin. In Iran, K4 reservoir of the Upper Dalan Formation is time-equivalent to the 

lower Wuchiapingian Khuff unit. Table 2.1 summarizes the main studies that covered 

sedimentology and sequence stratigraphy of the lower Wuchiapingian Khuff and its regional 

equivalents.  

 

Table 2.1 Correlation table for the lower Wuchiapingian Khuff unit and its regional equivalents, 
showing the different nomenclatures and sedimentological and sequence stratigraphic 
interpretations.   
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2.2.3 Methodology 

This research has utilized various methods to accomplish its objectives. The first method 

is core characterization, which includes core description, core-log integration, lithofacies and 

lithofacies association identification, one-dimensional interpretation, two-dimensional 

interpretation, and lithofacies mapping. The second method is geochemistry, which includes 

strontium isotope analysis. The following paragraphs summarize each method.  

Core Characterization    

A total of 876 meters of Khuff core, taken from 14 wells across the studied field, has 

been described at the Saudi Aramco Core Facility in Dhahran. Slabbed core samples were logged 

under a Leica zoom binocular microscope, utilizing different techniques, such as hydrochloric 

acid (10% acid concentration), Alizarin Red S (ARS) staining, and plug data (porosity, 

permeability and density readings). Carbonate core description includes the following 

sedimentological parameters: mineralogy percentage, porosity, sedimentary structures, 

stylolites/fractures, depositional cycle boundaries, grain size, fossil abundance, and color and 

texture, using the modified Dunham classification (Dunham, 1962; Embry and Klovan, 1971).   

Core-log Integration  

Log data such as gamma-ray (GR), density, neutron and sonic were used for each well to 

link core descriptions to logs. Specific features such as core description porosity, plug data and 

anhydrite beds were utilized to depth shift core data to logs. The log scale is similar to the core 

description, which is 1 inch = 10 feet of core. Core GR data was applied in the depth match 

process.  

Lithofacies Identification  

A total of eight lithofacies were identified on the basis of rock fabrics, sedimentary 

structures, biota, color, and mineralogy, and then interpreted according to the water-depth across 

a ramp depositional model. The eight lithofacies included are from those most shoreward into the 

basin: (1) subaerial exposure; (2) sabkha/salina anhydrite; (3) tidal flat; (4) lagoon; (5) shallow 

subtidal; (6) shoal flank; (7) shoal crest, and (8) open marine.  

Lithofacies Association Identification  

A total of five lithofacies associations were identified on the basis of energy level, 

texture, grain composition, lithology, biota and lithofaciesÕ relationships in vertical lithofacies 

successions (stratigraphic position). The eight lithofacies were grouped into five lithofacies 
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associations: the peritidal LFA, lagoon LFA, shallow subtidal LFA, shoal complex LFA, and 

open marine LFA.       

Vertical one-dimensional Interpretation 

Parasequences (m-scale depositional cycles) were identified for vertical lithofacies 

successions in each well. Most of the parasequences are shallowing-upward cycles that combine 

to form sequences, which are bounded by sequence boundaries (SBs). The maximum flooding 

surfaces (MFS) were identified as separating transgressive retrogradational cycle sets 

(Transgressive Systems Tract, TST) from the progradational cycle sets (Highstand Systems 

Tract, HST). There are no Lowstand Systems Tracts (LST) present in the lower Wuchiapingian 

Khuff carbonates in the study area.  

Two-dimensional Interpretation 

This study produced seven cross-sections across the study field: a main north-south cross-

section and six east-west cross-sections. The sequence stratigraphic cross-sections include 

parasequences (m-scale depositional cycles), systems tracts, sequence boundaries, and maximum 

flooding surfaces. Different stratigraphic datums were used to interpret the most reliable 

sequence stratigraphic framework. 

Vertical Stacking Patterns 

  The vertical stacking patterns were studied and classified after defining tops of the 

shallowing-upwards parasequences (m-scale depositional cycles), which are considered the 

building blocks of the sequence stratigraphic framework. The stacked vertical succession of such 

meter-scale units characterizes the vertical and interwell heterogeneity.  

Lithofacies Association Distribution 

  After assigning lithofacies associations to each cored well, lithofacies association maps, 

of the HSTs and TSTs, of the main two sequences, were produced in two stages: a pie chart 

placed next to each well, and then colored polygons resembling the dominant lithofacies 

associations covering the entire field. A total of four maps have been produced to study the 

relationships between lithofacies associations and to better predict the high-quality reservoir 

areas within the study area.  

Radiogenic Isotope Geochemistry 

A total of 18 samples were processed for strontium isotopic composition to investigate 

age dating of the lower Wuchiapingian Khuff unit. The strontium ratio taken from the Khuff 
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samples reflects the same strontium ratio of the parent body of water (Kreulen, 1988). The 

strontium isotope composition is particularly useful in the Upper Permian-Lower Triassic period 

for age dating. The global curve has a steep slope during this period and shows rapid change over 

a short period of geologic time. The University of Colorado Boulder Thermal Ionization Mass 

Spectrometer (TIMS) Lab and the University of Ottawa Isotope Laboratory processed the 

! "#$% & "#$' (samples using seawater as a standard.  

Thin Section Petrographic Description 

A total of 325 thin sections were petrographically examined using a Leica microscope 

(transmitted light). Thin sections were half-stained with Alizarin Red-S (ARS) and potassium 

ferricyanide to distinguish between carbonate minerals. The petrographic analysis was recorded 

for each well and logged on a spreadsheet. Each thin section was logged separately to include the 

following parameters: mineral composition, porosity, porosity types, grain types, mineralogy 

(descriptive), dolomite texture, dolomite crystal size, dolomite types, and cement types.  

 

2.3 The Lower Wuchiapingian Khuff Unit Age 

The Khuff Formation in the Arabian Plate has been age-dated using outcrop and 

subsurface datasets from different parts of the Gulf region. This section reviews the published 

interpretations that have applied age-dating methods, and then discusses the current studyÕs 

attempt to carry out a more accurate age-dating for the lower Wuchiapingian Khuff unit from 

strontium isotopes and related literature. The age data from these studies, including the current 

study, are summarized in Table 2.2 on page 22.    

In Saudi Arabia, the Khuff Formation crops out as a NS belt along the eastern boundary 

of the Arabian Shield in central Arabia. The subsurface lower Wuchiapingian Khuff unit is time-

equivalent to the As Shiqqah and the overlying Hugayl outcrop members. Vaslet et al. (2005) 

examined and age-dated the outcrops of the two members as Late Permian in age 

(Wuchiapingian to early Changsingian) using the recognized age-indicative foraminifers, 

ostracods, and algae. Hughes (2005) interpreted the age of the subsurface lower Wuchiapingian 

Khuff section based on biostratigraphy. He examined subsurface datasets of the entire Khuff 

Formation in eastern Saudi Arabia and suggested a Wuchiapingian age for the lower 

Wuchiapingian Khuff unit. Al-Dukhayyil (2012) examined mostly the Triassic part of the Khuff 

Formation. However, he utilized core which covers the upper Wuchiapingian Khuff unit, for his 
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interpretation and proposed a Wuchiapingian-Changsingian boundary within the upper unit. The 

suggested boundary is based on a well-developed sequence boundary, which indicates a 

significant sea level drop. The carbon isotope profile encompasses a negative excursion that 

supports the sea level drop. The depleted carbon boundary zone correlates to different parts of 

the world, such as the Omani Khuff and the time-equivalent Changhsing Formation in China. Al-

Dukhayyil proposed a time span for the lower Wuchiapingian Khuff unit of about 4.5 My within 

the Wuchiapingian stage. 

In the United Arab Emirates, different studies have analyzed the age of the Khuff 

Formation. The best documented is the study by Strohmenger et al. (2002), in which the authors 

examined the Khuff subsurface and outcrop datasets and used biostratigraphy and strontium 

isotopes to age-date the KS4 unit. The KS4 is time-equivalent to the lower Wuchiapingian Khuff 

unit. The algal fossils found in the KS4 suggest a Late Permian (Lopingian) age. The middle 

anhydrite strontium isotope results fall within the boundary zone between Guadalupian and 

Lopingian at 260 My (age after Wardlaw, 1999). The second-order maximum flooding surface 

for the entire Khuff (P-30; Sharland et al., 2001) occurs within the KS4 and is interpreted to be at 

258 My. The calculated time span for the KS4 is about 3 My. Alsharhan (2006) focused on the 

combined outcrop and subsurface of the Khuff, and he suggests a Wuchiapingian age for the 

KS4, based on miliolid species and algae.     

In Iran, the lower Wuchiapingian Khuff unitÕs age-equivalent is called the K4 reservoir of 

the Upper Dalan Formation. Insalaco et al., (2006) conducted a comprehensive sedimentary 

study that covers both outcrop and subsurface datasets. They propose a Wuchiapingian age for 

the K4 with a time span of about 7 My, which is also supported by the studyÕs biostratigraphic 

and stratigraphic observations and the previously published findings.  

In the studied field, the lower Wuchiapingian Khuff unit is approximately 85 m thick and 

is bounded by anhydrite units. It is composed of four sequences that vary in thickness. The 

lowermost sequence averages about 25 m thick; the second sequence averages about 20 m thick; 

the third sequence averages about 26 m thick; and the fourth and youngest sequence averages 

about 13 m thick. Based on the previous studies and this study, the underlying anhydrite unit 

marks the onset of the Wuchiapingian stage at 260 My, using the 2012 Geologic Time Scale 

2012 (Gradstein et al., 2012). 
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 This study has utilized 18 strontium isotope samples taken from different lithofacies of 

the south, south-central and northern areas of the field. The samples also represent different 

lithologies across the lower Wuchiapingian Khuff unit. The measured values vary from 0.706915 

to 0.708523 with an average value of 0.707215. The values have been plotted on the strontium 

global curve (from Korte and Ullmann, 2018), and 11 out of 18 values are enclosed within the 

shaded bands of the curve and occur in a stratigraphic order (Figure 2.1 on page 23). The most 

restricted lithofacies, such as tidal flat and subaerial exposure, show high strontium values. There 

is a trend of increasing values towards the northern areas of the field. The southern area values 

fall mostly within the global range, while the south-central and northern values show a relative 

increase, which suggests a general trend towards more restriction in a northerly direction in the 

studied field.  

Salinity is an essential factor in determining the strontium incorporation in carbonates, as 

the partition of strontium isotopes has a direct relationship with salinity (FlŸgel, 2004), and more 

restricted environments are associated with an increase in salinity. Consequently, the associated 

evaporitic dolomites have the highest strontium concentration (Tucker and Wright, 1990). 

Hypersaline waters are believed to be associated with ancient dolomites that have high strontium 

values, and strontium values tend to decrease towards the distal, less restricted depositional 

environments (Warren, 2000). The fine crystalline tidal flat and lagoon dolomudstones are 

associated with more restricted environments and have high "#$'
$%levels.   

This study proposes a time span of approximately 3.5 My. Figure 2.1 illustrates strontium 

results that cover a time span between the bounding anhydrites of the lower Wuchiapingian 

Khuff unit. The oldest point taken from the lower bounding anhydrite in the southern area falls 

within the contact of the Capitanian-Wuchiapingian (Late Permian) at approximately 260 My. 

The strontium ratio of the top-bounding anhydrite in north-central area corresponds to the Late 

Wuchiapingian at approximately 256.5 My. 

 

2.4 Lithofacies 

The lower Wuchiapingian Khuff stratigraphic section of the studied field demonstrates 

distinct characteristics of a carbonate-evaporite system that lacks terrigenous input. The only 

siliciclastic sediments recorded in this unit are traces of quartz grains that were identified from 

thin section petrography.  
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Core and petrographic characterization provided the basis for identifying eight 

lithofacies, based on rock fabrics, sedimentary structures, biota, color, and mineralogy. The eight 

lithofacies include, from most shoreward into the basin: (1) fitted-fabric breccia and rooted 

dolomudstone to rudstone (exposure/paleosol); (2) chicken-wire, massive, and palmate anhydrite 

(supratidal sabkha/salina); (3) tidal flat dolomudstone; (4) lagoon dolomudstone; (5) shallow 

subtidal sucrosic dolomite; (6) moderate-energy, skeletal, peloidal wacke-packstone (shoal 

flank); (7) high-energy skeletal ooid/peloidal grainstone (shoal crest), and (8) open marine lime 

mudstone. The integration of sedimentological and paleontological characteristics has been used 

to interpret the palaeoenvironments, based on the bathymetric position, lithology, energy level, 

taxonomic diversity, and the degree of exposure during the time of deposition. The descriptive 

characteristics of each of the lithofacies are summarized in Table 2.3 on page 24. The Khuff 

lithofacies presented in this study are similar, with subtle differences, to those recorded in earlier 

Khuff sedimentological studies (e.g., Al-Eid, 2010; Al-Dukhayyil, 2012).   

The stratigraphic sequence of the lower Wuchiapingian Khuff unit showing the 

lithofacies stacking is presented in Figure 2.2 on page 25, which plots the entire unit from a 

cored well south of the studied field. The eight lithofacies occur in different associations, 

forming shallowing-upward parasequences that are grouped into different systems tracts. The 

following sections describe the lithofacies and their associations. 

 

2.4.1 Subaerial Exposure (SE) Lithofacies 

Description 

The subaerial exposure lithofacies is characterized by gray to dark gray, decimeter- to 

meter-bedded (up to 1m thick), mostly dolomitic, mudstone to intraclastic floatstone-rudstone. It 

also occurs as earthy-looking mudstone with millimeter- to centimeter-sized circular features 

with a light gray halo (in cross-section) and tube-shaped features filled with cement (Figure 2.3A 

on page 26). It is well-defined in the uppermost part of the sequences WK-1, WK-2, and WK-3. 

The lithofacies comprises pre-lithified, ripped-up angular to subangular intraclasts that are 

arranged in two forms: chaotic clast-supported fabric and fitted clast-supported fabric (Figures 

2.3B, 2.4A on page 26). It is dolomitic with anhydrite nodules and has a dolomitic muddy matrix 

and, less commonly, anhydrite cement. The muddy, featureless, earthy-looking unit commonly 

caps the WK-1 sequence, while collapsed- and fitted-fabric breccias cap the WK-2 and WK-3 
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sequences; they show various degrees of brecciation. The three main breccias are regional and 

can be found all across the field. There are thin brecciated intervals that occur locally in the 

lower Wuchiapingian Khuff unit. The tops of the WK-2 and WK-3 sequences show a distinct 

spiky gamma-ray character, making them good correlation markers that can easily be identified 

in uncored wells.  

The petrographic characteristics of this lithofacies are similar to the slabbed core sections 

with the presence of vadose features, such as crystal silt and pendant cement (Figure 2.4B, C). It 

is very fine to fine crystalline fabric-destructive (non-mimetic) and fabric-retentive (mimetic) 

dolomite. The dolomite crystals are mostly anhedral in texture, and some circular features are 

filled with big blocky calcite crystals (Figure 2.4D). Thin section analyses show traces of detrital 

quartz.  

Origin 

This lithofacies contains features of end-members of subaerial exposure: karst, in-situ 

breccia, and the pedogenetic features (e.g. plant roots), all of which would have formed in a 

subaerial setting (Esteban and Klappa, 1983). The nature of the intraclasts associated with karst 

breccia and their degree of angularity suggest intraclasts of contemporaneous sediments formed 

as a byproduct after dissolution-induced collapse during exposure (FlŸgel, 2004; Moore, 2001). 

Pendant cement is clear evidence of meteoric diagenesis, which is normally associated with 

subaerial exposure lithofacies. The circular and tube-shaped features represent plant roots 

(rhizocretions) (Knaust, 2009; Al -Eid, 2010). Plant roots suggest the upper vadose zone, where 

plant roots penetrated the soil during a period of subaerial exposure. The general scarcity of plant 

roots and the presence of synsedimentary anhydrite in the lower Wuchiapingian Khuff unit 

suggest an arid environment (Miller, 2011). The presence of quartz grains could represent wind-

blown grains from the provenance of quartz grains, which, in this case, is the eastern edge of the 

Arabian Shield. The plate reconstruction and paleogeography suggest no other siliciclastic 

sources (Figure 1.4). Such a minor presence of quartz is analogous to the present-day 

transatlantic Saharan dust encountered in the shallow-water carbonate system of the Great 

Bahama Bank (Weinzierl et al., 2017).  
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  Table 2.2 A summary of the lower Wuchiapingian Khuff age data from different datasets across the Arabian Gulf region.  
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Figure 2.1 Selected Sr isotope ratios of the lower Wuchiapingian Khuff unit taken from different 
lithofacies plotted in a stratigraphic order (in 11 out 18 samples taken from different lithofacies 
of lower Wuchiapingian Khuff unit), which reflect the variation in strontium ratios during the 
Late Permian time. The results within the highlighted rectangle show a trend in a stratigraphic 
order, covering a span of time from the contact between Capitanian and Wuchiapingian (260 
My) as indicated by the lower bounding anhydrite unit sample from the southern area to the 
middle of Wuchiapingian (256.5 My) as indicated by the top bounding anhydrite unit sample 
from the north-central area. The average measured error of the samples is ! 0.000022. Modified 
from Korte and Ullmann (2018). 
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Table 2.3 The descriptive characteristics of the eight lithofacies of the lower Wuchiapingian 
Khuff unit.  
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Figure 2.2 Core description of the entire lower Wuchiapingian Khuff unit showing the different 
lithofacies, the correspondent gamma-ray response, thickness, grain size, and the sequence 
stratigraphic elements of the four depositional sequences. Legend is based on Shell (1995).  
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Figure 2.3 (A) Core slab photo of a paleosol horizon that indicates subaerial exposure, with 
white anhydrite nodules, stylolites, and round root casts (arrowed) (coinÕs diameter = 26 mm). 
(B) Fitted-fabric breccia with anhydrite-filled pore space. Width of core slab is 10 cm.   

 

 

 
Figure 2.4 (A) Fine dolomitized intraclasts with anhydrite- and calcite-filled pore space (under 
XPL). (B) Dolomudstone showing molds filled with geopetal crystal silts (arrowed) and saddle 
dolomite. (C) Dolomitic packstone showing pendant (arrowed) and anhydrite cements. (D) A 
dolomitized root concretion with large blocky calcite crystals in the center. Photomicrographs of 
(Alizarin Red-S stained) thin sections. 

500 ! m

A

D

500 ! m

C

B

250 ! m



! 27 
!

2.4.2 Sabkha/salina Anhydrite (SA) Lithofacies 

Description 

The description of this lithofacies is limited to core slab characterization and wireline 

logs, without further investigation to examine petrographic characteristics. The anhydrite 

lithofacies is characterized by white to light gray, medium-bedded, primary (depositional) 

anhydrite beds. It exhibits three different textures: chicken-wire (nodular), massive, and palmate 

(Figure 2.5A, B, C). The chicken-wire texture shows anhydrite nodules separated from each 

other by thin dolomudstone matrix or clay minerals. The massive anhydrite is a structure-free 

mass of pure anhydrite. The palmate texture shows vertically aligned, elongated anhydrite 

nodules. The lower Wuchiapingian Khuff unit is bounded by laterally extensive anhydrite units: 

the lower bounding anhydrite, which has a thickness of " 10 m on average, and the top-bounding 

anhydrite, which has an average thickness of " 1 m. The upper bounding anhydrite thins toward 

the northern parts of the north-central and northern areas. Local anhydrite beds occur in different 

parts of the lower Wuchiapingian Khuff stratigraphic section with a maximum thickness of one 

meter. They are associated with tidal flat, restricted lagoon, and shoal grainstone lithofacies 

(Figure 2.2). The tidal flat-associated anhydrite beds occur within the tidal flat complex at the 

base of the WK-3 sequence with an average thickness of about 0.5 m. The shoal-associated 

anhydrite beds occur near the middle of the WK-3 sequence.  

Origin 

The chicken-wire anhydrite texture indicates marine-marginal, supratidal sabkha 

deposits. The palmate and massive anhydrites indicate shallow, subaqueous salina deposits. The 

vertically elongated anhydrite nodules were most likely vertical gypsum crystals before burial 

dehydration (Schreiber et al., 1987; Warren, 2006).  The tidal flat-associated anhydrite beds may 

form in hypersaline ponds on the tidal flat surface, and the shoal-associated anhydrite beds may 

form in hypersaline ponds on top of exposed shoal/barrier islands.   
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Figure 2.5 (A) A palmate anhydrite layer. (B) A chicken-wire anhydrite layer. (C) A massive 
anhydrite layer. Width of core slab is 10 cm.  

 
2.4.3 Tidal Flat (TF) Lithofacies 

Description 

This lithofacies is present in the lower Wuchiapingian Khuff unit as decimeter- to meter-

scale bedding (up to 3 m thick), gray to tan dolomudstone with three distinct sedimentary 

structures: burrow mottling, fine-scale microbial laminations, and mud cracks. The most 

common sedimentary structure is burrow mottling, where light gray dolomudstone lacks internal 

layering (Figure 2.6A). The second important sedimentary structure is the fine-scale microbial 

laminations, where dark gray dolomudstone exhibits millimeter-scale wavy and crinkled 

microbial laminations (Figure 2.6B). The least common is the gray to tan mud-cracked 

dolomudstone (Figure 2.6C). Filled irregular fenestrae are present in this lithofacies, and this is 

associated with microbial laminations. This lithofacies is associated with subaerial exposure and 

sabkha/salina anhydrite lithofacies. It occurs in all four sequences, but for the most part in the 

late highstand of WK-1, WK-2, and WK-3, and in the initial transgressive part of WK-3 just 

above the WK-2 top bounding sequence boundary. This lithofacies is mostly barren of any biota.   

The petrographic characteristics of this lithofacies include very fine to fine crystalline 

dolomite with the presence of anhydrite nodules, as well as irregular fenestrae, which are filled 

by cement and saddle dolomite (Figure 2.7). The dolomite crystals are mostly anhedral in 

texture. Thin section analyses show traces of detrital quartz.  
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Origin 

 The variation within this lithofacies suggests different depositional subenvironments 

within a tidal flat system. For example, the burrow mottled dolomudstone suggests a burrowed 

lower intertidal environment, where burrowing animals obliterated original laminations, leaving 

a churned sedimentary structure, as seen in Figure 2.6A. The fine-scale laminated dolomudstone 

represents microbial mats of an intertidal environment, where the original fabric has been 

preserved. The survival of laminations may indicate palaeoenvironmental stress in the form of 

extreme salinities on arid tidal flats. The mud-cracked dolomudstone suggests a supratidal 

environment (Shinn et al., 1969; Shinn, 1973; Shinn, 1983). The presence of the fenestrae also 

supports a tidal flat environment interpretation (Grover and Read, 1978). 

