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ABSTRACT 

Logging of cores of the Upper Permian and Lower Triassic Khuff Formation, Ghawar, 

Saudi Arabia, has allowed a high resolution sequence stratigraphic framework to be 

generated.  The lithofacies of this huge, arid epeiric ramp succession include: subaqueous -

and supratidal anhydrite, tidal flat laminites, lagoonal mudstone, ooid-peloid grainstone, and 

subtidal off-shoal open marine mudstone.  

Third order sequences include the Late Permian upper Khuff C, the Early Triassic Khuff 

B and the Khuff A sequences, which corrrelate with global cycles.  Seven high frequency 

sequences (HFSs) make up the Changhsingian upper Khuff C.  These HFSs are ~400 k.y. 

duration and probably driven by long term eccentricity.  The Early Triassic Khuff B and A 

sequences are made up of 4 HFSs each, which appear to be ~100 to 200 k.y. duration and not 

easily tied to eccentricity forcing. The HFSs are in turn composed of parasequences, which 

appear to be 10 to 20 k.y. average durations, suggesting precessional and half precessional 

forcing. However, many thin locally developed cycles may be autocycles or subprecessional 

cycles.   

Sequence stratigraphic cross sections and facies maps document progradation directions 

on the platform, reflecting the subtle interplay between the Ghawar structure and regional 

paleoslopes. Anhydrites are rare in the Permian Upper Khuff C except near the base of the 

studied interval. Anhydrites are well developed in the Triassic Khuff B and Khuff A where 



some form transgressive deposits while others are highstand deposits of high frequency 

sequences. 

The Permian-Triassic boundary (PTB) on the Arabian Platform marks a significant 

relative sea-level drop, that exposed from the outcrop belt to somewhere east of Ghawar. This 

contrasts with transgressive PTB settings elsewhere. Across the PTB the mass extinction is 

marked by a major decrease in biotic groups. The extinction was followed by development of 

subtidal thrombolites and increased microbial calcification due to decreased 

bioskeletonization.   

The dominant reservoirs in the Permian Upper Khuff C occur in oolite in the uppermost 

high frequency sequence. In the Triassic Khuff B and A the reservoir facies are commonly 

non-dolomitized oolitic facies associated with open lagoon carbonates distant from evaporitic 

tidal flats.  Within dolomitized units, best reservoirs are associated with oomoldic porosity, 

but oolite units proximal to evaporitic tidal flats have porosity plugged by anhydrite.  

Carbon and oxgyen isotope profiles up to 150 m long were obtained from cored wells of 

the Khuff Formation, Ghawar Field, Saudi Arabia, across the Permian-Triassic boundary. 

Major global excursions are at the Changhsingian-Wuchiapingian boundary and the Permian-

Triassic boundary, but several smaller excursions also appear to correlate with excursions 

elsewhere. The presence of the negative C-isotope excursions globally in both δ13Ccarbonate and 

δ13C organic  as well as in deeper water sections lacking emergence surfaces, strongly supports 

the idea of these excursions being global phenomena related global C cycling. 

Over 75% of the negative carbon isotope excursions in Ghawar occur beneath 

emergence surfaces, including the two major excursions at the Wuchiapingian and 

Changhsingian stage boundaries.  The δ13C profiles beneath the boundaries resemble those 

 iii



associated with early diagenesis associated with isotopically light soil gas. The δ18O profiles 

beneath the surfaces are variable, perhaps reflecting variable effects of evaporation on the 

meteoric input, mixing or overprinting by burial diagenesis. This suggests that the C-isotope 

excursions on the Arabian Platform, although global in origin, appear to have been modified 

by early diagenesis.  

 U depletion across the boundary is compatible with the postulated origins of the PTB 

event with bottom waters becoming stagnant and reducing, as a result of warming induced by 

volcanogenic CO2 released by Siberian trap volcanism, methane release from thermal 

metamorphism of coals and destabilization of clathrates in the deep sea due to ocean 

warming.  The global extent of the C-isotope and U excursions provides a high resolution 

correlation tool for Late Permian and Early Triassic successions.  
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CHAPTER 1 

GENERAL INTRODUCTION 

The first paper of this dissertation (Chapter 2) describes the sequence development of 

the Permian-Triassic Khuff carbonates and evaporites in Ghawar, Saudi Arabia, using a set of 

cores logged as part of the project.  The Khuff Formation was deposited on immense shallow 

water, carbonate ramp under an arid climate setting, and given its size modern analogs are 

lacking. In addition, the cores span the major extinction event of the Phanerozoic.  The 

Ghawar structure is the world’s largest oil field with most of the oil and gas hosted by 

carbonate rocks, with evaporite seals ( Al-Jallal, 1989; Wender et al, 1998). The main aims of 

this project were to document the facies stacking within the cores, develop a more refined 

depositional model, perform a sequence stratigraphic analysis and generate facies maps for 

selected intervals. From this, a high resolution sea level curve was generated for comparison 

with global curves. The study documents a major relative sea level fall at the Permian Triassic 

Boundary (PTB) in contrast to many areas in which the contact appears to be conformable. 

Prior to the study the effects of the Ghawar structure on deposition on the shallow platform, 

and the directions of progradation of the facies were poorly known.  The study provides a 

better understanding of the controls on porosity preservation associated with anhydrite 

plugging in the oolitic reservoir facies, associated with distance or proximity to evaporitic 

salinas and tidal flats. 

The second part of the dissertation documents the C and O isotope profiles obtained 

from the carbonate sediments in the cores, across the Permian Triassic boundary (PTB).  

Previous workers have shown elsewhere that the PTB is characterized by major C isotope 
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excursions, which appear to relate to massive injection