 

 
Figure 2.6 (A) Light gray, burrow mottled (darker areas, arrowed) dolomudstone. (B) Dark gray, 
fine-scale microbial laminated dolomudstone (arrowed). (C) Tan, dolomudstone containing a 
mud cracks (arrowed). Width of core slab is 10 cm. 
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Figure 2.7 Dolomudstone with filled fenestrae. Photomicrograph of a stained thin section.  

 

2.4.4 Restricted Lagoon (RL) Lithofacies 

Description 

 The lagoon lithofacies is characterized by dark gray to gray, decimeter- to meter-bedded 

(up to 3 m thick) massive mudstone with anhydrite nodules. It is mostly dolomitic and massive 

in general with rare planar laminations. It contains rare chert nodules. The anhydrite-filled 

Skolithos (vertical) burrows are the only trace fossil observed in this lithofacies (Figure 2.8). The 

lithofacies occurs throughout the stratigraphic section, with a close association with the tidal flat 

and the shallow subtidal lithofacies (Figure 2.2).   

In thin sections, this lithofacies consists of fine to medium crystalline dolomite with the 

presence of anhydrite nodules. It is mostly barren of biota, with the rare occurrence of 

gastropods, bivalves, ostracods, and calcareous algae (Mizzia and Gymnocodium; Hughes, 2005).   

Origin 

 The burrowed, largely barren, massive dolomudstone is interpreted as a deposit of low-

energy, restricted lagoon behind a shoal complex (Read, 1985). The near absence of biota and 

the nature of the rare biota (e.g., ostracods, gastropods, and algae), suggests a low-energy, 

restricted lagoon. The deposition of evaporites within this lagoon lithofacies indicate an arid 
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climate and an episodic hypersaline lagoon setting (Wilson and Jordan, 1983). The Skolithos 

burrows indicate shallow water carbonates (Enos, 1983).    

 

 
Figure 2.8 Dark gray dolomudstone, with anhydrite-filled Skolithos burrow traces. Width of core 
slab is 10 cm.   

 

2.4.5 Shallow Subtidal (SS) Lithofacies 

Description 

This lithofacies is present in the lower Wuchiapingian Khuff unit as decimeter- to meter-

bedded (up to 15 m thick), tan to dark brown, mostly sucrosic dolomite with common anhydrite 

nodules. It contains rare chert nodules. It is massive in general, except for the constant presence 

of horizontal and, to a lesser extent, vertical Zoophycos burrows throughout this lithofacies 

(Figure 2.9A, B). These burrows are rarely filled with anhydrite, and they have an average 

diameter of 0.5 cm. The lithofacies occurs extensively in WK-2 and WK-3, and in certain 

localities of the field in WK-4. It is associated with the lagoon and shoal lithofacies.    

In thin section, this lithofacies exhibits fine to medium and rarely coarsely crystalline 

dolomite (Figure 2.9C). The dolomite texture ranges between euhedral and anhedral. The 

dolomite is mostly fabric-destructive and occasionally poorly fabric-retentive. No biota has been 

observed in this lithofacies, except limited ghost outlines of what is believed to be dissolved 

skeletal remains of bivalves or other grains.  
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Origin 

 The burrowed sucrosic dolomite is interpreted to have formed within a shallow subtidal 

setting associated with arid sabkha sequences (Moore and Wade, 2013). The dominant fabric-

destructive dolomites may represent a mud-dominated precursor (mudstone to wackestone), 

while the fabric-retentive dolomites may represent a grainier precursor (packstone). The 

Zoophycos trace fossils of the Khuff Formation indicate subtidal conditions (Knaust, 2009).  

     

 
Figure 2.9 (A) Core slab photo of the tan-colored shallow subtidal lithofacies, with horizontal 
and vertical Zoophycos burrows (arrowed), and white anhydrite nodules. Width of core slab is 10 
cm. (B) Magnified image of Zoophycos burrows; the black arrow indicates the movement 
direction of the trace maker. (C) Fine to medium crystalline sucrosic dolomite. Photomicrograph 
of a stained thin section.   
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2.4.6 Shoal Flank (SF) Lithofacies 

Description 

The shoal flank lithofacies is characterized by brown, decimeter- to meter-bedded (up to 

5 m thick), less sorted, skeletal, peloidal wackestone to mud-dominated packstone (Figure 2.10). 

Lithology ranges from limestone to dolomitic limestone to dolomite with the common presence 

of anhydrite nodules. This lithofacies occurs throughout the study interval and associated with 

the shoal crest lithofacies (Figure 2.2).  

The petrographic characteristics of this lithofacies include: very fine to medium 

crystalline dolomite with rare occurrences of coarsely crystalline dolomite, and the presence of 

anhydrite nodules. The non-skeletal grains consist of mainly peloids, and minor intraclasts. The 

skeletal grains include bivalves, forams, ostracods and brachiopods.  

Origin 

This wackestone and mud-dominated packstone lithofacies is interpreted as low" to 

moderate"energy shoal flank deposits downdip from the high-energy shoal crest on both flanking 

regions: lagoonward and seaward (Wilson and Jordan, 1983; Rankey et al., 2006).  

 

 
Figure 2.10 Skeletal, peloidal dolomitic mud-dominated packstone; 1 = forams; 2 = peloid. 
Photomicrograph of a stained thin section.   

 

 

 

1

2
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2.4.7 Shoal Crest (SC) Lithofacies 

Description 

 The shoal crest lithofacies is characterized by brown to dark tan, decimeter- to meter-

bedded (up to 11 m thick), skeletal, peloidal grain-dominated packstone to grainstone. Lithology 

ranges from limestone to dolomitic limestone to dolomite with common anhydrite nodules. The 

sedimentary structures include low angle cross-bedding (Figure 2.11A).  

 The petrographic characteristics of this lithofacies include: fine to medium crystalline 

dolomite with rare occurrences of coarsely and very coarsely crystalline dolomite. The non-

skeletal grains consist of mainly of ooids, peloids, and minor intraclasts (Figure 2.11B). The 

skeletal grains include bivalves, forams, ostracods, brachiopods, bryozoans, and crinoids.  

Origin 

This lithofacies is interpreted as high-energy shoal crest deposits. Cross-bedding 

indicates a high-energy environment of deposition (Wilson and Jordan, 1983). The nature of 

biota (i.e., crinoids) indicates a fully normal marine, depositional setting (Scholle, P. A., and 

Ulmer-Scholle, 2003).  

 

 
Figure 2.11 (A) Core slab photo of cross-bedded, high-energy grainstone. Width of core slab is 
10 cm. (B) Peloidal, ooid, high-energy, shoal grainstone; blue color is blue epoxy filling moldic 
pores after ooids and peloids. Photomicrograph of a stained thin section. 
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2.4.8 Open Marine Lime Mudstone (OM) Lithofacies 

Description 

The open marine lime mudstone lithofacies is characterized by dark gray, decimeter- to 

meter-bedded (up to 4.5 m thick) lime mudstone. It is massive in general with rare parallel 

laminations. It occurs mainly in WK-2 and WK-3 in southern and, to a lesser extent, the south-

central and north-central areas of the field, with a close association with the shoal and the 

shallow subtidal dolosiltite lithofacies. It is mostly barren with rare occurrences of crinoids, 

bryozoans (Figure 2.12A, B), and brachiopods (Figure 2.12C).   

Origin 

This lithofacies is interpreted as low-energy, open marine deposits. The undolomitized 

lithology and the complete absence of evaporites indicate an unrestricted, open marine setting 

(Wilson and Jordan, 1983). The nature of biota (e.g., crinoids, bryozoans, and brachiopods) 

suggests an open marine (normal marine salinities), photic, and oxic depositional setting (Pomar, 

2001).  

  

 
Figure 2.12 (A) Dark gray lime mudstone with open marine biota. Width of core slab is 10 cm. 
(B) Magnified image showing an open marine crinoid stem (arrowed). (C) Lime mudstone with a 
brachiopod fragment (arrowed). Photomicrograph of a stained thin section.  
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B
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2.5 Lithofacies Associations 

The Khuff lithofacies described in the previous section, share distinct characteristics that 

can be used to identify lithofacies associations (LFAÕs). These shared characteristics include 

energy level, texture, grain composition, lithology, biota and lithofaciesÕ relationships in vertical 

lithofacies successions (stratigraphic position). The eight lithofacies were grouped into five 

lithofacies associations: the peritidal LFA, lagoon LFA, shallow subtidal LFA, shoal complex 

LFA, and open marine LFA. The characteristics and interpretations of these five lithofacies 

associations are summarized in Table 2.4.  

 

2.5.1 Peritidal LFA 

 This LFA includes the genetically-related lithofacies, which include: subaerial exposure 

(SE), sabkha/salina anhydrite (SA), and the tidal flat lithofacies (TF). It is related to very shallow 

depositional environments with limited wave action except for the daily tidal fluctuations and is 

subjected to subaerial exposure and its related diagenetic processes (Esteban and Klappa, 1983; 

Shinn, 1983). This LFA caps many shallowing-upward cycles and sequences (Figure 2.2). It is 

mostly barren of fossils, and the lithology is predominantly dolomite, with variable amounts of 

anhydritic dolomite and pure anhydrite, but with nonporous to poor reservoir quality.  

 

2.5.2 Lagoon LFA   

  This LFA is interpreted as a restricted, low-energy, shallow water back-shoal setting, 

which includes the dolomitized mudstone of the lagoon lithofacies between the peritidal LFA 

and the shallow subtidal LFA. It is related to depositional environments that are barred behind 

the shoal in hypersaline conditions. The evaporative barred lagoon is not entirely cut off from the 

open marine, with a possibility of inflow through tidal channels. The restricted circulation with 

the open sea indicates a high-stress environment, which is expressed in the form of a rare 

presence of biota, abnormal salinity, dominant dolomitic lithology, poor reservoir quality and 

ubiquitous anhydrite nodules. 
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2.5.3 Shallow Subtidal LFA 

This LFA includes the intensely-burrowed crystalline dolomite shallow subtidal 

lithofacies (SS). The crystalline dolomite of the shallow subtidal represents a subtidal back-shoal 

setting associated with more restricted conditions. The dominant fabric-destructive dolomites 

may represent a mud-dominated precursor (mudstone to wackestone), while the fabric-retentive 

dolomites may represent a grainier precursor (packstone). There is no biota observed in this LFA 

except for possible molds of skeletal remains. The reservoir quality is generally excellent in the 

form of intercrystalline, well-interconnected porosity.  

  

2.5.4 Shoal Complex LFA   

 This LFA is interpreted as a high-energy ramp crest setting, and includes the moderate-

energy shoal flank lithofacies (SF), and high-energy shoal crest lithofacies (SC). The high-

energy grainstone represents the shoal crest, while the moderate-energy pack- to wackestone 

represents the marginal deposits to the high-energy shoal deposits on both flanking regions: 

lagoonward and seaward. The lithology ranges from limestone to dolomitic limestone to pure 

dolomite, with the frequent presence of anhydrite nodules. Unlike other LFAÕs, the shoal 

complex LFA contains diverse biota of both restricted and open-marine types (i.e., bivalves, 

forams, ostracods, brachiopods, bryozoans, and crinoids). The reservoir quality ranges from poor 

to excellent, mainly affected by post-depositional processes.  

 

2.5.5 Open Marine LFA   

  This LFA represents low-energy, deeper water, open marine (normal salinity) (OM) 

sediments downdip from the shoal complex LFA. It includes the open marine lithofacies which 

is characterized by lime mudstone, lack of anhydrite, and a rare presence of open marine biota 

such as, crinoids and bryozoans.  

 

2.6 The Vertical Stacking Patterns of the Shallowing-Upward Cycles 

The vertical stacking patterns of the lower Wuchiapingian Khuff unit lithofacies show 

two types of cyclicity: symmetric shallowing-upward cycles and asymmetric shallowing-upward  
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cycles (parasequences). Based on the transgressive phase, each type can be grouped into peritidal 

cycles, shoal complex cycles, and open marine cycles (Figure 2.13). Sabkha anhydrite (SA) and 

subaerial exposure (SE) lithofacies may cap parasequences from each group. The best developed 

subaerial exposure caps represent regional sequence boundaries, and display high gamma-ray 

spikes.  

The symmetric shallowing-upward cycles define 14 different meter-scale depositional 

cycles that represent peritidal, shoal complex and open marine cycles with a deepening-up phase 

at the base of each cycle (Figure 2.13). The symmetric peritidal cycles commence with the tidal 

flat lithofacies above a sharp surface capping the underlying cycle. This tidal flat lithofacies 

transitions upward to deeper water lithofacies (lagoon or shoal flank) in the middle of the cycle, 

and then shallows upward into tidal flat lithofacies similar to the lithofacies on the base of the 

cycle. The shoal complex cycles start with lagoon, shallow subtidal and moderate-energy shoal 

flank lithofacies that pass upward into a shoal-complex LFA in the middle of the cycle, and then 

are capped by either peritidal, lagoon, or shallow subtidal LFAÕs. The open marine symmetric 

cycles are initiated with the shoal complex LFA and deepen upward into open marine lime 

mudstone with open marine biota. This then shoals into either peritidal, lagoon, or shallow 

subtidal LFAÕs. All symmetric open marine cycles terminate with subaerial exposure.   

The asymmetric shallowing-upward cycles define 22 meter-scale depositional cycles 

grouped into peritidal, shoal complex, and open marine cycles (Figure 2.13). The low-energy 

peritidal cycles come in three stacking patterns: a cycle starts with lagoon lithofacies that shoals 

into tidal flat; a cycle starts with tidal flat that is capped by subaerial exposure; and a cycle that 

starts with lagoon lithofacies that is capped by subaerial exposure lithofacies. Sabkha anhydrite 

is present in peritidal cycles, separating lagoon from tidal flat lithofacies. The asymmetric shoal 

complex cycles are the most common type, where moderate- to high-energy shoal complex LFA 

shallows upward into shallow subtidal, lagoon, tidal flat, sabkha anhydrite, or subaerial exposure 

lithofacies in 16 different stacking patterns (Figure 2.13). The third asymmetric group represents 

open marine cycles, which come in two stacking patterns and commence with open marine lime 

mudstone that shoals into a shoal complex LFA, shallow subtidal, lagoon, and subaerial exposure 

lithofacies.  
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There is an association between occurrences of these shallowing-upward cycles and the 

Khuff sequences. The peritidal cycles exist at the base of WK-3 overlying the most prominent 

sequence boundary of the lower Wuchiapingian Khuff unit. The shoal complex cycles occur in 

different systems tracts across different sequences. The open marine cycles exist mainly in WK-2 

and WK-3 sequences in the southern area and, to a lesser extent, the south-central and north-

central areas of the field. The open marine lime mudstone of WK-2 represents the maximum 

flooding surface (a recorded plate-wide marine flooding surface; P30) of the entire Khuff second 

order composite sequence (Sharland et al., 2001).   

The association between shallowing-upward cycles and the sequenceÕs stratigraphic 

elements help in the prediction of the reservoir quality and the extension of specific lithofacies 

across different parts of the field. It also aids in understanding certain diagenetic processes, 

which have a leading effect on reservoir heterogeneity. Tidal flat-capped parasequences 

dominate WK-1; therefore, it is tight compared to the upper three sequences. WK-1Õs main 

reservoir unit (the shoal complex lithofacies association) is overdolomitized, and the remaining 

porosity is blocked by anhydrite cement. The peritidal cycles are common on the tidal flat belt 

overlying the second sequence (WK-2). They are commonly interbedded with anhydrite units, 

which make a perfect source of Mg-rich brines to form evaporite-associated dolomitization, and 

hence there is good porosity and permeability in the underlying and adjacent sediments (Warren, 

2000).      

The conditions suggesting the allocyclic mechanism controlling the stacking patterns of 

the lower Wuchiapingian Khuff unit include the correlative nature of parasequences across the 

entire field (5,300#$%&), the nearly consistent thickness of the mapped contemporaneous 

parasequences (see following sequence stratigraphy section), and the subaerial exposure caps on 

many parasequences. The allocyclic mechanism represents the high-frequency sea-level 

fluctuations during the Late Permian icehouse to greenhouse transition period (Figure 2.14) 

(Hardie and Shinn, 1986; Goldhammer et al., 1990, Pratt et al., 1992).    
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Table 2.4 A summary of the distinct characteristics and interpretations of the lower 
Wuchiapingian Khuff unit LFAÕs.  
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Figure 2.13 Schematic drawings of the different types of shallowing-upward cycles found in the 
lower Wuchiapingian Khuff unit. 
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Figure 2.14 Phanerozoic climate history chart showing the transition from icehouse conditions to 
greenhouse conditions during the Late Permian time. Dotted pattern bars, on the upper part of the 
graph, represent paleolatitudes of ice-rafted continental glacial deposits, and dashed pattern bars 
represent marine ice-rafted deposits. Modified from Read (1995).  

 

2.7 Depositional Model 

Most of the previous sedimentological Khuff studies throughout the region have come to 

a consensus that the Khuff carbonates and evaporites were deposited on a homoclinal (gently-

dipping) ramp (i.e., Alsharhan, 1993; Insalaco et al., 2006; Koehrer et al., 2010; Al-Eid, 2010; 

Al -Dukhayyil, 2012). The lithofacies, cyclic sequences, and the tectonic setting of the Khuff 

Formation in the study area support this ramp interpretation, and argue against alternative 

interpretations of rimmed shelves and distally-steepened ramps. First, there are no reef-building 

organisms to promote the development of slope breaks and rimmed shelves. Second, there are no 

gravity-flow deposits, which rules out high-angle slopes. Third, there are no lowstand gravity-

flow deposits and associated incised valleys as a result of a significant sea level drop (Weimer, 

1983; Van Wagoner et al., 1988; Wright and Marriott, 1993). Fourth, there are no significant 

tectonically-driven features that may develop shelf breaks (Burchette and Wright, 1992). The 

regional understanding of the Khuff Formation and this study suggests an arid depositional ramp 
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model similar to AhrÕs (1973) for the lower Wuchiapingian Khuff unit in the studied filed of 

eastern Saudi Arabia (Figure 2.15 on page 46).    

The depositional model presented in this section agrees, to a certain degree, with the 

models of Al-Eid, 2010, Al-Dukhayyil, 2012. The lithofacies and cyclic sequences described 

reflect the three main ramp settings: inner ramp, middle ramp, and outer ramp of Burchette and 

Wright (1992). The inner ramp, which is bounded by the fair-weather wave base FWWB, 

includes the following lithofacies associations: peritidal, lagoon, shallow subtidal and the 

landward-dipping part of the shoal complex LFA. The middle ramp is enclosed between the 

FWWB and the storm-weather wave base SWWB and consists of the seaward-dipping part of the 

shoal complex LFA and the up-dip part of the open marine lithofacies. Therefore, the shoal 

complex sits within the FWWB in the transition zone between the inner ramp and outer ramp. 

The outer ramp includes the deeper part of the open marine lime mudstone lithofacies. Based on 

the level of restriction, the lithofacies can be grouped into three depositional zones: the shallow-

water marginal marine zone, the shallow-water barrier zone, and the deeper-water open marine 

conditions zone. The restricted depositional zone is well presented by the peritidal, lagoon and 

the shallow subtidal LFAÕs. This zone shows a significant amount of restriction in the form of 

muddy texture, restricted biota, and lithological compositions that include pure anhydrite, 

anhydritic dolomite, and dolomite. The restricted, hypersaline conditions indicate the presence of 

a shoal barrier, which largely inhibits circulation with the normal marine zone. The second 

depositional zone is the barrier or the shoal complex LFA, which includes moderate-energy shoal 

flank and the high-energy shoal crest lithofacies. The third depositional zone is the open marine, 

which is represented by the open marine lithofacies. This model is compatible with the lower 

Wuchiapingian Khuff unitÕs vertical lithofacies successions and recognizes the relationship 

between lithofacies in one-dimensional and two-dimensional interpretations (i.e., lateral extent 

and interfingering). For example, the open marine lithofacies could interfinger with the back-

barrier shallow subtidal lithofacies through conduits in the form of possible tidal inlets between 

very shallow, high-energy shoals. These tidal inlets or channels suggest that the back-barrier 

marginal marine zone had not been totally isolated from the open marine zone. This is evident 

due to the absence of widespread thick evaporites within the lower Wuchiapingian Khuff unit. 

Thick, laterally-extent evaporite beds would form if the stagnant hypersaline water was entirely 

isolated in such an arid climate with a high degree of evaporation (Moore and Wade, 2013). The 
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tidal channels cut between island cays in the Great Exuma Island; the Bahamas are the modern-

day analog of the tidal channels cut between the high-energy shoals of the lower Wuchiapingian 

Khuff unit (Figure 2.16 on page 47).     

The Holocene shallow water deposits of the southwestern coast of the Arabian Gulf are a 

modern-day analog for the lower Wuchiapingian Khuff depositional system. First, they share 

similar lithofacies: sabkha anhydrite, intertidal, muddy lagoon, moderate-energy shoal flank 

packstone, and high-energy oolitic shoal crest grainstone with similar skeletal components such 

as forams, ostracods, bryozoans, mollusks, and algae (Figure 2.17 on page 47) (Purser and 

Evans, 1973). Similar to the lower Wuchiapingian Khuff unit, the shallow muddy lagoon of the 

modern analog is confined by the ooid shoals (barriers), which are cut by tidal channels. The 

lagoon is hypersaline with the minor presence of ostracods and gastropods, and may flood the 

coastal intertidal and sabkha flats during storms. Second, the present-day arid climatic conditions 

are also similar to the ancient arid climate of the Khuff, with the common presence of evaporite 

minerals such as anhydrite, gypsum, and dolomite (Kendall and Skipwith, 1969b). Third, the 

very low gradient of the homoclinal ramps between the present-day Arabian Gulf is similar to 

what has been interpreted for the Khuff Formation. The calculated gradient between the 

southwestern coast of the Arabian Gulf and the deepest point in the Gulf is about 0.03 degrees 

(Davies, 2007). 

Although possessing similarities with the lithofacies deposited in the Arabian Gulf 

sabkha and the tidal inlets of the Great Exuma Island, there are differences in the distribution of 

lithofacies present in lower Wuchiapingian Khuff unit in the studied field. These will be 

presented in the discussion section after presenting the mapped distribution of lithofacies and 

sequence stratigraphy of the lower Wuchiapingian Khuff which allow modification of the 

depositional model.   

 

2.8 High-Resolution Sequence Stratigraphy 

A combination of core description and log data from the lower Wuchiapingian Khuff unit 

has enabled the development of a high-resolution sequence stratigraphic framework, which is 

considered an essential step in the workflow of reservoir modeling and simulation. The 

framework produced in this study builds on the previous findings of Al-Eid (2010), and to a 

lesser extent on several unpublished internal Aramco reports done by Al-Tawil and Al-
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Dukhayyil. The cycle terminology follows Van Wagoner et al., 1990, in which the shallowing-

upward m-scale cycles are called parasequences, the genetically related parasequences are called 

parasequence sets, and sequences when bounded by regional unconformities.  

The sequence stratigraphic interpretation process started with a one-dimensional data set; 

in this case a single well (Figure 2.18), of which vertically stacked lithofacies were tied to 

wireline log data. Then a two-dimensional correlation defines the lateral extent of sequences and 

parasequences. One primary NS cross-section and four EW cross-sections were interpreted after 

being datumned on the most prominent sequence boundary (SB3). The total number of cored 

wells used in these cross-sections is 23, which were carefully picked due to their extended core 

coverage and their locations relative to depositional trends. The interpreted sequence 

stratigraphic surfaces, such as sequence boundaries, parasequence tops, and maximum flooding 

surfaces have led to the identification of systems tracts (Sarg, 1988; Handford and Loucks, 

1993). Lateral transitions between lithofacies were interpreted between cored wells by applying 

WalterÕs Law (Walther, 1894), and using the proposed depositional model of Figure 2.15. The 

lower Wuchiapingian Khuff unit consists of four sequences (WK-1 to WK-4), each bounded by 

regionally mappable sequence boundaries. The parasequences are considered the building blocks 

of the sequence stratigraphic framework. There are 17 parasequences identified between the two 

bounding anhydrite units (Figure 2.18 on page 48). 

 

2.8.1 WK-1 

The WK-1 sequence consists of six field-wide, mappable, upward-shallowing 

parasequences, and has an average thickness of about 25 m. It is bounded between two sequence 

boundaries: the underlying (region-wide) lower bounding anhydrite (SB1), and the capping 

(field-wide) paleosol/exposure horizon (SB2), both of which have distinct log signatures 

(straight-line density and gamma-ray logs for the former and gamma-ray spike for the latter). 

The lower bounding anhydrite consists of mainly anhydrite with some thin interbedded dolomite 

beds and has an average thickness of around eight meters that thickens towards the south end of 

the field. The overall succession is mostly dolomitized and exhibits a wide range of lithofacies, 

but lacks the shallow subtidal and the open marine lithofacies. 
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Figure 2.15 Schematic ramp depositional model of the lower Wuchiapingian Khuff carbonates 
showing the different lithofacies along with their selected characteristics and representative core 
slab photos. 
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Figure 2.16 An aerial image of the Great Exuma Island in the Bahamas showing the tidal 
channels separating island cays. The island cays are analogous to the higher-energy shoal 
complex of the lower Wuchiapingian Khuff unit. Modified from NASA.  

  

 

 
Figure 2.17 An aerial view of the Holocene shallow water deposits of the southwestern coast of 
the Arabian Gulf, which provides a modern-day analog for the lower Wuchiapingian Khuff 
peritidal LFA (SEPM, 2013).  
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Figure 2.18 A sedimentary succession of the entire lower Wuchiapingian Khuff unit from a 
cored well in the southern area of the field. The sequence stratigraphic interpretations include 
sequence boundaries, maximum flooding surfaces and their associated sequences and 
parasequences.  
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The parasequences are the building blocks of the sequence, and they are meter-scale and 

mostly symmetric and asymmetric shoal complex cycles (Figure 2.13). The symmetric cycles 

start with the subtidal lagoon lithofacies that shallows upward into shoal flank and regresses back 

into the restricted lagoon with a tidal flat cap. The asymmetric cycles commence with the shoal 

complex LFA, which shallows upward into the peritidal LFA. Localized subaerial exposures and 

anhydrite units cap some cycles in different parts of the field. 

The WK-1 sequence encompasses restricted lithofacies, with no presence of any limy 

open marine lithofacies association; hence, in this case, placing the maximum flooding surface 

(MFS), is uncertain. The thick shoal complex deposits of the transgressive part of the fourth 

parasequence is interpreted to be the MFS of this depositional sequence. Therefore, recognition 

of systems tracts within this sequence is explained according to the defined sequence 

stratigraphic boundaries (Brown and Fisher, 1977; Posamentier and Vail, 1988; Van Wagoner et 

al. 1988). The transgressive systems tract (TST) is enclosed between the top of the lower 

bounding anhydrite and the MFS, which is placed on the deeper water shoal complex LFA of the 

first parasequence. The highstand systems tract (HST) shows thinning-upward parasequences 

due to diminishing accommodation and consists of the remaining stratigraphic section that is 

capped by the SB2 (Figure 2.18).   

 

2.8.2 WK-2 

The WK-2 sequence consists of four mappable (field-wide), upward-shallowing 

parasequences and has an average thickness of around 20 m (Figure 2.18). It is bounded between 

two sequence boundaries: the underlying paleosol/exposure horizon (SB2), and the capping 

(field-wide) exposure horizon (SB3), both of which are easily recognized in cores and on 

wireline logs (gamma-ray spike). 

The parasequences are meter-scale and mostly symmetric and asymmetric 

shoal complex and open marine cycles (Figure 2.13). The symmetric transgression-regression 

cycles start with the lagoon or shallow subtidal that passes into the shoal complex LFA or open 

marine and regresses back into the restricted lagoon and shallow subtidal. The asymmetric cycles 

commence with shoal complex LFA that shallows upward into shallow subtidal and peritidal 

LFA. The uppermost fourth cycle is the thickest parasequence in the entire lower Wuchiapingian 
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Khuff succession, and it is more of a parasequence set than a parasequence since it consists of 

smaller parasequences that cannot be mapped (individually) across the field. 

Contrary to the underlying sequence, the shallow subtidal lithofacies is common in the 

WK-2 sequence, while tidal flat lithofacies occurs in limited parts before the capping subaerial 

exposure of the sequence. The top-bounding exposure horizon (SB3) shows a high degree of 

brecciation in the form of pre-lithified ripped-up clasts arranged either as karst-collapsed or 

fitted-fabric. Almost every described core described throughout the field exhibits this exposure 

horizon, which can be up to a meter thick. 

The MFS represents the maximum extent of shoreline transgression and widespread 

flooding, and it is best interpreted by the open marine lithofacies of the uppermost parasequence. 

However, the open marine lithofacies is not present in specific locations of the field (south-

central, north-central, and northern areas) as illustrated in the following sequence stratigraphic 

cross-sections and lithofacies maps. This MFS does represent a plate-wide, second-order marine 

flooding surface; P30 of the Khuff Formation (Sharland et al., 2001; Strohmenger et al., 2002). 

The three initial parasequences and the transgressive part of the fourth cycle represent the 

transgressive systems tract, while the regressive part of the fourth cycle represents the highstand 

systems tract. 

 

2.8.3 WK-3 

The WK-3 sequence with an average thickness of 26 m consists of five mappable 

parasequences. The base of the sequence is defined by the prominent SB3 sequence boundary 

and at its top by another brecciated horizon of SB4 (Figure 2.18). The SB4 shows a high degree 

of brecciation with an average thickness of around 0.5 m, and resembles a distinct gamma-ray 

spike, making it valuable in aiding correlation in uncored wells. 

The constituent parasequences range from peritidal cycles to shoal complex cycles to 

open marine cycles that show both symmetrical and asymmetrical trends. The initial 

parasequence represents a typical peritidal cycle lagoon dolomudstone, capped by tidal flat 

laminites. This cycle can easily be traced across the entire field and incorporates an anhydrite 

bed mainly in the south-central area. 

The second parasequence shows peritidal cycles in most areas except the southern area, 

where it represents asymmetric open marine cycles, and the north-central area, where shoal 
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complex cycles are prevalent. The two initial cycles may encompass localized exposure surfaces 

(predominantly in the northern area). The upper three cycles consist of ooid grainstone, and more 

distal bryozoan and crinoid lime mudstones marking the maximum flooding surface of the 

sequence. The TST includes the first four shallowing-upward parasequences, while HST 

represents the regressive part of the uppermost parasequence following the open marine base and 

its time-equivalent shoal crest grainstones in other areas of the field. 

 

2.8.4 WK-4 

The WK-4 sequence with an average thickness of 13 m is composed of two mud-

dominated parasequences Ð peritidal and minor shoal complex LFAÕs. A subaqueous anhydrite 

bed caps the WK-4 sequence. This top-bounding anhydrite thins toward the north and disappears 

in some areas of the north-central and northern areas. Symmetric and asymmetric shoal complex 

cycles dominate this sequence across the field. The shoal complex LFA of the lower 

parasequence is interpreted as the maximum flooding surface of the sequence (Figure 2.18). 

 

2.8.5 Significance of the WK-1 to WK-4 Sequences 

Unlike the upper three sequences, the WK-1 sequence shows poor reservoir quality, 

which can be explained by three aspects: (1) a lack of shallow subtidal reservoir lithofacies, (2) 

overdolomitization, and (3) pervasive anhydrite cementation of the reservoir-quality dolomite. 

The nature of the vertical stacking patterns of cycles, where tidal flats and intermittent anhydrite 

beds cap most of the parasequence, may play a prominent role in both overdolomitization and 

anhydrite cementation with a downward flux of the hypersaline brines (Lucia and Major, 1994; 

Sun, 1995). 

The WK-2 sequence has the best net reservoir thickness and encompasses one of the best 

pay zones of the lower Wuchiapingian Khuff unit as two main reservoir rocks are well presented 

in this sequence. First, the intensely-burrowed shallow subtidal lithofacies is characterized by 

sucrosic dolomite, with excellent reservoir quality (Ruzyla and Friedman, 1985). Second, the 

shoal complex LFA shows good-to-excellent porosity and excellent permeability (once 

dolomitized). Porosity types include intercrystalline, moldic, intergranular, and intercrystalline in 

the shallow subtidal and shoal complex LFA. Fracture porosity is also clearly present in thin 

sections, but hard to verify from core slabs. 
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The WK-3 sequence is another excellent pay zone, where shallow subtidal and shoal 

complex LFA amalgamate to make uncompartmentalized thick net pay, especially in the western 

part of the north-central area. The reservoir quality of this sequence in the south-central area and 

the west part of the north-central area is poor. In the southern area, the section is good to 

excellent but compartmentalized due to the tight open marine lime mudstone, which acts as a 

seal in the southern area. Porosity types include intercrystalline in the shallow subtidal to moldic, 

intergranular, and intercrystalline in the shoal complex LFA. 

The lower shallow subtidal lithofacies in the WK-4 sequence is the main reservoir rock in 

the sequence, and it is prevalent in the lower parasequence in the southern, north-central and 

northern areas showing good porosity and permeability. It is not as thick as its counterparts in the 

WK-2 and WK-3. The anhydrite-capped upper sequence is tight over most of the field. 

 

2.8.6 Cyclicity Hierarchy and Origin 

This study proposes a time span of '() !# My for the lower Wuchiapingian Khuff unit 

(Table 2.2, Figure 2.1). According to the Sprague et al., (2003) order of stratigraphic and eustatic 

cyclicity, the Khuff Formation, which ranges from the Late Permian to the Early Triassic, 

represents a composite sequence set. The four main depositional sequences within the lower 

Wuchiapingian Khuff unit represent third-order eustatic cycles with an average age of *(+ !  My. 

The systems tracts within these depositional sequences represent parasequence sets with an 

average age of *(, !  My. Finally, the shallowing-upward parasequences represent fifth-order 

eustatic cycles of less than *(- !  My. 

According to paleogeography, the Khuff was deposited during arid conditions near the 

Equator, accompanying the transition of the global climate from icehouse to greenhouse 

conditions (Figure 2.14) (Al-Fares et al., 1998, Konert et al., 2001, Ziegler, 2001). This transition 

is reinforced by the Khuff cycle characteristics, which are a combination of icehouse and 

greenhouse cyclicity. The icehouse characteristics include relatively thick cycles, well-defined 

subaerial exposures, good to moderate correlation, and diverse biota in some cycles and all of 

which are represented by the depositional sequences of WK-1 to WK-3. The WK-4 sequence, on 

the contrary, shows greenhouse characteristics such as restricted biota, low-energy lithofacies, 

minor exposure surfaces, dolomite-prone, relatively thin cycles, and poor correlation (Wright, 

2008).   
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Two mechanisms probably combined to determine accommodation space during the 

lower Wuchiapingian Khuff deposition: tectonic subsidence and glacioeustasy. Tectonic 

subsidence is determined by the Mid-Permian back-arc extension and resulted in the Neo-

Tethyan passive margin during the Khuff time, which initiated the accommodation space needed 

for Khuff sedimentation in the northeastern Arabian Plate. The thermotectonic subsidence was 

rapid during the Khuff time; the new passive margin is associated with a transgression that 

started in Iran and covered large parts of the Arabian Plate. The load of the Khuff post-rift 

sediments may have driven the creation of additional accommodation space (El-Bishlawy, 1985; 

Al -Jallal, 1995; Bishop, 1995; Konert et al., 2001, Sharland et al., 2001). Subsidence (rapid) 

rates in post-rift basins can reach tens of cms/k.y. (Read, 1995).  

Glacioeustasy is superimposed on the tectonically driven second order cycle of the Khuff 

Formation, and it is related to sea-level change due to ice-volume variations. It is well 

represented by the third order lower Wuchiapingian Khuff unit. The sea-level fluctuations of the 

fourth order parasequence set and the fif th order parasequences probably originated from 

climatic changes, which in this case is direct result of the global ice sheet volume during the 

transition between icehouse and greenhouse conditions. They are called Milankovitch cycles, 

and such cyclicity is explained as the result of three changing factors: eccentricity (change of the 

earthÕs orbit from circular to elliptical every 400 k.y.), obliquity (change of the earthÕs rotating 

tilting axis every 40 k.y.), and precession (change in the wobble of the axis every 23 k.y.). 

Obliquity cycles are predominant during transitional times, as in the Khuff time (Hays et al., 

1976; Ruddiman and Wright, 1987; Read, 1985; Moore and Wade, 2013).    

 

2.8.7 Two-dimensional Interpretation 

Five stratigraphic cross-sections were constructed across the study area (Figure 2.19); one 

NS cross-section (Figure 2.20) and four EW cross-sections (Figures 2.21-2.24). Each cross-

section includes cored wells with maximum coverage of the lower Wuchiapingian Khuff 

interval. Each cross-section includes the interpreted one-dimensional sequence stratigraphic 

elements, parasequences, sequences, MFS, TSTs and HSTs and SBs, and interpreted lithofacies 

(from core description), tied to wireline logs. The correlation of the lithofacies lateral transition 

and mapping of the surfaces is carried out after datuming the cross-sections on SB3. The 
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correlation process started with the correlation of the bounding anhydrites and sequence 

boundaries.  

 

2.8.7.1 Datum 

The process of constructing the 2-D sequence stratigraphic correlation requires 

establishing a good time-line datum for log-core cross-sections to better understand 

the stratigraphic relationships (Kerans and Tinker, 1997). The five sequence boundaries 

identified were tested as the datum for the entire lower Wuchiapingian stratigraphic section. The 

best candidate turned out to be the SB3, which is not only a prominent sequence boundary, but 

exhibits a low-relief surface that helps in high resolution mapping of the different time-

synchronous units (Weber et al., 2003). It is overlain by low relief, laterally-continuous (field-

wide) tidal flat belt that show no significant variations in antecedent-paleotopography and 

accommodation. These peritidal deposits represent a near-horizontal depositional environment 

and supports using SB3 as a datum.  

 

Figure 2.19 Field (arbitrary) outline map showing the NS cross-section, the four EW cross-
sections, and the locations of the wells used in the study.  
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2.8.7.2 NS Cross-section  

The NS cross-section consists of 10 cored wells extending from the southern tip of the 

field in the southern area to south-central, north-central, and to the northern most part of the 

study area (Figure 2.19). The WK-1 sequence shows a good correlation since the tidal flat-

capped parasequences retain a specific gamma log character, showing an upward increasing 

profile, that can be used in uncored wells across the field. This sequence is one of the least cored 

due to its poor reservoir quality. The transgressive shoal crest and the regressive lagoon and tidal 

flat lithofacies correlate strongly in the southern and northern areas and to some degree in the 

south-central area. Local subaerial exposures cap the fifth parasequence, which is mappable in 

the south-central area. The first two parasequences are mappable across the field since they are 

commonly capped by tidal flat lithofacies and can be recognized by a peak on gamma-ray logs. 

Despite being the thickest, the third parasequence retains a uniform thickness across the field; it 

shallows up to tidal flat in the southern and south-central and lagoon in the north-central and 

northern areas. The fourth parasequence commonly shallows up to lagoon lithofacies and has a 

distinct spiky gamma-ray signature, which makes it mappable even in uncored wells. The fifth 

parasequence varies in thickness, and shallows up to tidal flat or subaerial exposure lithofacies, 

and can be difficult to correlate across the field. The uppermost sixth parasequence correlates 

well across the field due to the top-bounding sequence boundary (Figure 2.20).     

The WK-2 sequence is the most continuous sequence regarding core coverage. The 

maximum flooding occurs at the open marine lithofacies, which correlates strongly in most of 

the field but can be intermittent and thin in some parts of the northern, south-central, and north-

central areas. The shallow subtidal and lagoon lithofacies dominate this sequence, but still do not 

correlate very well in the south-central and the southern part of the north-central areas, where 

there is evident lithofacies heterogeneity in the form of abrupt lateral changes specifically in the 

uppermost parasequence. The bounding sequence boundary SB3, which is also the datum used, 

exhibits brecciated subaerial exposure surfaces over most of the field. The first and oldest 

parasequence of the WK-2 sequence shallows up to the tidal flat lithofacies in the southern area 

and the capping lithofacies changes to the lagoon lithofacies in the south-central and north-

central areas and to the shallow subtidal lithofacies in the northern area. The second and third  
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parasequences are more difficult to correlate due to lateral change of lithofacies in their 

regressive parts. The fourth and uppermost parasequence (set) is the most variant in terms of 

vertical and lateral lithofacies heterogeneity, but easily mappable across the field due to the 

capping subaerial exposure lithofacies of the SB3.     

The WK-3 sequence has a distinctive lower transgressive tidal flat complex, which is 

mappable across the field (Figure 2.20). There is a belt of shoal complex LFA overlying the tidal 

flat complex, and it is associated with the open marine lithofacies across the southern area and 

some parts of the north-central area. The oldest parasequence represents a peritidal shallowing-

upward cycle that has a tidal flat cap and is mappable across the field. Sabkha anhydrite beds, up 

to a meter thick, occur interbedded with this parasequence in the southern part of the southern 

area and some regions of the south-central area. The second parasequence shallows up to 

different restricted lithofacies across the field but terminates before the onset of the high-energy 

shoal complex belt. The high-energy shoal crest lithofacies dominates the third and fourth 

parasequences across the field and are tricky in some areas of the field due to lithofacies 

heterogeneity. The initial part of the uppermost parasequence (set) represents the maximum 

flooding surface which is open marine lime mudstone in the southern and south-central areas and 

shoal crest in the northern parts of the field. The shallow subtidal lithofacies dominates the 

regressive part of the parasequence, except the northern south-central area, where peritidal LFA 

dominates. The subaerial exposure lithofacies of the SB4 caps the uppermost parasequence.        

The WK-4 sequence lacks core coverage similar to the WK-1 sequence. The restricted 

lagoon and tidal flat lithofacies dominate the first parasequence in the southern and south-central 

areas and start to change to more shoal crest and shallow subtidal lithofacies towards the north 

(the north-central and northern areas). The capping lithofacies changes from peritidal in the south 

to shallow subtidal towards the northern regions of the field. The second parasequence is 

mappable due to the top-bounding anhydrite unit, which diminishes in thickness towards the 

north of the field.
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Figure 2.20 NS cross-section of the lower Wuchiapingian Khuff unit across the field (datumed at the SB3). The cross-section shows 
the vertical stacking and lateral distribution of lithofacies that tie to wireline logs within sequences and parasequences. The average 
thickness between S.B.1 and S.B.5 is approximately 90 meters.  
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2.8.7.3 EW Cross-sections 

The EW cross-sections document the vertical stacking patterns and the lateral distribution 

and geometry of lithofacies from the structural crest towards the eastern and western flanks of 

the field. The NS cross-section focused on cored wells in the field structureÕs crest, but the 

following four cross-sections interpret the changes in both the crest and flanks across the four 

main areas of the field. 

 

2.8.7.3.1 EW Cross-section, Southern Area 

This cross-section consists of four cored wells from the upper middle part of the southern 

area (Figures 2.19 and 2.21). The correlation is less complicated than the previous cross-section. 

The WK-1 lacks core coverage in all wells, hence the parasequence correlation depends only on 

the predefined log signatures from other cross-sections.  

The first parasequence of the WK-2 sequence commences with a ubiquitous peritidal 

shallowing-upward cycle that shows a subaerial exposure cap over the structural crest area. The 

second parasequence transgresses with shoal crest and shallows up to restricted lagoon 

lithofacies. The third parasequence terminates by the open marine lithofacies of the next 

parasequence. The fourth parasequence (set) commences with the open marine lithofacies that 

represents the maximum flooding surface and shallows up to subaerial exposure lithofacies that 

represents the SB3. 

The first two parasequences of the WK-3 sequence represent mappable peritidal shallowing-

upward cycles that contain interrupted thin exposures in the form of brecciated horizons. The 

overlying third and fourth parasequences include shoal complex LFA and offshore LFA that are 

mappable across but with variable thicknesses. The uppermost parasequence (set) commences 

with open marine lithofacies, which represents the maximum flooding surface of the sequence, 

but the regressive highstand part is more variable where the shallow subtidal lithofacies 

dominates the stratigraphic section in flank zones, and to a lesser extent in the structural crest 

area. The subaerial exposure lithofacies cap the sequence in all wells and represent the SB4.   

The two parasequences of the WK-4 sequence represents two symmetric shoal complex 

upward-shoaling cycles, where the tidal flat caps the first parasequence, and the top-bounding 
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anhydrite caps the second parasequence. The shallow subtidal lithofacies represents much of the 

regressive part of the lower cycle. The top-bounding anhydrite thickens towards the east. 

 

 
Figure 2.21 EW cross-section of the lower Wuchiapingian Khuff unit across the southern area 
(datumed at the SB3). The cross-section shows the vertical stacking and lateral distribution of 
lithofacies that tie to wireline logs within sequences and parasequences. The average thickness 
between S.B.1 and S.B.5 is approximately 90 meters.  

 

2.8.7.3.2 EW Cross-section, South-central Area 

This cross-section consists of four cored wells from the south-central area of the field (Figure 

2.19). The lower bounding anhydrite maintains a uniform thickness almost parallel to the datum 

(Figure 2.22). The first three parasequence of the WK-1 sequence represents symmetrical 

shallowing-upward cycles with mappable peritidal caps. The fourth parasequence represents an 

asymmetrical shallowing-upward cycle with a restricted lithofacies cap. The uppermost  
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parasequence represents an asymmetrical shoal complex shallowing-upward cycle except for 

well D, where there is an asymmetrical peritidal cycle. The subaerial exposure lithofacies of the 

SB2. caps the parasequence.  

The WK-2 sequence commences with two peritidal parasequences that have subaerial 

exposure caps in wells D and O. The third parasequence is complicated because of vertical and 

lateral heterogeneity. The fourth uppermost parasequence (set) represents a symmetrical open 

marine cycle and the continues open marine lithofacies in the middle marks the maximum 

flooding surface of the sequence. The rest of the stratigraphic section was mapped based on logs 

because of the pore core coverage.  

 

 
Figure 2.22 EW cross-section of the lower Wuchiapingian Khuff unit across the south-central area 
(datumed at the SB3). The cross-section shows the vertical stacking and lateral distribution of 
lithofacies that tie to wireline logs within sequences and parasequences. The average thickness 
between S.B.1 and S.B.5 is approximately 90 meters.  
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2.8.7.3.3 EW Cross-section, North-central Area 

The cross-section consists of four cored wells in the middle of the north-central area of the 

field (Figure 2.19). The WK-1 sequence lacks core coverage and correlation of the six  

parasequences were based on log data (Figure 2.23). The lower bounding anhydrite thins toward 

the structural crest, mimicking the anticlinal structure of the field.  

The first parasequence of the WK-2 sequence commences with lateral variation in lithofacies 

between the lagoon and shallow subtidal lithofacies and is top bounded by a distinct gamma-ray 

spike signature. The second parasequence represents an asymmetrical shoal complex shallowing- 

upward cycle. The shallow subtidal lithofacies dominate the third parasequence before the 

transgression of the next parasequence. The uppermost parasequence (set) commences with open 

marine lithofacies in the east and high-energy shoal lithofacies elsewhere. The shallow subtidal 

lithofacies dominate the regressive part of the parasequence (set), with the local presence of 

lagoon lithofacies in the structural crest area. The subaerial exposure lithofacies of the SB3. 

extends across the area.      

The initial parasequence of the WK-3 sequence represents an asymmetric cycle that shallows 

up to tidal flat lithofacies and maintains a uniform thickness across the field area. The high-

energy shoal crest lithofacies dominate the middle three parasequences with restricted lithofacies 

cycle caps ranging from shallow subtidal to lagoon. The uppermost parasequence (set) represents 

a symmetrical shallowing-upward cycle that transgresses into laterally adjacent open marine and 

high-energy shoal crest lithofacies, which represent the maximum flooding surface of the 

sequence. The shallow subtidal lithofacies dominate the regressive part of the parasequence (set). 

Unlike the previous sequence, the WK-3 sequence maintains its thickness across the section.  

The initial parasequence of the WK-4 sequence starts with the shoal complex LFA that 

passes into shallow subtidal and lagoon lithofacies. The second parasequence lacks core 

coverage. The top-bounding anhydrite varies in thickness from almost 1.5 m in the west to 

centimeters towards the east.   
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Figure 2.23 EW cross-section of the lower Wuchiapingian Khuff unit across the north-central area 
(datumed at the SB3). The cross-section shows the vertical stacking and lateral distribution of 
lithofacies that tie to wireline logs within sequences and parasequences. The average thickness 
between S.B.1 and S.B.5 is approximately 90 meters.  

 

2.8.7.3.4 EW Cross-section, Northern Area 

This cross-section consists of five cored wells across the middle part of the northern area 

(Figure 2.19). The WK-1 sequence lacks core coverage except for well T, which shows the 

asymmetric shoal complex parasequence that shallow up to tidal flat lithofacies (Figure 2.24). 

Mapping of the sequence was based on log data when there is no core coverage.  

The first three parasequences of the WK-2 sequence exhibit lateral variation making them 

hard to map across, but the overall shallowing-upward trend is present in each one of them. The 

uppermost parasequence (set) represents shallowing-upward shoal complex cycles, when the 

crest lithofacies deepens into thick mappable shallow subtidal lithofacies except for well X, 

where the open marine occurs in the middle of the cycle representing the maximum flooding 

surface. The top-bounding subaerial exposure lithofacies covers the entire area.  

The initial transgression of the WK-3 sequence commences with two peritidal 

parasequences, capped by subaerial exposure in three of the four wells. Similar to the previous 
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sequence, well X shows open marine lithofacies in the initial transgression of the third 

parasequence. In the northern area, the fourth and fifth parasequences (set) exhibit stacked crest 

lithofacies across the cross-section, while shallow subtidal lithofacies dominates the regressive 

part of the uppermost fifth parasequence.  

The first parasequence of the WK-4 sequence consists largely of mappable shallow 

subtidal lithofacies. The second upper parasequence commences with lagoon lithofacies that 

passes into more high-energy shoal complex LFA. The uppermost part of the section lacks core 

coverage, but from log readings the top-bounding anhydrite diminishes in this area of the field.    

 

 
Figure 2.24 EW cross-section of the lower Wuchiapingian Khuff unit across the northern area 
(datumed at the SB3). The cross-section shows the vertical stacking and lateral distribution of 
lithofacies that tie to wireline logs within sequences and parasequences. The average thickness 
between S.B.1 and S.B.5 is approximately 90 meters.  

 

2.9 Lithofacies Association Distribution 

Mapping lithofacies association distribution helps assess the lithofacies association and pore 

system heterogeneity of the lower Wuchiapingian Khuff unit, and may serve as a guide in future  
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field development. The sufficient core coverage of the WK-2 to WK-3 sequences enabled the 

creation of lithofacies association distribution maps for both transgressive systems tracts and 

highstand systems tracts. The mapping process started by creating pie charts that represent the 

different LFAÕs within each systems tract at each well. The next step involved drawing color-

coded polygons, which represent the areal extent of the dominant LFA. 

 

2.9.1 Lithofacies Mapping of the WK-2 Transgressive Systems Tract 

The high-energy shoal complex LFA dominates the transgressive systems tract of the WK-2 

sequence (Figure 2.25). This LFA spreads across the field dominating the following areas: the 

upper part of the southern area, the western flank of the south-central area (interfingering with 

the shallow subtidal LFA), the southern part of the north-central area, the western flank of the 

north-central area, the northern part of the north-central area, the southern part of the northern 

area, and the western flank of the northern area as well as its northern part.  

The shallow subtidal LFA is present in the southern area as a narrow strip along the 

northwestern side. It is also present in almost equal proportion with the shoal complex and 

lagoon LFAÕs in the south-central area. It dominates the eastern flank areas of both the middle 

north-central and northern areas.  

The lagoon LFA dominates the southern tip of the field along with much of the eastern flank 

of the southern part of the southern area. It also spreads across the entire south-central area, but 

loses its dominance in the upper half of the field. The lagoon, shallow subtidal, and shoal 

complex LFAÕs occur together in every area of the field, which makes them the primary LFAÕs 

of the WK-2 transgressive systems tract,  

The secondary LFAÕs include the open marine and peritidal LFAÕs, considering that they do 

not dominate and they occur sporadically over the field. The open marine LFA occurs in every 

well of the southern area, and can reach as much as 30% in the northern part of the field. It has a 

minor intermittent presence in other areas of the field. The peritidal LFA shows a different trend, 

where it only occurs across the south-central area and in some wells in northern southern area.     
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Figure 2.25 Lithofacies map of the transgressive systems tract of the WK-2 sequence showing 
the areal distribution of the dominant lithofacies associations in the field.   

 
2.9.2 Lithofacies Mapping of the WK-2 Highstand Systems Tract 

Unlike the transgressive systems tract, the low-energy, back-shoal shallow subtidal and 

lagoon LFAÕs dominate the highstand systems tract of the WK-2 sequence. These primary 

LFAÕs interfinger with each other and their polygons alternate in a distinct east-west manner 

across the field (Figure 2.26 on page 67). There is a complete absence of the peritidal LFA in 

the regressive section. 

The shallow subtidal LFA dominates most of the southern area, northern south-central area, 

northern north-central area and the northern part of the northern area. This is unique because the 

shallow subtidal percentage is around 100% in most of the cored wells enclosed within polygons. 

The intensely-burrowed shallow subtidal LFA has excellent reservoir quality in the form of 

interconnected intercrystalline porosity, and such well-defined polygons would help greatly in 

reservoir modeling of the high-quality reservoir areas within the lower Wuchiapingian Khuff 

unit. 
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The lagoon LFA covers the remaining parts of the field, which include: the northern part of 

the southern area, southern south-central area, northern south-central area, southern north-central 

area, most of the northern north-central area and the northern part of the northern area. Like the 

shallow subtidal LFA, the lagoon LFA polygons consist mostly of cored wells that show 100% 

lagoonal sediments. 

The secondary LFAÕs in the regressive part of the WK-2 sequence include the shoal complex 

and open marine LFAÕs. The shoal complex LFA is present in the southern part of the southern 

area, in a small area in the middle of southern area, in the western flank of the northern north-

central area, and the western flank of the northern area. There is a minor presence in some wells 

in the south-central and north-central areas. The open marine LFA occurs in small proportions in 

the southern and northern southern area, while there is no presence of this LFA in the other three 

areas of the field.  

 

2.9.3 Lithofacies Mapping of the WK-3 Transgressive Systems Tract 

Similar to the lithofacies association map of the transgressive systems tract of the WK-2, the 

shoal complex LFA dominates the transgressive systems tract of the WK-3 sequence (Figure 

2.27). The secondary LFAÕs (from highest to lowest) include the peritidal, lagoon, open marine, 

and shallow subtidal.  

The shoal complex LFA occurs throughout the field. It dominates the following areas: the 

middle and northern parts of the southern area, the eastern flank of the south-central area, and the 

entire north-central and northern areas. The northern area, along with the middle and northern 

north-central areas, have the highest percentage of shoal complex LFA, with an average 

percentage of around 80%.  

Unlike other maps, the peritidal LFA is well represented in the transgressive part of the WK-

3 sequence due to the thick, extensive tidal flat belt overlying the SB3 (Figure 2.27 on page 68). 

The peritidal LFA are well represented in the southern and south-central areas, and to a lesser 

degree, in the north-central and northern areas.  

The lagoon LFA occurs throughout the field but dominates three small areas: the structural 

crest of northern southern area, the western flank of northern south-central area, and a small 

pocket in the eastern flank of north-central area. The southern part of southern area lacks the 

lagoon LFA, while the upper half of the field exhibits a limited presence of the lagoon LFA. 
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The open marine LFA occurs only in the southern area of the field during this transgressive 

phase. Unlike the previous map, the shallow subtidal LFA shows minor presence in the southern 

and north-central areas.  

    

 
Figure 2.26 Lithofacies map of the highstand systems tract of the WK-2 sequence showing the 
distribution of the dominant lithofacies associations in the field.   
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Figure 2.27 Lithofacies map of the transgressive systems tract of the WK-3 sequence showing 
the distribution of the dominant lithofacies in the field.  

 
2.9.4 Lithofacies Mapping of the WK-3 Highstand Systems Tract 

The shallow subtidal and shoal complex LFAÕs dominate the regressive part of the WK-3 

sequence (Figure 2.28). The lagoon LFA is the only secondary LFA in this phase.  

Similar to its counterpart in the previous sequence, the shallow subtidal dominates large areas 

of the field: the entire southern area, and southern part of south-central area, much of the western 

flank of the north-central area, and a small pocket in the eastern flank of the northern area. Also, 

the shallow subtidal polygons consist mostly of cored wells that show 100% of this LFA and 

have distinct (east-west manner) boundaries with the other LFAÕs.  

Unlike the HST map of the previous sequence, the high-energy shoal complex LFA 

dominates many areas such as the middle of southern area, the northern north-central area and 
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the much of the northern area. The pie charts within the polygons show high percentage of the 

shoal complex LFA with an average percentage of around 85%.  

 The lagoon LFA dominates the upper part of the south-central area and much of the eastern 

flank of the north-central area. Most pie charts show 100% of the lagoon LFA.  

 

 
Figure 2.28 Lithofacies map of the highstand systems tract of the WK-3 sequence showing the 
distribution of the dominant lithofacies associations in the field. 

 

2.10 Discussion 

The Khuff, in general, represents shallow-water carbonates and anhydrites that have been 

deposited in a gently-sloping epeiric sea that covered a large area extending over 3.7 million 

square kilometers of the western and southwestern margin of the newly formed passive margin 

of the Arabian Plate (Al-Jallal, 1994; Sharland et al., 2001; Pšppelreiter and Marshall, 2014). It 

was developed after major tectonic events resulted in regional deformation during the 
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Carboniferous time, and followed by glacial and postglacial siliciclastics of the Unayzah 

Formation during the Late Carboniferous-Early Permian time (Figure 1.1) (Melvin et al., 2010).  

 

2.10.1 Revised Depositional Model and Lateral Lithofacies Heterogeneity 

The most relevant Khuff studies are by Al-Eid (2010) and Al-Dukhayyil (2012) which 

suggest almost the same conceptual ramp model that represents all facies, from shallow to deep 

water, distributed between three main ramp settings: inner ramp, middle ramp, and outer ramp of 

Burchette and Wright (1992). The current studyÕs stratigraphic cross-sections (Figures 2.20-

2.24), LFA maps (Figures 2.25-2.28), and the regional paleogeographic setting taken from the 

literature (i.e. Al-Fares et al., 1998; Sharland et al., 2001; and Ziegler et al., 2001) agree with the 

homoclinal ramp model, although the Khuff within the study area represents only a portion of the 

broad epeiric shallow marine platform that encompasses the Khuff across the region. The revised 

model (Figure 2.29) is both depositional and palaeogeographic and is dominated by high-energy 

shoal, shallow subtidal, and lagoon deposits. It is not as simple as the previous conceptual 

models (Figure 2.15), since there are no significant depth variations or clear landward seaward 

directions suggesting the remoteness of the southwestern palaeoshoreline and the northeastern 

platform margin. The paucity of siliciclastic materials in the lower Wuchiapingian Khuff unit 

across the field also suggests the remote location of the study area carbonate environment from 

the mainland and provenance of quartz (the Arabian Shield). The study area Khuff depositional 

environment was even more isolated than its modern-day analog, the Arabian Gulf, where the 

Tigris, Euphrates, and Karun rivers supply much of the siliciclastic input to the Gulf (Figure 

2.30) (Van Wagnor et al., 1973; Kendall and Alsharhan, 2011).  

The revised model in Figure 2.29 consists of three elongated shoal areas in a north-south 

trend, which may occur at a high angle to the palaeoshoreline. These high-energy areas may 

reflect underlying palaeohighs created by antecedent topographic highs, or caused by 

syndepositional tectonic activities the structural anticline of the field. Tectonic activities that 

shaped the anticline commenced as early as the Permian, and peaked in the Late Cretaceous as a 

direct result of the Neo-Tethys Ocean closure (Beydoun, 1991; Nicholson, 2000, 2002). The 

lateral and vertical lithofacies distribution in the revised model may help to explore for high-

quality reservoir areas within the study area, and to explain pore system heterogeneity.  
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Figure 2.29 Schematic depositional/palaeogeographic model for the lower Wuchiapingian Khuff 
unit in the study area (white outline) during the time of deposition. The reconstructed positon is 
inferred from Al-Fares et al., (1998); Sharland et al., (2001); and Ziegler et al., (2001).  
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Figure 2.30: The modern carbonate Arabian Gulf map showing the different facies and sources 
of the siliciclastic sediment input. Adapted from Kendall and Alsharhan (2011).   

 

2.10.2 Pre-Khuff Paleogeography and Depositional Controls  

The lower Wuchiapingian stratigraphic section in the study area represents shallow water 

sediments deposited on a tectonically-stable low-relief broad shelf dominated by shallow 

subtidal, lagoon and high-energy shoal deposits, and showing no significant depth variations or 

clear landward seaward directions. The unit thickness also exhibits little change, where wells A 

and F (Figure 2.20), for instance, have nearly identical reservoir thicknesses, despite the 

considerable distance between them. The minor thickness variations and the correlative nature of 

the shallowing-upward parasequences of the lower Wuchiapingian Khuff unit indicate that 

eustatic or global sea level changes controlled the formation of accommodation space on such a 

shallow-water shelf during a period of diminished tectonic activity (McGillivray and Husseini, 

1992). The Hercynian Orogeny (Late Devonian to Carboniferous) caused significant uplift and 

erosion to form the Hercynian or (pre-Unayzah) unconformity. The syn- and post-orogenic Late 

Carboniferous-Early Permian Unayzah siliciclastics filled the resulting topography. The paleo-

topography of the Lower Permian (Pre-Khuff) represents a stable, low-relief platform, and he 

Khuff transgression commenced on top of this peneplain surface and is termed the pre-Khuff 

unconformity (Norton et al., 2000; Faqira et al., 2009). 
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2.10.3 The South to North Trends Along the Study Field 

The produced sequence stratigraphic framework generally shows lateral lithofacies 

variations across the field (Figures 2.20-2.24). Despite the limited core coverage, the six 

parasequences of the WK-1 sequence are highly correlative throughout the field, showing the 

distinct shoal complex shallowing-upward cyclicity in almost every one of them. The thickness 

of each lithofacies might change laterally, but the overall vertical ordering is well established.  

The initial three parasequences of the WK-2 sequence represent the transgressive systems 

tract and show minor lateral variations where the shoal complex LFA is well represented in the 

transgressive phase of each parasequence, and the lagoon LFA on the regressive phase, in spite 

of local subaerial exposure and tidal flat caps in certain southern and middle parts of the field. 

The highstand systems tract of the WK-2 sequence is represented by the thick upper 

parasequence, which is highly heterogeneous between the two the dominant intertonguing (in a 

south to north trend) shallow subtidal and lagoon LFAÕs, as illustrated in Figure 2.20.  

The peritidal shallowing-upward cyclicity dominates the initial two parasequences of the 

WK-3 sequence (Figure 2.13). These two parasequences are correlative from south to north, with 

intermittent occurrences of subaerial exposure caps and interbedded sabkha anhydrite beds. The 

high-energy shoal crest grainstones dominate the third and fourth parasequences, and the initial 

transgression of the uppermost fifth parasequence in a south to north thickening trend, with a 

significant presence of open marine and shallow subtidal LFAÕs in the southern parts of the field 

(Figures 2.20 and 2.27). The shallow subtidal LFA dominates the uppermost parasequence of the 

WK-3 sequence, except for the northern part of the south-central area and the northern and 

eastern parts of the north-central area (Figures 2.20 and 2.27), where the lagoon and shoal 

complex LFAÕs dominate, respectively. The two shallowing-upward parasequences of the WK-4 

sequence show a high degree of lateral variation in a south to north trend between peritidal, 

lagoon, shoal complex and shallow subtidal LFAÕs. 

The bounding anhydrites, which include the lower bounding anhydrite and top-bounding 

anhydrite show systematic thinning towards the north. The lower bounding anhydrite is around 

13 meters thick in the southern tip of the southern area compared to about three meters in the 

northern part of the northern area. The thickness of the top-bounding anhydrite also exhibits the 

same trend towards the northern areas of the field, where it diminishes in some parts of the north-

central area and most of the northern area (Figure 2.20).  
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The strontium isotopes confirm another south to north trend in the field, showing a 

relative increase (enrichment) towards the north (Figure 2.1). The southern part of the field has 

an average ratio of 0.7070 (within the global range), while the northern part has an average ratio 

of 0.7076 (elevated values). This systematically increasing trend suggests a general transition 

towards more restricted conditions in a northerly direction for the study field, since salinity has a 

direct relationship with the strontium incorporation in carbonates (Tucker and Wright, 1990; 

Banner, 1995; FlŸgel, 2004). The restricted conditions are also evident due to the widespread 

diagenetic overprints, such as dolomitization and the late diagenetic phase anhydrite 

cementation, in a northerly direction across the field. Hypersaline brines are responsible for 

forming such diagenetic processes elevating the values of strontium for other ancient rocks 

(Figure 2.31) (Woronick and Land, 1985; Warren, 2000).    

 

2.11 Summary and Conclusions 

This study focuses on the lower Wuchiapingian Khuff unit in a field in Saudi Arabia. It 

incorporates Saudi Aramco wellbore data that includes cores, thin sections, and wireline logs. It 

integrates all data to offer the following interpretations: lithofacies architecture, depositional 

models, sequence stratigraphy, and lithofacies mapping and how their interrelationship 

influences lateral and vertical pore space heterogeneity. Strontium isotopic analysis offers the 

first absolute age dating of the lower Wuchiapingian unit. 

Lithofacies include, from most shoreward into the basin: (1) fitted-fabric breccia and 

rooted dolomudstone to rudstone (exposure/paleosol); (2) chicken-wire, massive, and palmate 

anhydrite (supratidal sabkha/salina); (3) tidal flat dolomudstone; (4) lagoon dolomudstone; (5) 

shallow subtidal sucrosic dolomite; (6) moderate-energy, skeletal, peloidal wacke-packstone 

(shoal flank); (7) high-energy skeletal ooid/peloidal grainstone (shoal crest), and (8) open marine 

lime mudstone. The eight lithofacies were grouped into five lithofacies associations: the peritidal 

LFA, lagoon LFA, shallow subtidal LFA, shoal complex LFA, and open marine LFA.        
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Figure 2.31: Different strontium isotopic values (taken from the Lower Cretaceous sequences, 
south Texas) plotted against the Burke et al., (1982) strontium global curve. The late stage 
anhydrite cement shows high strontium values. (Adapted from Moore and Wade, 2013).   

 

This study offers two depositional models- one depositional/conceptual and another 

depositional/palaeogeographic. The conceptual model represents a gently-dipping ramp where 

lithofacies were distributed between the inner ramp, middle and outer ramp settings. This model 

is compatible with the lower Wuchiapingian Khuff unitÕs vertical lithofacies successions and 

recognizes the relationship between lithofacies, but a lack of significant depth variations, clear 

landward seaward directions and the typical simplified lithofacies order from deep to shallow 

suggest a revision. The revised model integrates the stratigraphic cross-sections, lithofacies 

maps, and paleogeographic data. The revised model is dominated by the high-energy shoal, 

shallow subtidal, and lagoon deposits distributed between three (pre-existing) structure-induced 

shoal areas. 

Strontium isotopic analysis, from three different wells across the field, has helped in the 

absolute age dating of the lower Wuchiapingian Khuff unit. This unit covers a time span of 

approximately 3.5 My. from the contact of the Capitanian-Wuchiapingian to the Late 

Wuchiapingian. 
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The sequence stratigraphic interpretation includes the identification of four third-order 

sequences (WK-1 to WK-4), each bounded by regionally mappable sequence boundaries with 

varying degrees of exposure features. The WK-1 sequence consists of six meter-scale 

parasequences that display symmetric and asymmetric shoal complex cycles. The symmetric 

cycles start with the subtidal lagoon lithofacies that shallows upward into shoal flank and 

regresses into the restricted lagoon with a tidal flat cap. The asymmetric cycles commence with 

the shoal complex LFA, which shallows upward into the peritidal LFA. The MFS was placed on 

the deeper water shoal complex LFA of the first parasequence. The WK-2 sequence consists of 

five parasequences that range from symmetric to asymmetric shoal complex and open marine 

cycles. The symmetric cycles start with the lagoon or shallow subtidal lithofacies that pass into 

the shoal complex LFA or open marine and then regress into the restricted lagoon and shallow 

subtidal. The asymmetric cycles commence with the shoal complex LFA that shallows upward 

into shallow subtidal and peritidal LFA. The MFS was placed on the open marine lithofacies of 

the uppermost parasequence. The WK-3 sequence consists of five parasequences. The 

constituent parasequences range from peritidal cycles to shoal complex cycles to open marine 

cycles that show both symmetrical and asymmetrical trends. The open marine and its time-

equivalent shoal crest grainstones with open marine biota represent the MFS of the sequence. 

The WK-4 sequence is composed of two parasequences. The symmetric and asymmetric shoal 

complex cycles dominate this sequence across the field. The shoal complex LFA of the lower 

parasequence is interpreted as the maximum flooding surface of the sequence. 

The WK-2 to WK-3 sequences, having high reservoir quality and core coverage, were 

used to construct lithofacies association distribution maps for both transgressive systems tracts 

and highstand systems tracts. The high-energy shoal complex LFA dominates the transgressive 

systems tract of the WK-2 sequence followed by shallow subtidal and lagoon LFAÕs. The 

shallow subtidal and lagoon LFAÕs dominate the highstand systems tract of the WK-2 sequence. 

The shoal complex LFA dominates the transgressive and highstand systems tracts of the WK-3 

sequence, along with the shallow subtidal LFA in the regressive part of the sequence. 

Eustatic sea level changes controlled the formation of accommodation space on Khuff 

shallow-water shelf during a period of diminished tectonic activities, showing only subtle 

variations in antecedent-paleotopography. There are south to north trends that include lateral 
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lithofacies changes, increasing dolomitization, increasing anhydrite cementation, thinning in the 

bounding anhydrite units, and strontium enrichment. 
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CHAPTER 3 

DIAGENESIS OF THE LOWER WUCHIAPINGIAN KHUFF UNIT IN A FIELD 
 IN SAUDI ARABIA 

3.1 Abstract 

The lower Wuchiapingian Khuff unit in the study field is known for reservoir 

heterogeneity. The detailed petrographic, geochemical, core and imaging analyses revealed 24 

diagenetic processes that have influenced pore types, pore throats (permeability) and pore size 

distributions. The processes are subdivided between the eogenetic and mesogenetic diagenetic 

environments.  

Each diagenetic process, to varying degrees, affects the reservoir quality positively or 

negatively; based on their effect, they were classified into major and minor processes. The major 

processes include dolomitization, dissolution, compaction, calcite cementation, stylolitization, 

fracturing, and anhydrite cementation. There are minor diagenetic processes that have no 

significant effects on porosity and permeability, which include micritization, chertification, 

pyritization, reservoir bitumen entrapment, celestite cementation, fluorite cementation, and 

authigenic quartz formation.  

Dolomitization is the most porosity-altering process, and occurs as early dominant 

replacive dolomite and late dolomite cement. The replacive dolomite is interpreted to have 

occurred as a direct result of the reflux of hypersaline waters derived from the updip evaporative 

lithofacies that show heavier C-O-Sr isotopic ratios. This early (near surface) dolomitization 

enhances porosity and permeability in the forms of fabric-destructive sucrosic dolomite of the 

shallow subtidal lithofacies and fabric-preserving dolomite forming intercrystalline porosity that 

connects interparticle pores and isolated molds of the grain-dominated lithofacies. The burial 

dolomite cement reduces porosity by filling moldic and interparticle pores. The C, O, Sr and S 

isotopes indicate a contemporaneous marine origin of the Khuff carbonates and anhydrites. 

Enriched (C-O-Sr) isotopes are associated with the overdolomitized tidal flat and lagoon 

lithofacies. Depleted oxygen isotopes are associated with limy carbonates and prominent 

(regional) subaerial exposures.  

The porosity types are primary (interparticle) and secondary (moldic, intercrystalline, 

vuggy, microporosity, and fracture porosity); the secondary porosity resulted from meteoric 

dissolution, replacive dolomitization, and fracturing. The pore size distribution, derived from 2D 
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image analysis of QEMSCAN BSE images, is dominated by upper micropores for the good 

reservoir rocks; the lower micropores dominate the poor reservoir rocks. The porosity-modifying 

diagenetic processes, identified porosity types, and pore size distributions suggest that lithofacies 

and diagenesis have strong influence on reservoir quality in the lower Wuchiapingian Khuff unit. 

 

3.2 Introduction 

3.2.1 Objectives 

The lower Wuchiapingian Khuff unit in the study field is known for reservoir 

heterogeneity or compartmentalization. The objective of this study was to conduct core-based 

research to explain the diagenetic history within the context of a sequence stratigraphic 

framework and the lithofacies architecture of the lower Wuchiapingian Khuff unit. The findings 

of this study could guide the current and future development of the field by targeting the trends 

of the best reservoir potential and the drilling of successful wells with maximum reservoir 

contacts. 

 

3.2.2 Previous Research 

The diagenetic studies of the Khuff Formation and its counterparts in the Arabian Gulf 

area are limited, and this section gives an overview of the related publications. Al-Jallal (1987) is 

one of earliest studies on the Khuff diagenesis coinciding with the Aramco development of the 

Khuff non-associated gas in eastern Saudi Arabia. The study includes a description with a 

limited interpretation of the role of diagenesis and focused on dolomitization, cementation, and 

dissolution as the main modifiers of porosity and permeability.   

Khalifa, (2005) discusses sedimentology, cyclicity, and diagenesis of the Late Permian 

Khuff outcrops in the western edge of the Arabian basin in Al-Qasim Province, Saudi Arabia. 

The main identified diagenetic processes are micrite cementation, micritization, and 

silicification, all of which are associated with the subtidal zone (the basal part of a depositional 

cycle). Dolomitization is associated with the intertidal zone (the middle part of a depositional 

cycle). The dedolomitization, calcite cementation, neomorphism, and gypsum calcite 

replacement are associated with the supratidal-subaerial zone (the upper part of a depositional 

cycle). The diagenetic processes occurred in marine and freshwater phreatic environments.  
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Alsharhan (2006) discusses in detail the sedimentology and diagenesis of the Middle 

Permian to Early Triassic Khuff Formation. The study utilized Khuff deep subsurface cores from 

fields in Abu-Dhabi and Dubai, along with Khuff outcrop in the northern United Arab Emirates. 

The petrographic part of the study constructed a diagenetic history of the Khuff, revealing in 

detail the following 17 events: aggregate grains, micritization, isopachous/fibrous cement, 

micrite accretion, anhydrite nodules, dolomitization, neomorphism, leaching, equant calcite 

cement, mosaic dolomite, anhydrite cement, coarse mosaic calcite cement, silicification, sulfur, 

saddle dolomite, stylolitization, and fractures. The interpreted diagenetic environments include 

marine phreatic, mixed phreatic, meteoric phreatic, and burial.    

Esrafili-Dizaji and Rahimpour-Bonab (2009) is a core-based study that discusses 

depositional and diagenetic overprints that control reservoir quality of the Upper Dalan-Kangan 

Permo-Triassic formations (the Khuff Formation equivalents in Iran). They utilized core 

descriptions, petrography, carbon-oxygen isotopes, and logs to identify the following diagenetic 

processes: micritization, anhydrite nodules, dolomitization, dissolution, cementation, 

compaction, and fracturing. Their interpretations include four stages of diagenetic fluids: 

syndepositional marine, hypersaline, meteoric, and burial.  

Tavakoli et al., (2011) integrates geological, petrophysical, and isotopic interpretations to 

understand the effect of diagenesis on the reservoir quality of the Permo-Triassic Upper Dalan-

Kangan reservoir in South Pars gas field in Iran. The diagenetic processes include micritization, 

anhydrite nodulization, early dolomitization, submarine cementation, anhydrite cementation, 

dissolution, and dolomite neomorphism. The study grouped the processes into marine, meteoric 

and burial environments. They divided the reservoir pores into fabric-selective and non-fabric 

selective suggesting dolomitization as the primary process for enhancing reservoir quality. 

Fontana et al., (2013) did a diagenetic study on the Permo-Triassic Khuff outcrops of the 

northern United Arab Emirates. This study utilized geological fieldwork, petrography, stable 

isotopes, and fluid inclusions to unravel diagenetic evolution. They discussed different stages of 

dolomitization and calcite cementation and the role of hydrothermal fluids in forming the 

younger processes such as dolomite cement, saddle dolomite, quartz cement, and calcite cement. 

The study also covers the link between major stratigraphic surfaces and diagenesis.  

Faqira et al., (2013) is a regional review of the Permo-Triassic Khuff Formation 

discussing the various tectonic events that contributed to the Khuff petroleum system. The study 
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links the regional syndepositional tectonics and their subsequent re-activations to the diagenetic 

history of the Khuff carbonates over the Gulf basins. They divided the diagenetic processes into 

an early diagenesis stage and a late diagenesis stage. The early diagenesis stage includes 

dolomitization, anhydrite cementation, calcite cementation, and selective dissolution. The late 

diagenesis stage includes dolomitization, dissolution, cementation, silicification, fracturing, 

metal-sulfide mineralization, and thermochemical sulfate reduction (TSR). The study proposed a 

diagenetic model for the burial diagenesis.   

 

3.2.3 Methodology 

Stable Isotope Geochemistry 

Stable isotope sampling was carried out by micro drilling powdered samples from core 

plug ends of three different cored wells. A total of 171 samples were analyzed for the stable 

isotopic ratios of carbon and oxygen. There were 12 powdered samples taken from different 

types of anhydrite to analyze sulfur isotopic ratios. All stable isotopic data were processed at the 

University of New MexicoÕs Laboratory for Stable Isotopes. The isotopic curves were calibrated 

to the core-based sequence stratigraphic framework and integrated with petrographic analyses to 

assess the origin and timing of the diagenetic events.   

Radiogenic Isotope Geochemistry 

A total of 42 samples have been processed for strontium isotopic ratios to investigate 

fluid composition, provenance, timing, and mixing relationships. Unlike stable carbon-oxygen 

isotopes, a radiogenic strontium isotopic ratio is not significantly affected by fractionation 

processes; a processed strontium isotopic ratio reflects the same strontium ratio of the body of 

water during time of deposition (Tucker and Wright, 1990). The University of Colorado Boulder 

Thermal Ionization Mass Spectrometer (TIMS) Lab and the University of Ottawa Isotope 

Laboratory processed the strontium isotopic ratios using seawater as a standard.  

Thin section petrographic description 

A total of 325 thin sections were petrographically examined using a Leica microscope 

(transmitted light). Thin sections were half-stained with Alizarin Red-S (ARS) and potassium 

ferricyanide to distinguish between carbonate minerals (Dickson, 1965). The petrographic 

analysis was recorded for each well and logged on a spreadsheet. Each thin section was logged 

separately to include the following parameters: mineral composition, porosity percentage, 
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porosity types, grain types, mineralogy (descriptive), dolomite texture, dolomite crystal size, 

dolomite types, compaction, cement types, fractures, and a general paragenetic sequence.  

Cathodoluminescence (CL) 

Cathodoluminescence (CL) was applied to eight polished thin sections to investigate the 

porosity evolution and to distinguish different diagenetic phases and their paragenetic 

relationships. The CL helps to reveal the complex growth history of both calcite and dolomite. 

For example, calcite cement may show different color bands under the CL microscope, which 

reflects different cement stages and characteristics, and the same principle applies to dolomite 

(Hiatt & Pufahl, 2014). The one-micrometer polishing was undertaken at the Colorado School of 

Mines Thin Section Laboratory on 14 thin sections prior to CL, QEMSCAN, and FE-SEM 

analyses. The CL analysis was performed, and images were generated using the University of 

Colorado Boulder CL unit.  

FE-SEM 

The field emission scanning electron microscopy (FE-SEM) analysis was performed 

using a TESCAN MIRA3 LMH of the Colorado School of Mines Electron Microscopy Lab. A 

total of 10 polished, carbon-coated thin sections were viewed using backscattered electron (BSE) 

imaging and compositionally analyzed using energy dispersive spectroscopy (EDS). The 

backscattered electron (BSE) imaging was used to view crystallography of dolomite, calcite, 

anhydrite, and other auxiliary minerals. The BSE imaging was also used to investigate porosity 

evolution (microporosity in particular), dissolution, and compositional zonation in the calcite 

cement and the dolomite. The compositional analysis was carried out using the energy dispersive 

spectroscopy (EDS) to identify the minerals and to test the effect of burial diagenesis. 

Automated minerology (QEMSCAN) 

A preliminary group of five polished thin sections were analyzed using the SEM- and 

EDS-based QEMSCAN (Quantitative Evaluation of Minerals by Scanning Electron Microscopy) 

at a scanning resolution of 1 " m to ensure detailed false-colored images that show mineralogical 

composition and porosity (down to 1 " m-diameter micropores). The automated mineralogy scans 

also give quantitative analysis (volume percent) of each identified mineral and porosity. All 

samples were processed using the Carl Zeiss EV050 QEMSCAN instrument at the Electron 

Microscopy Laboratory lab at the Colorado School of Mines. The main objective of this analysis 

was to determine the matrix pore size distribution. Quantitative estimate of total porosity would 
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require multiple samples from each thin section, to be statistically comparable to core plug 

analysis and was not attempted here.   

2-D image analysis 

For porosity analysis, the ImageJ software was used to estimate the 2D QEMSCAN 

images taken from five polished thin sections of the shoal crest, shallow subtidal, lagoon, tidal 

flat, and subaerial exposure lithofacies. The process first calibrated the scale of a QEMSCAN 

porosity image in micrometers !"#$  to the pixelated scale of the ImageJ software, then 

converted the image type to 8-bit greyscale. The thresholding analysis was performed on the 8-

bit greyscale image to facilitate pore analysis. The QEMSCAN images are between 1 ## % and 

500 "# % that show no fractures or selective cementations. The imaging analysis was conducted 

to define pore size distributions of the different pore classes (micropores, mesopores, and 

macropores). The particle analysis was conducted based on the pore area that was calculated 

from the diameter-based classification of Loucks et al., (2012) and the area-based classification 

of Anselmetti et al., (1998) (Figure 3.1). The pore size of each image was analyzed according to 

the following classification: lower micropores (from 1 "# % to 500 "# %$, upper micropores 

(from 500 "# %  to 6400 "# %), and mesopores (>6400 "# %). The calculated pores range from 

around 1 "# % (lower micropore) to around 7800 "# % (mesopores). Macropores are not present 

in this analysis.   

 

 
Figure 3.1: Logarithmic pore diameter scale in micrometer (µm) showing the resolution (the 
depth of investigation) of different analytical methods. The lowermost part shows the pore size 
classification followed in this study. Modified from Jobe et al., (2013). 
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3.3 Diagenesis 

The lower Wuchiapingian Khuff unit has been altered by different diagenetic 

(postdepositional) processes that have both positive and negative effects on the primary porosity, 

secondary porosity, and permeability. The identified major diagenetic processes include: 

dolomitization, dissolution (leaching), compaction, calcite cementation, stylolitization, 

fracturing, anhydrite cementation, and anhydrite replacement (Figure 3.2 on page 93). There are 

minor diagenetic processes with sporadic occurrences throughout the lower Wuchiapingian 

Khuff unit, and these processes have no significant effects on porosity and permeability. The 

minor diagenetic features include micritization, chertification, pyritization, reservoir bitumen 

entrapment, crystal silt formation, celestite (&'() * ) cementation, fluorite ((+, %) cementation, 

and authigenic quartz formation.  

The observed porosity types are primary (interparticle) and secondary porosity (moldic, 

intercrystalline, vuggy, microporosity, and fracture porosity); the secondary porosity resulted 

from the diagenetic dissolution, dolomitization, and fracturing processes (Choquette and Pray, 

1970). Different episodes of calcite, dolomite, and anhydrite cementation negatively affect the 

primary porosity, secondary porosity, and permeability. In general, dolomitization, dissolution, 

and fracturing positively affect permeability, while permeability is significantly reduced by 

cementation.  

The lower Wuchiapingian Khuff unit occurs at an average depth of around 3,700 meters, 

and experienced three tectonic activities that include: the Mid-Permian to Early Triassic Neo-

Tethys opening/Zagros rifting, the Late Cretaceous First Alpine Orogeny, and the Late Tertiary 

Second Alpine Orogeny (Wender et al., 1998; Faqira et al., 2009). The tectonic activities and the 

burial history played an important role in shaping the diagenetic processes which can be 

classified according to Choquette and Pray (1970) into two stages: the eogenetic (surface to early 

burial) and mesogenetic (intermediate burial). The paragenetic sequence that records the timing 

of porosity-modifying events is illustrated in Figure 3.3 on page 94. The following sections 

discuss each process in detail; the processes are arranged with respect to their influence on 

reservoir quality. 
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3.3.1 Dolomitization 

The lower Wuchiapingian Khuff unit shows different lithologies: dolomite, limestone, 

and anhydrite. Dolomite is the primary mineralogy by volume, while the secondary and tertiary 

lithologies are calcite, and anhydrite, respectively. In this study, dolomite has been characterized 

and documented by different techniques. First, core description helped to aid the quantitative 

estimation of the dolomitic lithology with the use of hydrochloric acid (10% acid concentration), 

Alizarin Red S (ARS) staining, and the density of core-plug data. Second, the wireline density 

log helped to discriminate dolomite from the other lithologies after being tied to detailed core 

descriptions. Third, the petrographic analysis of stained thin sections (ARS and potassium 

ferricyanide to test for ferroan content) was performed to characterize dolomite in great detail. 

The petrographic characterization of dolomite is the most important, and it includes crystal size, 

shape, and color following the classification system of Sibley and Gregg (1987). Fourth, the 

analyses of the carbon-oxygen, and strontium isotopes of the dolomitized lithofacies were 

conducted to investigate the timing and conditions of dolomitization. Fifth, the CL analysis was 

performed on different dolomitized samples to investigate possible compositional zonation. 

Sixth, the FE-SEM backscattered electron imaging and the mineralogical analysis enabled 

further investigation on the different dolomite types and compositional zonation of dolomite 

crystals. Seventh, the automated mineralogy scans (QEMSCAN) enabled distinguishing 

dolomite from other minerals and provided volume percentages of minerals (including dolomite) 

and porosity. Thin section petrography enabled the identification of dolomite types, while the 

timing and origin of each type were interpreted after the integration of all methods. 

A total of 171 carbon-oxygen samples were obtained from three cored wells in the 

southern, north-central, and northern areas of the study field (Figure 3.4 on page 95), 

representing all Khuff lithofacies except the sabkha/salina anhydrite lithofacies (Appendix A.1). 

The carbon isotope values range from 0 to 6.5 per mil with an average of 5.3 per mil. The 

oxygen isotopes range from -5.2 to 2.6 per mil with an average of -0.8 per mil. Dolomite 

lithology dominates all lithofacies except the distal shoal complex and the open marine 

lithofacies associations. Two carbon-oxygen crossplots have been generated for the 171 samples. 

The first crossplot was based on lithofacies of each sample (Figure 3.5 on page 96). The second 

crossplot was based on the dolomite percentage of each sample, and organized between the 

following four categories: (1) dolomite > 90%, (2) 50% < limy dolomite < 90%, (3) 10% < 
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dolomitic limestone < 50%, and (4) limestone < 10% dolomite (Figure 3.6). The dolomite 

samples have an average carbon isotope ratio of 5.3 per mil and an average oxygen isotope ratio 

of 0.5 per mil; the limy dolomite has an average carbon isotope ratio of 5.2 per mil and an 

average oxygen isotope ratio of -2 per mil; the dolomitic limestone has an average carbon 

isotope ratio of 4.9 per mil and an average oxygen isotope ratio of -3.4 per mil; the limestone has 

an average carbon isotope ratio of 5.1 per mil and an average oxygen isotope ratio of -3.7 per 

mil. 

This study has utilized 42 strontium isotope samples taken from six cored wells in the 

southern, south-central, north-central and northern areas of the field (Appendix A.2). The 

samples represent different lithologies across the lower Wuchiapingian Khuff unit. The measured 

values vary from 0.706875 to 0.708523 with an average value of 0.707177. The values have 

been plotted on the strontium global curve from Korte & Ullmann, 2018 (Figure 3.7 on page 97).  

The dolomite of the lower Wuchiapingian Khuff unit can be classified into two phases: 

early dominant replacive dolomitization and later minor dolomite cementation. Replacive 

dolomitization is the transformation process of calcium carbonates (low-Mg calcite, high-Mg 

calcite, and aragonite) to dolomite, while cementing dolomitization is the dolomite cement filling 

primary or secondary void space (Land, 1980; Warren, 2000). The replacive dolomitization types 

are fabric preserving dolomite (FPD) and fabric destructive dolomite (FDD). Replacive dolomite 

has a favorable effect on reservoir rocks in the form of intercrystalline, interconnected porosity 

that can be found in the shallow subtidal, dolomitized shoal flank, and the dolomitized shoal 

crest lithofacies. The void-filling dolomite cement types are fine to coarse dolomite cement 

(Dcm) and saddle dolomite (SDcm); all of which have a negative effect on the associated 

reservoir rocks (Figure 3.2).   
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Figure 3.2: Hierarchical diagram showing the major diagenetic processes and their types.!
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Figure 3.3: Paragenetic sequence of the identified diagenetic processes of the lower 
Wuchiapingian Khuff unit.    
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Figure 3.4 The study field (arbitrary) outline map showing the locations of the three cored wells 
from which isotopic data were collected from.  
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Figure 3.5 Crossplot of the carbon-oxygen isotopes taken from samples representing the 
carbonate lithofacies of the of the lower Wuchiapingian Khuff unit. 

 

 

 
Figure 3.6 Crossplot of the carbon-oxygen isotopes based on the dolomite percentage of each 
sample. 
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Figure 3.7 Strontium isotope ratios of the lower Wuchiapingian Khuff unit taken from different 
samples that represent dolomite, limestone, and different types of anhydrite. (Modified from 
Korte & Ullmann, 2018). 

 

3.3.1.1 Fabric Preserving Dolomite (FPD) 

The replacive dolomitization of depositional calcium carbonates shows excellent 

preservation of the grains, peloids, bioclasts, intraclasts, cements, and matrix. All Khuff 

identified lithofacies show different percentages of fabric preserving dolomite except the shallow 

subtidal lithofacies where fabric destructive dolomite (FDD) is pervasive. There are two types of 

fabric preserving dolomite: very fine crystalline dolomite and fine to medium dolomite. The first 

type exhibits very fine (up to 20 µm across) anhedral dolomite crystals that preserve in a 

preferential manner, grains and bioclasts (Figure 3.8A). There is a Òblue hazeÓ associated with 

these very fine crystalline dolomitized grains under plain polarized light with no visible porosity. 

This Òblue hazeÓ suggests the presence of microporosity. The second type is the most common, 

in which fine to medium (20-100 µm across), anhedral to euhedral dolomite crystals replace the 

grains, matrix, and cement showing a high degree of preservation. The second type of FPD 

replaced isopachous cement, ooid internal structures, bioclast chambers/wall structures, and 
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micrite envelopes (Figure 3.8B). There are poorly fabric-preserved dolomitization in some thin 

sections; the white paper technique was used to reveal the original outlines of the grains (the 

partially preserved relict texture) (Figure 3.8C). The dolomudstone found in the muddy precursor 

lithofacies such as the lagoon and tidal flat is yet considered fabric preserving dolomite since 

some sedimentary structures such as burrowing, microbial laminae, and mud cracks are well 

preserved. This dolomudstone texture appears different under optical and SEM microscopes 

showing interlocking subhedral to anhedral fine to medium dolomite crystals (Figure 3.8D).   

 

3.3.1.2 Fabric Destructive Dolomite (FDD)   

 The fabric destructive replacive dolomitization shows a porous mosaic of equally-sized 

(unimodal) medium to coarse (rare) subhedral to euhedral (most common) dolomite crystals. The 

original fabric is hard to identify due to a crystalline fabric showing high porosity and 

permeability with uniform pore sizes and throats (Figure 3.9). The FDD is associated with the 

shallow subtidal lithofacies, and the only preserved sedimentary structure is the horizontal 

Zoophycos trace fossils. The fabric destructive dolomite found in the shallow subtidal lithofacies 

has good porosity and permeability and is most common in the lower Wuchiapingian Khuff unit 

compared to the Triassic Khuff section. The FDD carbon isotopic ratios are between 4.2 to 5.5 

per mil, while oxygen isotopic ratios range between -3.6 to 1.7 per mil (Figure 3.5).     

 

3.3.1.3 Fine to Coarse Dolomite Cement (Dcm) 

  The first type of dolomite cement is the fine to coarse crystalline, euhedral dolomite 

found mostly in association with the shoal crest lithofacies filling the primary intergranular 

porosity and the secondary moldic porosity (Figure 3.10). The intergranular pore-filling dolomite 

crystals range from fine to coarse, and the larger crystals of the Dcm are usually clear (Figure 

3.10A). The mold-filling dolomite crystals are unimodal showing medium crystalline rhombs 

(Figure 3.10B). The Dcm crystals show compositional zonation in which an outer rim shows 

bright orange CL luminesce under the CL microscope and light gray rim in the BSE imaging 

(Figures 3.11A, B). The compositional analysis of the light gray (bright luminescent) rim 

revealed a small atomic percentage of manganese of 1.12% compared with zero percent in the 

dark gray (non-luminescent) core (Figures 3.11C, D). 
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Figure 3.8 (A) Skeletal peloidal packstone showing very fine crystalline dolomite that preserves 
forams (arrowed). The lower right portion shows an anhydrite nodule. (B) Skeletal peloidal 
grainstone with bladed marine calcite cement (arrowed), which is an example of fabric-
preserving dolomite. (C) Photomicrograph of partially fabric preserving dolomite. The white 
technique enabled identification of relict grains (dashed outlines), suggesting a grain-dominated 
precursor. (D) The dolomudstone of the tidal flat lithofacies showing the interlocking of 
subhedral to anhedral fine to medium dolomite crystals. Photomicrographs of stained thin 
sections.   
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Figure 3.9 Medium crystalline sucrosic dolomite with high porosity and permeability. 
Photomicrograph of a stained thin section.   

 
 

 
Figure 3.10 (A) Medium to coarse euhedral dolomite rhombs filling intergranular porosity of 
grainstone. (B) Unimodal medium crystalline dolomite cement fills moldic porosity of 
grainstone. Photomicrographs of stained thin sections.   
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Figure 3.11 (A) CL image showing non-luminesce FPD and medium to coarse crystalline 
dolomite cement. The outer layer of the dolomite cement is bright luminescent. (B) BSE image 
of the same thin section as in (A) showing the zonation of dolomite cement which is indicated by 
the light grey color. The coarse dolomite cement crystal is partially dissolved. (C) The 
compositional analysis of the dolomite crystal outer layer (orange) showing manganese (Mn). 
(D) The compositional analysis of the core (red) lacks manganese.    

 
3.3.1.4 Saddle Dolomite Cement (SDcm) 

There are rare occurrences of saddle (baroque) dolomite cement (SDcm) in the lower 

Wuchiapingian Khuff unit. The SDcm shows curved crystals with an undulose extinction under 

cross-polarized light (Figure 3.12A). This dolomite occurs in the subaerial exposure and tidal flat 

lithofacies filling moldic, fracture, and fenestral porosity and can associate with the rare geopetal 
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crystal silts. Crystal silts are dolomitized silt-sized particles that occur on the bottom of 

secondary void space like moldic and vuggy porosity predating SDcm (Figure 3.12B). 

 

 
Figure 3.12 (A) Saddle dolomite-filled fenestrae showing sweeping extension. (B) Saddle-
dolomite-filled molds with geopetal crystal silts (arrowed). Photomicrographs of stained thin 
sections taken under crossed polarized light.  

 
3.3.2 Dissolution 

Dissolution in the lower Wuchiapingian Khuff unit comes in three forms: aragonite 

fabric-selective moldic porosity, non-fabric selective vuggy porosity, and the partial dissolution 

of the euhedral dolomite crystals. The fabric-selective dissolution targets aragonitic ooids and 

mollusks (bivalves, gastropods) to form moldic porosity (Figure 3.10B). The selective 

dissolution is primarily associated with the high-energy shoal crest and shoal flank lithofacies. 

The total dissolution of aragonitic grains leaves only the outlines that have been preserved by 

earlier or coeval calcite cementation filling the interparticle pore space. Fabric-selective 

dissolution also occurs in the form of micrite envelopes that had been protected from destruction 

by burial compaction. The non-fabric selective vuggy porosity is present, but not as common as 

its fabric selective counterpart (Figure 3.12A). Vuggy porosity is not only associated with the 

shoal complex lithofacies but can also be found in the tidal flat and shallow subtidal lithofacies. 

The moldic, vuggy pore space may be filled by calcite, dolomite, anhydrite, and rarely by 

geopetal crystal silts and saddle dolomite cement. The euhedral dolomite crystal partial 

dissolution or corrosion is associated with the medium to coarse crystalline Dcm of the shoal 
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crest lithofacies and commonly occurs regularly in the euhedral dolomite crystals of the shallow 

subtidal lithofacies (Figures 3.11B, 3.13). 

 

 
Figure 3.13 Fine to medium-crystalline sucrosic dolomite showing partially dissolved dolomite 
euhedral crystals (red arrowed); plain light image (left) and BSE image (right).  

 
3.3.3 Calcite Cement 

As carbonate pore-filling crystals, calcite cement fills partially or entirely the primary and 

the secondary porosity types of the lower Wuchiapingian Khuff unit; porosity types will be 

discussed in more detail in the porosity section. There are eight types of calcite cement (from the 

most common to rare): isopachous, equant, blocky, poikilotopic, late calcite cement, meniscus, 

and pendant. Fabric preserving dolomitization shows the original shape and size of original 

calcite cement types such as the isopachous, meniscus, and pendant calcite cements (Figure 

3.8B). All types of calcite cement are mostly associated with the high-energy shoal lithofacies. 

The poikilotopic and late calcite cements are rarely found in the dolomitized subaerial exposure 

and shallow subtidal lithofacies. All of the examined thin sections show red staining with no 

signs of any blue-stained calcitic cement (Figure 3.14A). The different generations of calcite 

cement are non-luminescent when examined under the CL microscope (Figure 3.14B). Iron and 

manganese were not detected by the energy dispersive spectroscopy (EDS) of the FE-SEM.     

Meniscus and pendant types of cement fill the primary interparticle porosity and occur as 

asymmetric growth at grain contacts (meniscus cement) or on the underside of grains (pendant 

cement). These two types of cement are rare, and their original calcitic fabric has been preserved 
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by dolomitization. The isopachous calcite cement occurs as a thin rim of crystals that grow 

around organic and inorganic grains in the form of fibrous and bladed coatings (Figures 3.14C). 

Crystals are evenly distributed with their long axes perpendicular to a grain boundary. Fibrous 

rims are observed in the interparticle porosity, while bladed rims are primarily found in the 

interparticle and moldic porosity. Equant and blocky calcite cements occur as medium to very 

coarse crystalline, polyhedral, cement crystals occupying intergranular porosity or filling moldic 

porosity (Figures 3.14C, D). In some cases, the crystal size of the blocky calcite cement 

increases towards the center of the void (Figure 3.14D). The blocky and/or equant calcite 

cements fill moldic porosity, and within interparticle porosity, they commonly follow earlier 

precipitation of isopachous cement. This multiple generation calcite cements fills the 

interparticle porosity of leached out ooids and bioclasts, leaving isolated molds that are poorly 

interconnected (Figures 3.14C, D).  

Poikilotopic calcite cement occurs as clear, very coarse to poikilotopic crystals filling the 

interparticle or intercrystalline pore space (Figure 3.14A, E). The poikilotopic calcite encloses 

multiple framework grains, intraclasts and earlier dolomite crystals of the shoal crest, subaerial 

exposure, and shallow subtidal lithofacies.  

Late calcite cement is rare and is only found within the pore space of the dolomitized 

shallow subtidal, shoal crest, and subaerial exposure lithofacies (Figure 3.14F). This cement 

partially fills porosity and pore throats and does not enclose grains. 

 

3.3.4 Compaction  

Compaction is an important diagenetic process that has resulted in reduction in both 

porosity and permeability, and is present in the lower Wuchiapingian Khuff unit in two forms: 

mechanical and chemical compaction. The mechanical compaction occurs in grainstones of the 

shoal complex lithofacies and fitted fabric boundstone of the subaerial exposure lithofacies. 

Mechanical compaction is present in differing features that include: plastic ooid deformation, 

brittle grain fracturing, grain-to-grain concavo-convex contacts, and shattered micrite 

envelopes/cement rims (Figures 3.15A, B).  Microscopic chemical compaction occurs between 

grains and dolomite crystals in the form of grain-to-grain, and crystal-to-crystal sutured contacts 

(Figure 3.15C, D). 
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Figure 3.14 (A) Subaerial exposure rudstone showing dolomitic intraclasts, poikilotopic calcite 
cement (red arrowed), and anhydrite cement (black arrowed). (B) the same image under CL. (C) 
Skeletal peloidal ooid grainstone showing isopachous calcite cement (yellow arrowed), 
dissolution, very fine FPD, medium to coarse dolomite cement, and anhydrite replacement (red 
arrowed). (D) Photomicrograph showing blocky calcite cement (black arrowed), equant calcite 
cement (white arrowed), and diagenetic equigranular quartz (red arrowed). (E) Poikilotopic 
calcite cement within intercrystalline porosity (white arrowed). (F) BSE image showing late 
calcite cement postdated by strontium sulfate (celestite).    
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Figure 3.15 (A) Ooid peloidal grainstone showing different compaction features: plastic ooid 
deformation (red arrowed), spalled ooid cortex (blue arrowed), and collapsed ooids (white 
arrowed). (B) Ooid peloidal grainstone showing mechanical overly close packing that predates 
anhydrite cement (yellow arrowed); grain-to-grain concavo-convex contacts is red arrowed. (C) 
Cross-polarized image showing grain-to-grain sutured contacts. (D) BSE image showing crystal-
to-crystal sutured contacts between euhedral dolomite crystals.  

 
3.3.5 Anhydrite Cement  

Anhydrite, in the lower Wuchiapingian Khuff unit, occurs in different forms: bedded 

anhydrite units, dehydrated gypsum pseudomorphs, nodular anhydrite, replacement anhydrite, 

and anhydrite cement. The sulfur isotopic content of the bedded anhydrite units, dehydrated 

gypsum pseudomorphs, and nodular anhydrite show values that range from 8.7 per mil to 11.2 

per mil with an average of 10.5 per mil (Appendix A.3).  

Unlike other anhydrite types, anhydrite cement has the most significant negative effect on 

the porosity the lower Wuchiapingian Khuff unit; more commonly with the dolomitized grain-
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dominated lithofacies. Anhydrite cement partially or fully occludes intergranular porosity, post-

dissolution moldic porosity, dolomitic intercrystalline porosity, and fracture porosity (Figure 

3.15B, 3.16, 3.17A). This cement is associated with the dolomitized intervals and is found in all 

of the lithofacies except the open marine lime mudstone.  

 

 
Figure 3.16 BSE image of medium crystalline dolomite cement that shows zonation, dissolution, 
and crystal-to-crystal pressure solution. The poikilotopic anhydrite cement postdates the 
dolomite cement and the subsequent dolomite dissolution. 

 

3.3.6 Anhydrite Replacement 

The petrographic analysis of the anhydrite replacement illustrates a minor presence of 

white anhydrite crystals that are mostly found in the high-energy shoal crest and shallow subtidal 

lithofacies. Unlike the anhydrite cement phase, this replacive phase sporadically cross-cuts 

grains and other diagenetic features such as cements and dolomite crystals, showing no 

significant influence on the reservoir quality (Figure 3.14C). Similar to the anhydrite cement, the 

anhydrite replacement shows high birefringence colors under cross-polars.  

  

3.3.7 Fracturing 

Mesoscopic to microscopic fractures are common in the lower Wuchiapingian Khuff unit 

showing different orientations and are preferentially associated with dolomitic lithology (Ameen 

et al., 2010). The mesoscopic and microscopic fractures from the core and petrographic 
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descriptions are either open, anhydrite-cemented, or calcite-cemented (rare). It is hard to verify 

real fractures in core slabs unless they are mineralized (Figure 3.17A). The core cutting and the 

subsequent core handling generate induced fractures or broken-up pieces of cores. The thin 

sectioning process may also generate induced fractures. Fractures come in different stages, where 

reactivated fractures were detected in petrographic thin sections. The aperture of open fractures 

is dominantly less than 0.2 mm (Figure 3.17B).  

 

 
Figure 3.17 (A) Core slab image showing anhydrite filled fractures. (B) Photomicrograph of a 
stained thin section showing an open (real) fracture that is partially filled with anhydrite and 
bitumen (dead oil).   

 

3.3.8 Stylolitization  

The pressure solution features of the lower Wuchiapingian Khuff unit occur in two 

forms: horizontal (bedding-parallel) (typical) and high-angle to vertical (rare). The abundant 

horizontal stylolites are divided into low-amplitude (millimeter-scale), high-amplitude 

(centimeter-scale), and solution seams; all of these stylolitic features are easily visible in core 

slabs and in thin sections due to the concentration of dark-colored insoluble residue along their 

irregular surfaces (Figure 3.18A). The insoluble residue is thin overall, but it can reach up to 2 

cm thick. The high-angle stylolites cut across the grains showing a reduction in bed thickness 

(Choquette and James, 1987). Stylolites are present in every lithofacies of the lower 

Wuchiapingian Khuff unit and are found in both limestone and dolomite. They also occur as 

stylolitic contacts separating different compositional lithofacies and can be associated with 
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vertical fractures (tension gashes) (Figure 3.18B). Vertical stylolites are rare and mostly 

characterized by low amplitude.  

Solution seams occur in aggregate and do not cut across grains like the typical stylolites, 

but they are characterized with thin insoluble residue along their paths, and in some limestones, 

they are associated with fine crystalline dolomite cement. The petrographic analysis shows that 

stylolites postdate cementation and dolomitization in the lower Wuchiapingian Khuff unit. 

 

 
Figure 3.18 (A) Core image shows two types of horizontal stylolites: low-amplitude (yellow 
arrowed) and high-amplitude stylolites (red arrowed). A penny (diameter = 19 mm) is shown for 
scale (B) Tension gashes (white arrowed) are bounded between two low amplitude stylolites 
(yellow arrowed).  

 

3.3.9 Minor Diagenetic Features 

 There are minor diagenetic features that have no significant effect on the pore system of 

the lower Wuchiapingian unit due to their rare occurrence and paucity. These events include 

chertification, celestite cementation, fluorite cementation, pyritization, and bitumen entrapment. 

Micritization is considered a minor diagenetic process in the primarily dolomitized lower 

Wuchiapingian Khuff unit. This process was petrographically observed, mostly in the calcitic 

shoal crest lithofacies, in the form of well-rounded featureless ooids with no concentric or radial 

features, and in the form of rare micrite envelopes around some bioclasts (Figure 3.19A).  

Siliceous precipitation occurs in the lower Wuchiapingian Khuff unit in three forms: 

large siliceous concretions, chert nodules, and authigenic quartz. The large siliceous concretions 
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are fine-grained, very hard, pure grey chert with a maximum thickness of 10 centimeters. These 

concretions are rare in the lower Wuchiapingian Khuff unit (Figures 3.19B). The chert nodules 

are mostly oval-shaped, tan to dark gray, a few centimeters in size, and are primarily associated 

with the shallow subtidal lithofacies. The color, shape, and hardness were used to identify 

chertification in core slabs. The diagenetic equiangular quartz crystals are found in the tidal flat, 

shoal crest, shoal flank, shallow subtidal and subaerial exposure lithofacies as medium to coarse 

crystalline, colorless, hexagonal single crystals (Figure 3.14D). These crystals postdate some 

features like calcite cementation, anhydrite cementation, dissolution, and dolomitization.  

The rare celestite cementation fills the intercrystalline and the intergranular porosity of 

the dolomitic shallow subtidal, shoal crest, and subaerial exposure lithofacies. This cement is 

found in small amounts postdating late calcite cement (Figure 3.14F). Celestite cementation was 

hard to identify using the standard petrographic microscopy without the help of both the CL 

microscopy, the energy-dispersive spectroscopy of the FE-SEM, and the QEMSCAN.           

Fluorite cementation is even more scarce than celestite cementation filling the 

intercrystalline and moldic porosity of the shallow subtidal and the dolomitized shoal crest 

lithofacies (Figure 3.19C). The energy-dispersive spectroscopy of the FE-SEM and the 

QEMSCAN are essential for identifying this cement, since fluorite cement is hard to recognize 

using optical microscopy.  

 Pyrite is present in all lithofacies of the lower Wuchiapingian Khuff unit. The core slabs 

show traces of pyrite and can be associated with dolomite and, to a lesser extent, anhydrite 

nodules. In core slabs, pyrite traces are found growing around anhydrite nodules. Petrographic 

thin sections show pyrite as dark-colored minute dots looking similar to bitumen; pyrite gives a 

brassy reflection when transmitted light illumination is blocked and light illumination is applied 

from above. The FE-SEM shows pyrite as micron-scale white framboids occurring within 

intercrystalline pore space, inside fractures, and on dolomite crystals (Figure 3.19D).  

 Bitumen or dead oil occurs as dark-colored residues that can be found in between grains, 

between dolomite crystals, inside molds, along pressure solution seam/stylolites, and inside 

fractures; postdating dissolution, dolomitization, and fracturing (Figures 3.17B). in small 

amounts that are only seen by petrographic microscopic analysis. Bitumen looks similar to pyrite 

under the optical microscope but does not give the brassy color under reflected light microscopy.  
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Figure 3.19 (A) Plain light photomicrograph of a stained thin section showing a micritized ooid 
(arrowed). (B) Core slab photo showing a siliceous concretion (arrowed). (C) BSE image 
showing fluorite cement. (D) BSE image showing pyrite framboids (postdating dolomite). 
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3.4 Interpretation  

The diagenetic processes, as previously discussed, are associated with different 

lithofacies; the interrelation of diagenesis and deposition shapes the evolution of porosity and 

permeability of the lower Wuchiapingian Khuff unit. The characteristics of each diagenetic 

process are indicative of different diagenetic environments. This section describes the association 

between diagenetic processes and lithofacies and summarizes interpretations of the identified 

diagenetic characteristics and isotopes.   

The shoal crest lithofacies is the most diagenetically altered lithofacies. The skeletal 

peloidal ooid grainstones of the shoal crest lithofacies of the lower Wuchiapingian Khuff unit 

were initially deposited in a mud-free environment as a result of high-energy currents and waves, 

leaving winnowed grains and high original interparticle pore space (Dunham, 1962; Enos and 

Sawatsky, 1981). Micritization is considered one of the earliest eogenetic processes, when 

original calcitic ooids and bioclasts are replaced by micritic carbonate as a result of algal, fungal, 

cyanobacterial and bacterial activities (Bathurst, 1966; Tucker and Wright, 1990). Micritization 

occurs in the marine phreatic environment (Longman, 1980; Alsharhan, 2006). This process is an 

important palaeoenvironmental indicator and suggests a shallow marine environment within the 

photic zone (Kobluk and Risk, 1977; Perry, 1998). The highly preserved dolomitized ooid 

outlines showing no concentric internal fabrics indicate micritization predated dolomitization 

(Rahimpour"Bonab et al., 2010). The isopachous, bladed calcite cement that developed around 

grains of the shoal crest grainstones represents a marine precipitate (Adams and MacKenzie, 

1998).  

The original high (30-35%) porosity and permeability of the shoal crest grainstones, 

along with the other factors such as water pumping and hydrostatic head, facilitated the 

subsequent diagenetic processes of selective dissolution, calcite cementation, and dolomitization 

(Harris et al., 1985). The chemistry of seawater has varied throughout the Phanerozoic, and the 

Late Permian was a time of aragonite seas (Figure 3.20). The Khuff subtropical shallow warm 

seawater supports accretion of larger aragonitic biogenic grains like mollusks and abiogenic 

grains like ooids with porosity potential, if dissolved (Morse and Mackenzie, 1990; Hardie, 

2006). The aragonite and high magnesium calcite are metastable carbonate minerals and are 

prone to dissolution. The meteoric flushing associated with subaerial exposures selectively 

dissolved these metastable minerals to make moldic and vuggy porosity (Longman, 1980; Harris 
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et al., 1985; Tucker and Wright, 1990). The pendant and meniscus types of cement are 

accompanied by preserved primary porosity and minor vuggy porosity, and all of which are 

indicative of a freshwater, vadose diagenetic environment within arid climate (Longman, 1980). 

The equant and blocky calcite cementation filled the remainder of the interparticle pore space 

leaving isolated molds with very low permeability. The selective dissolution of aragonitic and 

high magnesium calcitic grains (i.e., ooids and mollusks) is believed to be coeval with the equant 

and blocky calcite cementations. The equant and blocky calcite cements are probably meteoric 

phreatic in origin (Adams and MacKenzie, 1998). The early processes of dissolution, isopachous, 

equant and blocky calcite cementation are precompaction (Budd et al., 1993). The fine to 

medium crystalline FPD is interpreted to have occurred as a direct result of reflux 

dolomitization, where hypersaline dolomitizing fluids sourced from the tidal flat and restricted 

lagoonal palaeoenvironments (heavy C-O-Sr ratios of dolomitized samples; see section 3.6.1 for 

more detail). This type of dolomite is associated with bedded and nodular anhydrite (Machel, 

2004).  

The mechanical compaction features and horizontal stylolites are formed as a result of the 

overburden pressure due to burial. Chemical compaction including stylolites have a negative 

effect on both porosity and permeability, because they source burial cementation and act as 

permeability barriers. The high angle to vertical stylolites indicate stress due to folding or 

tectonic activities (Adams and MacKenzie, 1998; Scholle and Scholle, 2003). The 

postcompaction, non-luminescent poikilotopic and late calcite cement are good examples of 

burial cements (Moore and Wade, 2013).  

The unimodal, sucrosic FDD, associated with the shallow subtidal lithofacies, is 

interpreted to originate from lime-mud-rich carbonates. This type of dolomitization is interpreted 

as having occurred in a marine phreatic environment (Al-Sharhaan, 2006); the FDD is associated 

with the subsequent meteoric dissolution of the muddy limy matrix to form porous sucrosic 

dolomite (Lucia, 1962; Harris & Meyers, 1987; Choquette and Hiatte, 2008; Faqira et al., 2013). 

The stable carbon-oxygen isotopes support the marine diagenetic environment (Hudson, 1977). 

The crystal-to-crystal chemical compaction, within the shallow subtidal sucrosic dolomite, 

helped to form a well-indurated crystal-supported framework that can withstand collapse after  
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prolonged gas production or a drop in pressure. The partial dissolution of dolomite rhombs 

enhances the reservoir quality by increasing both the original porosity and the pore throat 

diameter size and thus, the permeability (flow path) of the fine to medium crystalline dolomite.  

The pore filling dolomite cement, found mostly in association with the shoal crest 

lithofacies, shows homogeneous crystals that fill mostly the intergranular pore space reflecting 

the homogeneous environment of dolomitization. The coarse crystalline dolomite cement shows 

distinct compositional zonation which represents multiple episodes of crystal growth (Searl, 

1994). The coarse crystal size along with the growth band are indicative of higher temperatures 

during deep burial with possible influence of basinal fluids during crystal growth (Frisia, 1994). 

The small percentage of manganese found in the luminescent rim of the dolomite cement is 

enough to produce luminescence since there is no relationship between the intensity of 

luminescence emission and the manganese percentage (Pierson, 1981). Luminescence is a 

reflection of the ratio between manganese activator ions and iron quencher ions. The bright 

luminescent rim of the dolomite cement crystals indicates suboxic conditions during the CL-

banded growth as oxygen is used up during burial, in which manganese was incorporated in the 

rim and iron was not (Adams and MacKenzie, 1998). The saddle dolomite cement is a late 

(burial) diagenetic event that formed from saline fluids at temperatures of more than 80¡C 

(Radke and Mathis, 1980; Machel, 2004).  

The natural open fractures increase porosity and more importantly improve permeability 

by connecting isolated moldic pores, and other pore types. Fractures are associated with the 

dolomitized intervals of the unit, since dolomite is prone to fracturing when subjected to tectonic, 

faulting, or compactional stress regimes (Rohel and Choqquette, 1985). Dolomite is less soluble 

and is more resistant to burial depths than limestone; therefore, fractured dolomite are good 

reservoirs at greater depths (Schmoker and Halley, 1982). Hydrocarbon-filled open fractures 

would preserve porosity by inhibiting cement precipitation (Bjorlykke, 2010). 

The postdolomitization anhydrite cement occurred over a wide range of progressive 

burial (Sun and Esteban, 1994); this cement fills early formed fractures and is postdated by late 

formed open fractures. The anhydrite cement and replacement were precipitated from the 

percolated heavy (sulfate-rich) brines that migrated through porous, permeable dolomites. Burial 

fluids could also form late anhydrite cementation (Ahr, 2011). 
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The chertification requires supersaturated fluid with respect to silica to precipitate bedded 

chert deposits, replacive chert nodules and diagenetic equigranular quartz (cement) (Williams et 

al., 1985; Scholle and Scholle, 2003). The silica in ancient bedded chert deposits are believed to 

be sourced from biogenic origins. The possible biogenic sources include the siliceous organisms 

of radiolarians and sponge spicules (Permian time) (Boggs and Boggs, 2009). Chertification is 

suggested to be formed within the burial diagenetic environment (Scholle and Scholle, 2003).  

Celestite occurs as a late cement postdating dolomitization. The dolomitization of the 

aragonitic carbonates resulted in the liberation of strontium from aragonite to form celestite 

cement (Carnell and Wilson, 2004). This cement may also precipitate from the highly 

evaporative strontium-rich seawater (Tucker and Wright, 1990). Fluorite cement is another burial 

diagenetic feature that was precipitated from hydrothermal solutions at high temperatures 

(Scholle and Scholle, 2003). Pyrite is probably the latest mineral to precipitate, since it crosscuts 

many late diagenetic features like fractures and late dolomite cement. The pyrite growing around 

edges of anhydrites may suggest thermochemical sulfide reduction at temperatures between 80 

and 150¡C (Morse and Mackenzie, 1990). The bacterial sulfate reduction within suboxic 

conditions may also form pyrite (Moore, 2001).  

The pore-filling bitumen (dead oil) residue is an important subsurface hydrocarbon show 

that indicates oil migration through the reservoir. Bitumen is trapped immobile solid 

hydrocarbon forming as a result of water-displacement, biodegradation, or thermal maturation 

(Schowalter and Hess, 1982). This solid residue could form from thermochemical sulphate 

reduction (Machel, 2004). The crosscutting relationship of bitumen residues with other 

diagenetic events suggests its late occurrence. It is believed that oil generation and migration 

started in early Mesozoic and the Khuff unit was charged initially with light oil that has been 

thermally cracked into non-associated gas and bitumen (Faqira et al., 2013). The hydrocarbon 

migration and filling ceased any further mechanical and chemical diagenesis (Scholle and 

Scholle, 2003).  

The Khuff carbon isotopic ratios fall within the range of the Late Permian marine isotopic 

composition on the Veizer et al., 1999 global curve which represents the carbon isotopic 

compositions of the oceans throughout the Phanerozoic geologic time (Figure 3.21). The positive 

carbon isotopic results (0 to 6.5 per mil) support the marine origin of the Khuff rock samples. 
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There are different stages of dolomitization, where most of the restricted dolomitized lithofacies, 

such as peritidal and restricted lagoon, show enriched oxygen isotopes, which means evaporitic 

settings, while the less restricted lithofacies associations like shoal complex and open marine 

show depleted oxygen isotopes. The oxygen isotopes are sensitive to temperature and salinity; 

the higher the temperature, the lighter the oxygen isotopic ratios and the higher the salinity, the 

heavier the composition. If the system was not closed and it was punctuated by influxes of fresh 

water, the carbon-oxygen isotopic ratios would become more depleted. The different oxygen 

readings recorded from different samples of a single lithofacies indicate that the subsequent 

diagenetic events may reset the original oxygen isotopic values (Hudson, 1977; Freidman and 

OÕNiel, 1977; Land, 1980; Anderson and Arthur, 1983; Moore, 1985; Dickson, 1990). 

The sulfur isotopic compositions of oceans have varied through geologic time, and such 

changes can be used for deciphering different events of evaporative crystallization stages 

(Claypool et al., 1980; Strauss, 1997). The sulfur isotopic values fall within the marine values of 

the Late Permian time (Figure 3.22), suggesting an early occurrence from an early origin that 

coincided with the Khuff sedimentation (Kampschulte and Strauss, 2004).  

The most restricted lithofacies, such as tidal flat and subaerial exposure, show high Sr 

values. There is an increasing trend towards the northern areas of the field. The southern area 

strontium values fall mostly within the global range. The insignificant amounts of clay minerals 

within the different lower Wuchiapingian Khuff unit lithofacies as indicated by the QEMSCAN 

analyses (see section 3.5.1, Table 3.1) minimize the effect of the decay of Rb 87 to Sr 87 on the 

measured strontium isotopic ratios (Banner, 1995). Salinity is an essential factor in determining 

the Sr incorporation in carbonates, as the values of Sr isotopes has a direct relationship with 

salinity (FlŸgel, 2004), and more restricted environments are associated with an increase in 

salinity. Consequently, the associated evaporitic dolomites have the highest Sr concentration 

(Tucker & Wright, 1990). Hypersaline waters are believed to be associated with ancient 

dolomites that have high Sr values, and Sr values tend to decrease towards the distal, less 

restricted depositional environments (Figure 3.7) (Warren, 2000).  
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Figure 3.20 Temporal distribution of the calcitic seas and aragonitic seas throughout the 
Phanerozoic eon based on the Mg/Ca molar ratio of seawater for aragonite and calcite. Modified 
from Stanley (2006).  

 

 

 
Figure 3.21 The carbon isotopic variation in the oceans throughout the Phanerozoic showing a 
column representing both the range of carbon isotopic values and number of samples as 
expressed by color intensity. (After Veizer et al., 1999).  
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Figure 3.22 The sulfur isotopic variation of the Phanerozoic oceans showing a red column 
representing the range of sulfur isotopic values of the lower Wuchiapingian Khuff unit. (After 
Kampschulte and Strauss, 2004).  

 

3.5 Porosity 

The lower Wuchiapingian Khuff unit is a carbonate unit that is susceptible to dissolution, 

recrystallization, and cementation, all of which complicate the relationship between porosity and 

diagenesis. This relationship shows the dominance of the late secondary porosity types over the 

primary porosity types. Like any other carbonate rocks, reservoir quality does not solely depend 

on depositional lithofacies as in terrigenous rocks. The pore space development is controlled by a 

combination of depositional (sediment composition) and postdepositional elements (diagenesis)  
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that produce various primary and secondary porosity types (Wardlaw, 1976; Longman, 1980;  

Harris et al., 1985; Moore and Wade, 2013). The porosity nomenclature in this study follows the 

classification proposed by Choquette and Pray (1970).  

The shallow subtidal, shoal flank, and shoal crest lithofacies represent the reservoir 

lithofacies of the lower Wuchiapingian Khuff unit, and each of the lithofacies has different 

porosity types. The primary porosity (syn-depositional) is identified as preserved interparticle 

porosity occurring in high-energy grain-dominated packstones and grainstones. Diagenetic 

processes such as cementation, dissolution, compaction, and dolomitization play a prominent 

role in the reduction and enhancement of both the primary and secondary porosity of the lower 

Wuchiapingian Khuff unit. The secondary porosity types (post-depositional) occur in almost 

every lithofacies, but are best developed in the shallow subtidal, shoal flank, and shoal crest 

lithofacies and include moldic, intercrystalline, fracture, and vuggy. The intercrystalline porosity 

is the most common effective porosity type and is best developed in the shallow subtidal 

lithofacies and the dolomitized matrix of the grain-dominated lithofacies. 

The shallow subtidal lithofacies consists predominately of euhedral, fine to medium 

crystalline dolomite. Unless anhydrite cemented, this lithofacies shows (highly interconnected) 

intercrystalline porosity, fracture, moldic, and vuggy porosity (Figure 3.9). In the shallow 

subtidal lithofacies, the coarser the dolomite crystals, the more unimodally distributed they are 

leading to higher reservoir quality (Wardlaw, 1976). Dolomite dissolution also enhances the 

reservoir quality of the shallow subtidal lithofacies (Figure 3.13). The crystal-to-crystal chemical 

compaction welds crystals together to form a consolidated framework in the FDD of the shallow 

subtidal lithofacies (Figure 3.15D); the resulted crystal-supported fabric may optimize gas 

production of the lower Wuchiapingian Khuff unit over a long time defying the compaction 

triggered by a drop in pressure.  

The second best reservoir lithofacies is the shoal crest, which includes intergranular, 

moldic, microporosity, intercrystalline and vuggy porosity (Figure 3.8B, 3.10B, 3.14C). The 

fabric-selective moldic porosity is the most important type of the shoal crest lithofacies  
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representing dissolution of aragonitic and calcitic ooids and bioclasts; aragonitic ooids and 

mollusks are the most susceptible to dissolution. The selective dissolution of aragonitic skeletal  

grains may be accompanied by calcite cementation of the primary intergranular porosity forming 

isolated molds that have good porosity but very low permeability (Figure 3.10B). However, the 

isolated molds with the dolomitic matrix show excellent permeability that can reach hundreds of 

millidarcies (mDs) due to the interconnection of moldic pores through intercrystalline porosity 

(Figure 3.23A). Intergranular porosity occurs in the shoal crest but can be modified by 

compaction and cementation, respectively. As the sediments are buried, mechanical compaction 

decreases the interparticle pore space, while different stages of calcite, dolomite and anhydrite 

cementations occlude the remaining interparticle pores. Unlike calcitic reservoir rocks, dolomitic 

reservoir rocks resist the porosity reduction resulting from burial modifications (Schmoker and 

Halley, 1982).  

The third type of porosity is the microporosity which develops within the very fine 

crystalline dolomitized grains and, to a lesser extent, within the dolomitized matrix. 

Microporosity occurs within the shoal complex lithofacies. This porosity is indicated by the blue 

haze observed in these very fine crystalline dolomites and by the difference between the plug 

porosity and the visual estimation of the thin section porosity. The non-fabric-selective vuggy 

porosity represents an insignificant percentage of the total porosity of the lower Wuchiapingian 

Khuff unit because it is rare and found mostly filled with anhydrite and saddle dolomite cement 

(Figure 3.23B, 3.12A).   

Fracture porosity within the shoal crest is another type of porosity that increases 

permeability. Fracture porosity is more likely to occur in the dominant dolomitic lithology of the 

lower Wuchiapingian Khuff unit (Hugman and Friedman, 1979). The shoal flank lithofacies is 

the least porous among the lower Wuchiapingian Khuff unit lithofacies due to the tight muddy 

matrix with moldic porosity as the main porosity type, followed by interparticle and fracture 

porosity.  
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Figure 3.23 (A) BSE image showing dolomitized oomoldic grainstone with high porosity and 
high permeability due to the dolomitized matrix and the breached molds. (B) BSE image 
showing vuggy porosity within dolomitized grainstone.   

 
3.5.1 Pore Size Characterization by the 2D Image Analysis   

The 2D pore space characterization, determined by digital image analysis, is an important 

method in providing quantitative information on all individual pores (defined as area %) to 

calculate pore size distributions (Anselmetti et al., 1998). These distributions coupled with other 

reservoir data like porosity and permeability measurements provide a basis to better understand 

the complex pore system, storage capacity and flow behavior of the reservoir (L¿n¿y, 2006). The 

ImageJ software was used to measure pore size distributions in respect to volume percent of five 

different QEMSCAN BSE images that represent different porous and non-porous lithofacies of 

the lower Wuchiapingian Khuff carbonates. The first three examples represent the porous 

lithofacies of shoal crest and shallow subtidal lithofacies that show moldic, intergranular, and 

intercrystalline pore types. The other two examples demonstrate the (tight) lagoon and tidal flat 

lithofacies that show (non-effective) poor intercrystalline porosity. The detected pore size ranges 

from the mesopores size range to the lower micropore size range (Figure 3.1). The QEMSCAN 

quantified porosity and mineralogy of each sample are listed in Table 3.1.   
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The first analyzed image represents dolomitized ooid grainstone that shows predominant 

oomoldic porosity and minor interparticle and intercrystalline porosity (Figure 3.24). The 

QEMSCAN measured porosity is about 20%. The pore size distribution shows a dominance of 

the upper micropores (moldic and intergranular), which represents around 80% of the total pore 

space; the other 20% are almost evenly distributed between lower micropores (mostly 

intercrystalline) and mesopores (connected intergranular). The second image shows another 

dolomitized grainstone that shows dominant intergranular porosity and minor intercrystalline 

porosity (Figure 3.25). The QEMSCAN measured porosity is approximately 18%; similar to the 

previous example, this distribution is skewed to the upper micropores (60%). The pore size 

distribution shows a significant contribution from the (mostly intergranular) lower micropores, 

which represent 36% of the total porosity. The mesopores are insignificant for this sample, 

representing 4% of total porosity. The third image demonstrates an excellent example of the 

prominent porous unit of the shallow subtidal lithofacies that shows (interconnected) 

intercrystalline porosity (33%) (Figure 3.26). The calculated pore size distribution falls within 

the micropore-scale range showing 56% as upper micropores and 44% as lower micropores.  

The QEMSCAN porosity scan of the dolomitic tight lagoon lithofacies shows about 1% 

porosity in the form of intercrystalline pores. The image analysis indicates that all pores fall 

within the lower micropore size range (Figure 3.27). The other tight lithofacies is the tidal flat 

which shows around 3.5% intercrystalline porosity. Similar to the lagoon lithofacies, all pores 

fall within the lower micropore size range (Figure 3.28).   

The lower Wuchiapingian Khuff petrographic rock typing studies (Clerke, 2009; Clerke, 

2011; Ardilla & Clerke, 2014; and Al-Nasser et al., 2018) developed a rock typing scheme using 

petrographic description, routine core analysis, mineralogic data, and Thomeer analyzed mercury 

injection capillary pressure (MICP) data. The MICP data shows predominant unimodality (86%) 

while the minor bimodality is present in the anhydrite-cemented shoal lithofacies that shows low 

porosity and good permeability. The current study pore size distribution of the good and poor 

reservoir lithofacies is dominated by micropores which corresponds to the MICP data that 

suggests predominant unimodality. 
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Table 3.1 QEMSCAN quantified measurements of porosity and mineralogy of the five different 
samples that represent different porous and non-porous lithofacies of the lower Wuchiapingian 
Khuff carbonates.  

 
 
 

 
Figure 3.24 Pore size distributions of the dolomitized shoal crest lithofacies that show moldic, 
intergranular, and intercrystalline porosity. (A) QEMSCAN false color image shows porosity in 
red and dolomite in blue; the scanned area is about 500 !" #. (B) QEMSCAN image shows 
porosity in black. (C) ImageJ (filtered) image shows the lower micropore size range. (D) Filtered 
image shows the upper micropore size range. (E) Filtered image shows the mesopore size range. 
(F) Pore size distribution in terms of volume percent to the total porosity.     



! 124 !

 
 
 
 
 
 

 
Figure 3.25 The pore size distribution of the dolomitized shoal crest lithofacies. (A) QEMSCAN 
false color image shows porosity in red and dolomite in blue; the scanned area is about 1$"" #. 
(B) QEMSCAN image shows porosity in black. (C) ImageJ (filtered) image shows the lower 
micropore size range. (D) Filtered image shows the upper micropore size range. (E) Filtered 
image shows the mesopore size range. (F) Pore size distribution in terms of volume percent to 
the total porosity.  
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Figure 3.26 The pore size distribution of the shallow subtidal lithofacies. (A) Threshold image 
(ImageJ-generated) of a QEMSCAN BSE image; black color corresponds to porosity and the 
scanned area is about 1$"" #. (B) Filtered image of (A) shows the lower micropore size range. 
(C) Filtered image shows the upper micropore size range. (D) Pore size distribution in terms of 
volume percent to the total porosity. 
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Figure 3.27 The pore size distribution of the lagoon lithofacies. (A) QEMSCAN false color 
image shows porosity in red, dolomite in blue, and quartz in pink; the scanned area is about 500 
!" #. (B) QEMSCAN image shows porosity in black. (C) ImageJ (filtered) image shows that all 
pores are within the lower micropore size range.  

 

 

 

 
Figure 3.28 The pore size distribution of the tidal flat lithofacies. (A) QEMSCAN false color 
image shows porosity in red, dolomite in blue, and quartz in pink; the scanned area is about 500 
!" #. (B) QEMSCAN image shows porosity in black. (C) ImageJ (filtered) image shows that all 
pores are within the lower micropore size range.  
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3.6 Discussion 

3.6.1 Dolomitization Model 

Dolomitization in the lower Wuchiapingian Khuff unit is subdivided into early and late-

formed dolomites (section 3.1). The early replacive dolomites of FPD and FDD are the most 

pervasive and effective porosity forming types within the downdip shallow subtidal and shoal 

complex lithofacies. The late dolomite cement of Dcm and SDcm are minor and have a negative 

effect on reservoir quality. This section discusses the dolomitization mechanism by which the 

dominant replacive dolomite types were formed shortly after deposition (near the surface) and its 

effect on the pore development across the different lithofacies.  

The early replacive dolomitization is interpreted to be formed by hypersaline reflux 

dolomitization; the dense, magnesium-rich hypersaline fluids were generated from the updip 

restricted evaporitic peritidal environments. The dolomitizing fluids resulted in 

overdolomitization (a significant reduction in intercrystalline porosity and permeability) of the 

proximal highly restricted tidal flat and lagoon lithofacies, and dolomitization (maintaining and 

enhancing porosity and permeability) of the less restricted shallow subtidal, shoal flank and shoal 

crest lithofacies. The dolomitized reservoir lithofacies are considered within the distal reach of 

the dolomitizing flow pathways in this refluxing system (Adams and Rhodes, 1960; Lucia and 

Major, 1994; Sun, 1995; Saller and Henderson, 1998) (Figure 3.29). Despite burial, the 

dolomitized reservoir rocks (unless anhydrite cemented) of the lower Wuchiapingian Khuff unit 

have maintained their good reservoir quality since dolomite loses porosity slower than limestone 

during progressive burial (Schmoker and Halley, 1982).   

 

The following observations and geochemical results support the reflux dolomitization model:  

¥! Vast volumetric and geographic extent of replacive dolomite  

¥! Arid evaporitic nature of the paleodepositional setting 

¥! Presence of sabkha/salina anhydrite (bedded and nodular) and the barren restricted 

peritidal units within the vertical column of the reservoir 

¥! Overdolomitization in the updip section (Figure 3.29) 

¥! Presence of the late-stage diagenetic processes (i.e., compaction, anhydrite, and dolomite 

cements) postdating early replacive dolomites (Figure 3.15B) 



! 128 !

¥! Oxic cathodoluminescence behavior of replacive dolomites (Figure 3.11A)  

¥! Contemporaneous marine origin of carbon isotopic ratios of dolomite samples (Figure 

3.6) 

¥! Heavier oxygen isotopic ratios of dolomite samples (Figure 3.6) 

¥! Contemporaneous marine origin of strontium isotopic ratios of dolomite and anhydrite 

samples (Figure 3.7) 

¥! Contemporaneous marine origin of sulfur isotopic ratios of bedded anhydrite samples 

(Figure 3.22) 

 

 

Figure 3.29 Simple schematic model showing the lower Wuchiapingian Khuff unit lithofacies 
belt and the effects of the early (eogenetic stage) reflux dolomitization on carbonate sediments 
and porosity.  
 

3.6.2 Link Between Diagenesis and Sequence Stratigraphy 

During a period of diminished tectonic activities, the eustatic or global sea level 

variations (allocyclic model) controlled the formation of accommodation space in the Late 

Permian Khuff time (McGillivray and Husseini, 1992). Sequence stratigraphy and sea level 

changes have a significant influence on the texture, carbonate sediment composition, initial 
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porosity, and the eogenetic diagenetic types of the shallow water lower Wuchiapingian Khuff 

carbonates. Sequence stratigraphic architecture also controls the spacial distribution of 

lithofacies and some porosity-modifying diagenetic processes that cross-cuts different lithofacies 

like dolomitization and anhydrite cementation (Tucker and Wright, 1990; Saller et al., 1994).  

The isotopic curves of carbon, oxygen, and strontium were plotted with core description 

logs and gamma-ray logs to refine correlation and to mark diagenetic changes within the Lower 

Khuff third-order sequences WK-1-WK-4 (Figure 3.30). The constructed sequence stratigraphic 

framework of the lower Wuchiapingian Khuff unit shows repeated local and regional subaerial 

exposures. These exposure surfaces are associated with subaerial meteoric fluids that dissolve 

aragonitic and high magnesium calcitic grains to make moldic and vuggy porosity (Longman, 

1980; Harris et al., 1985; Mazzullo and Harris, 1991). In the WK-2 and WK-3, the oxygen 

isotopes show negative excursions below the regional, sequence-bounding unconformities of 

S.B.3 and S.B.4 (wells B and G), which may indicate meteoric overprint during a significant 

period of subaerial exposure, and can be used as a correlation tool. Meteoric water input was 

limited due to the arid climate during the Khuff time (Saller et al., 1994). The thicker the 

subaerial exposure interval, the more prominent the shift as demonstrated by S.B.3 in well G 

(Figure 3.30). This trend is similar to the Barbados model (Allan and Mathews,1982); the 

negative shift resulted from the incorporation of the isotopically depleted carbon from soil gas 

carbon dioxide into the recrystallized calcium carbonates and cementation developed within the 

vadose diagenetic environment beneath subaerial exposure surfaces.  

The WK-2 and WK-3 sequences have the highest reservoir quality compared to the WK-

1 and WK-4 sequences. Meteoric flushing associated with sequence boundaries influenced the 

porous lithofacies of the shoal complex and shallow subtidal lithofacies within these two 

sequences. The undersaturated meteoric waters dissolved aragonitic and high magnesium calcitic 

grains within the shoal crest and shoal flank lithofacies. The porous sucrosic dolomite of the 

shallow subtidal lithofacies within these sequences may also have been influenced when 

meteoric flushing dissolved aragonitic and calcitic mud, leaving a porous crystal-supported 

fabric in the form of sucrosic dolomite (Ruzyla and Friedman, 1985; Moore, 2001). The tidal flat 

complex on the base of the third sequence records a rapid increase in the oxygen isotopes which 

suggests evaporation and higher salinity (Moore and Wade, 2013).  
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The WK-1 sequence shows poor reservoir quality due to overdolomitization and 

pervasive anhydrite cementation. The tidal flat sediments and intermittent anhydrite beds cap 

many fourth-order parasequences within this sequence, which may play a role in the associated 

overdolomitization and anhydrite cementation as a result of downward flux of hypersaline brines 

(Ahr, 2011). The meteoric fluids associated with the S.B.2 sequence boundary and other local 

subaerial exposures show no effect on pore space as evident by the covariance between carbon 

and oxygen isotopes which may indicate a closed system (Well B).  

 

 

Figure 3.30 Plot showing the stratigraphic positon of the analyzed isotopic samples.  
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3.7 Summary and Conclusions 

Geological, petrographic, and geochemical characterization enabled the identification of 

24 porosity-modifying diagenetic processes within the lower Wuchiapingian Khuff unit. 

Interpretations of these processes, coupled with crosscutting relationships were used to establish 

a paragenetic sequence in which processes are subdivided between the diagenetic stages of 

eogenesis and mesogenesis. Each recognized process, to varying degrees, affects reservoir 

quality positively or negatively. The porosity-modifying postdepositional processes, identified 

porosity types, and pore size distributions suggest that lithofacies and diagenesis are the principal 

controls on reservoir quality in the lower Wuchiapingian Khuff unit of the studied field. The 

sequence stratigraphic architecture controlled the stacking arrangements and intensity of 

subaerial dissolution.   

 The most important diagenetic process is dolomitization, which is classified into two 

phases: the early dominant replacive dolomite and the late dolomite cementation. The replacive 

FPD and FDD are the significant porosity-forming processes in the shallow subtidal and shoal 

complex lithofacies (reservoir rocks). The replacive dolomite was formed as a direct result of 

reflux of hypersaline waters derived from the updip evaporative tidal flat and lagoon lithofacies. 

The dolomitization of grain-dominated textures of the shoal complex lithofacies enhances 

porosity in the form of intercrystalline porosity within the dolomitized matrix/cement; 

permeability is enhanced by connecting interparticle pores and isolated molds. The burial 

dolomite cement reduces porosity by filling moldic and interparticle pores. The coarse euhedral 

crystalline dolomite cement shows a CL-banded growth, suggesting precipitation over a long 

period of progressive burial between oxic and suboxic conditions. The last dolomite cement is 

the rare saddle dolomite, which indicates burial conditions with temperatures above 80¡C. 

The dissolution is another porosity-forming process that is represented by three types: 

aragonite fabric-selective moldic porosity, non-fabric selective vuggy porosity, and the partial 

dissolution of the euhedral dolomite crystals. The aragonite and calcite dissolution occurred early 

while the dolomite dissolution is a late (burial) process. Meteoric flushing, associated with 

sequence boundaries, dissolved aragonitic and high-magnesian calcitic grains within shoal 

complex lithofacies to form moldic and vuggy porosity and also dissolved the limy matrix within 

the partially dolomitized shallow subtidal lithofacies to form porous sucrosic dolomite. The late 
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dolomite dissolution may result from acidic fluids generated within the burial diagenetic 

environment.     

The calcite cementation has an overall negative effect on reservoir quality since it 

partially or completely occludes pores. The early (precompaction) cementation includes the 

isopachous (marine phreatic), meniscus (meteoric vadose), pendant (meteoric vadose), equant 

(meteoric phreatic), and blocky (meteoric phreatic) cement. These early calcite cements are 

associated primarily with the shoal crest lithofacies. The burial (postcompaction) poikilotopic 

and late calcite cement are rare and are associated with the shoal crest, shallow subtidal, and 

subaerial exposure lithofacies. 

The postdolomitization anhydrite cement is pervasive and probably has the greatest 

negative impact on reservoir quality. This cement mostly occludes pore space of the WK-1 

grain-dominated reservoir lithofacies and is common towards the northern parts of the field. It 

occurred over a wide range of progressive burial and is associated sulfate-rich brines.  

Mechanical compaction, in all forms, has a negative influence on porosity and 

permeability. Stylolitic chemical compaction has the same negative influence by sourcing burial 

cementation and by acting as permeability barriers. Microscopic chemical compaction occurs 

between dolomite crystals of the shallow subtidal dolostone, which helped in forming a well-

indurated crystal-supported fabric that can withstand collapse after prolonged gas production.  

The porosity types in the lower Wuchiapingian Khuff unit are primary (interparticle) and 

secondary (moldic, intercrystalline, vuggy, microporosity, and fracture porosity); the secondary 

porosity resulted from the dissolution, dolomitization, and fracturing processes. The pore size 

distribution, derived from 2D image analysis of QEMSCAN BSE images, is dominated by upper 

micropores for the good reservoir lithofacies of shallow subtidal and shoal crest; the lower 

micropores dominate the poor reservoir lithofacies of lagoon and tidal flat.  

Minor diagenetic processes are rare and have no significant effects on either porosity or 

permeability. These processes include micritization, chertification, pyritization, reservoir 

bitumen entrapment, crystal silt formation, celestite cementation, fluorite cementation, and 

authigenic quartz formation. 

The carbon isotope values range from 0 to 6.5 per mil with an average of 5.3 per mil 

falling within the range of the Late Permian marine isotopic ratios. The oxygen isotopes range 

from -5.2 to 2.6 per mil with an average of -0.8 per mil. The overdolomitized, restricted tidal flat 
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and lagoon lithofacies show enriched oxygen isotopes, which suggests evaporitic conditions, 

while the less restricted lithofacies like the (limy) shoal crest, shoal flank, and open marine 

mudstone show depleted oxygen isotopes. The measured Sr values vary from 0.706875 to 

0.708523 with an average value of 0.707177. The sulfur isotopic content of the bedded anhydrite 

units, dehydrated gypsum pseudomorphs, and nodular anhydrite show values ranging from 8.7 

per mil to 11.2 per mil with an average of 10.5 per mil. These values fall within the marine 

values of the Late Permian time, indicating early occurrence that coincided with the Khuff 

sedimentation.   
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CHAPTER 4 

CONCLUSIONS AND RECOMMENDATIONS 

4.1 Conclusions 

This study focuses on the lower Wuchiapingian Khuff unit in a field in Saudi Arabia. It 

incorporates Saudi Aramco wellbore data that includes cores, thin sections, and wireline logs. It 

integrates all data to offer the following interpretations: lithofacies and lithofacies architecture, 

depositional models, sequence stratigraphy, and lithofacies mapping and how their 

interrelationship influences lateral and vertical pore space heterogeneity. Strontium isotopic 

analysis offers the first absolute age dating of the reservoir. 

Lithofacies include, from most shoreward into the basin: (1) fitted-fabric breccia and 

rooted dolomudstone to rudstone (exposure/paleosol); (2) chicken-wire, massive, and palmate 

anhydrite (supratidal sabkha/salina); (3) tidal flat dolomudstone; (4) lagoon dolomudstone; (5) 

shallow subtidal sucrosic dolomite; (6) moderate-energy, skeletal, peloidal wacke-packstone 

(shoal flank); (7) high-energy skeletal ooid/peloidal grainstone (shoal crest), and (8) open marine 

lime mudstone. The eight lithofacies were grouped into five lithofacies associations: the peritidal 

LFA, lagoon LFA, shallow subtidal LFA, shoal complex LFA, and open marine LFA       

This study offers two depositional models- one depositional/conceptual and another 

depositional/palaeogeographic. The conceptual model represents a gently-dipping ramp where 

lithofacies were distributed between the inner ramp, middle and outer ramp settings. This model 

is compatible with the lower Wuchiapingian Khuff unitÕs vertical lithofacies successions and 

recognizes the relationship between lithofacies, but a lack of significant depth variations, clear 

landward seaward directions and the typical simplified lithofacies order from deep to shallow 

suggest a revision. The revised model integrates the stratigraphic cross-sections, lithofacies 

maps, and paleogeographic data. The revised model is dominated by the high-energy shoal, 

shallow subtidal, and lagoon deposits distributed between three (pre-existing) structure-induced 

shoal areas. 

Strontium isotopic analysis, from three different wells across the field, has helped in the 

absolute age dating of the lower Wuchiapingian Khuff unit. This unit covers a time span of 

approximately 3.5 My. from the contact of the Capitanian-Wuchiapingian to the Late 

Wuchiapingian. 
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The sequence stratigraphic interpretation includes the identification of four third-order 

sequences (WK-1 to WK-4), each bounded by regionally mappable sequence boundaries with 

varying degrees of exposure features. The WK-1 sequence consists of six meter-scale 

parasequences that display symmetric and asymmetric shoal complex cycles. The symmetric 

cycles start with the subtidal lagoon lithofacies that shallows upward into shoal flank and 

regresses into the restricted lagoon with a tidal flat cap. The asymmetric cycles commence with 

the shoal complex LFA, which shallows upward into the peritidal LFA. The MFS was placed on 

the deeper water shoal complex LFA of the first parasequence. The WK-2 sequence consists of 

five parasequences that range from symmetric to asymmetric shoal complex and open marine 

cycles. The symmetric cycles start with the lagoon or shallow subtidal lithofacies that pass into 

the shoal complex LFA or open marine and then regress into the restricted lagoon and shallow 

subtidal. The asymmetric cycles commence with the shoal complex LFA that shallows upward 

into shallow subtidal and peritidal LFA. The MFS was placed on the open marine lithofacies of 

the uppermost parasequence. The WK-3 sequence consists of five parasequences. The 

constituent parasequences range from peritidal cycles to shoal complex cycles to open marine 

cycles that show both symmetrical and asymmetrical trends. The open marine and its time-

equivalent shoal crest grainstones with open marine biota represent the MFS of the sequence. 

The WK-4 sequence is composed of two parasequences. The symmetric and asymmetric shoal 

complex cycles dominate this sequence across the field. The shoal complex LFA of the lower 

parasequence is interpreted as the maximum flooding surface of the sequence. 

The WK-2 to WK-3 sequences, having high reservoir quality and core coverage, were 

used to construct lithofacies association distribution maps for both transgressive systems tracts 

and highstand systems tracts. The high-energy shoal complex LFA dominates the transgressive 

systems tract of the WK-2 sequence followed by shallow subtidal and lagoon LFAÕs. The 

shallow subtidal and lagoon LFAÕs dominate the highstand systems tract of the WK-2 sequence. 

The shoal complex LFA dominates the transgressive and highstand systems tracts of the WK-3 

sequence, along with the shallow subtidal LFA in the regressive part of the sequence. 

Eustatic sea level changes controlled the formation of accommodation space on Khuff 

shallow-water shelf during a period of diminished tectonic activities, showing only subtle 

variations in antecedent-paleotopography. There are south to north trends that include lateral 
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lithofacies changes, increasing dolomitization, increasing anhydrite cementation, thinning in the 

bounding anhydrite units, and strontium enrichment. 

Geological, petrographic, and geochemical characterization enabled the identification of 

24 porosity-modifying diagenetic processes within the lower Wuchiapingian Khuff unit. 

Interpretations of these processes, coupled with crosscutting relationships were used to establish 

a paragenetic sequence in which processes are subdivided between the diagenetic stages of 

eogenesis and mesogenesis. Each recognized process, to varying degrees, affects reservoir 

quality positively or negatively. The porosity-modifying postdepositional processes, identified 

porosity types, and pore size distributions suggest that lithofacies and diagenesis are the principal 

controls on reservoir quality in the lower Wuchiapingian Khuff unit of the studied field. The 

sequence stratigraphic architecture controlled the stacking arrangements and intensity of 

subaerial dissolution.   

 The most important diagenetic process is dolomitization, which is classified into two 

phases: the early dominant replacive dolomite and the late dolomite cementation. The replacive 

FPD and FDD are the significant porosity-forming processes in the shallow subtidal and shoal 

complex lithofacies (reservoir rocks). The replacive dolomite was formed as a direct result of 

reflux of hypersaline waters derived from the updip evaporative tidal flat and lagoon lithofacies. 

The dolomitization of grain-dominated textures of the shoal complex lithofacies enhances 

porosity in the form of intercrystalline porosity within the dolomitized matrix/cement; 

permeability is enhanced by connecting interparticle pores and isolated molds. The burial 

dolomite cement reduces porosity by filling moldic and interparticle pores. The coarse euhedral 

crystalline dolomite cement shows a CL-banded growth, suggesting precipitation over a long 

period of progressive burial between oxic and suboxic conditions. The last dolomite cement is 

the rare saddle dolomite, which indicates burial conditions with temperatures above 80¡C. 

The dissolution is another porosity-forming process that is represented by three types: 

aragonite fabric-selective moldic porosity, non-fabric selective vuggy porosity, and the partial 

dissolution of the euhedral dolomite crystals. The aragonite and calcite dissolution occurred early 

while the dolomite dissolution is a late (burial) process. Meteoric flushing, associated with 

sequence boundaries, dissolved aragonitic and high-magnesian calcitic grains within shoal 

complex lithofacies to form moldic and vuggy porosity and also dissolved the limy matrix within 

the partially dolomitized shallow subtidal lithofacies to form porous sucrosic dolomite. The late 
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dolomite dissolution may result from acidic fluids generated within the burial diagenetic 

environment.     

The calcite cementation has an overall negative effect on reservoir quality since it 

partially or completely occludes pores. The early (precompaction) cementation includes the 

isopachous (marine phreatic), meniscus (meteoric vadose), pendant (meteoric vadose), equant 

(meteoric phreatic), and blocky (meteoric phreatic) cement. These early calcite cements are 

associated primarily with the shoal crest lithofacies. The burial (postcompaction) poikilotopic 

and late calcite cement are rare and are associated with the shoal crest, shallow subtidal, and 

subaerial exposure lithofacies. 

The postdolomitization anhydrite cement is pervasive and probably has the greatest 

negative impact on reservoir quality. This cement mostly occludes pore space of the WK-1 

grain-dominated reservoir lithofacies and is common towards the northern parts of the field. It 

occurred over a wide range of progressive burial and is associated sulfate-rich brines.  

Mechanical compaction, in all forms, has a negative influence on porosity and 

permeability. Stylolitic chemical compaction has the same negative influence by sourcing burial 

cementation and by acting as permeability barriers. Microscopic chemical compaction occurs 

between dolomite crystals of the shallow subtidal dolostone, which helped in forming a well-

indurated crystal-supported fabric that can withstand collapse after prolonged gas production.  

The porosity types in the lower Wuchiapingian Khuff unit are primary (interparticle) and 

secondary (moldic, intercrystalline, vuggy, microporosity, and fracture porosity); the secondary 

porosity resulted from the dissolution, dolomitization, and fracturing processes. The pore size 

distribution, derived from 2D image analysis of QEMSCAN BSE images, is dominated by upper 

micropores for the good reservoir lithofacies of shallow subtidal and shoal crest; the lower 

micropores dominate the poor reservoir lithofacies of lagoon and tidal flat.  

Minor diagenetic processes are rare and have no significant effects on either porosity or 

permeability. These processes include micritization, chertification, pyritization, reservoir 

bitumen entrapment, crystal silt formation, celestite cementation, fluorite cementation, and 

authigenic quartz formation. 

The carbon isotope values range from 0 to 6.5 per mil with an average of 5.3 per mil 

falling within the range of the Late Permian marine isotopic ratios. The oxygen isotopes range 

from -5.2 to 2.6 per mil with an average of -0.8 per mil. The overdolomitized, restricted tidal flat 
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and lagoon lithofacies show enriched oxygen isotopes, which suggests evaporitic conditions, 

while the less restricted lithofacies like the (limy) shoal crest, shoal flank, and open marine 

mudstone show depleted oxygen isotopes. The measured Sr values vary from 0.706875 to 

0.708523 with an average value of 0.707177. The sulfur isotopic content of the bedded anhydrite 

units, dehydrated gypsum pseudomorphs, and nodular anhydrite show values ranging from 8.7 

per mil to 11.2 per mil with an average of 10.5 per mil. These values fall within the marine 

values of the Late Permian time, indicating early occurrence that coincided with the Khuff 

sedimentation. 

 

4.2 Recommendations for Future Works 

¥! The core-based findings of this study should be calibrated with other subsurface data (i.e., 

MICP, production, structural and seismic) to comprise a fully integrated reservoir 

characterization that optimizes well placement and the overall production of non-

associated gas and condensates  

¥! The current studyÕs sedimentological and petrographic investigations along with the 

digital image analysis are two dimensional. The 3D CT scan would be a good calibration 

method to better address pore size, shape, and connectivity, of the complex reservoir 

lithofacies, which are influenced by both primary deposition and secondary alteration.  

¥! The study workflow can be implemented on other carbonate reservoirs with different 

reservoir potentials in different fields onshore and offshore Saudi Arabia.  
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APPENDIX A 

Appendix A.1 

 

Table A.1 Carbon and oxygen isotopic ratios of the 171 carbonate samples of lower 
Wuchiapingian Khuff unit.  
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Appendix A.2 
 
Table A.2 Strontium isotopic ratios of the 42 carbonate and anhydrite samples of the lower 
Wuchiapingian Khuff unit. 

 
 
 
 
 
 

!"##$%&'" (")*+,$' 87Sr/86Sr 2-SIGMAStdErr

-.- 0.706940 0.000007
/0.1 0.706887 0.000006
-.- -.2-1314 -.----56
1.1 -.2-2-/ -.----3
66.4 0.707075 0.000008
64.2 -.2-2426 -.----5/
60./ 0.707557 0.000008
62./ -.2-2--4 -.----6/
62.1 0.706976 0.000009
5-.5 -.2-1326 -.----63
55.4 -.2-1320 -.----62
50./ 0.707006 0.000008
53.2 0.706980 0.000009
46.3 -.2-2-70 -.----5-
4/.- -.2-13/1 -.----62
41.6 0.706875 0.000008
42.5 -.2-13/6 -.----60
/5.- 0.706918 0.000011
15.0 0.707504 0.000012
1/./ -.2-1360 -.----62
- -.2-26-5 -.----64
/.5125 -.2-2663 -.----67
-.- 0.707108 0.000009
5.2 0.706996 0.000008
1.1 0.707384 0.000008
7.0 0.707004 0.000010
64.2 0.707217 0.000008
56.3 0.707339 0.000011
50.0 0.707504 0.000012
53.6 0.707115 0.000010
4/.5 0.707081 0.000008
47.4 0.707234 0.000007
/1.2 0.707271 0.000008
/7./ 0.707153 0.000011
-.- -.2-24/4 -.----60
4./ -.2-2/21 -.----62
7.6 -.2-7054 -.----56
67.2 -.2-2101 -.----50
4/.5 -.2-2544 -.----64
-.- 0.707018 0.000011
4.5 0.707010 0.000009
45.1 0.707609 0.000008
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Appendix A.3 
 
Table A.3 Sulfur isotopic ratios of the 12 anhydrite samples of the lower Wuchiapingian Khuff 
unit.  
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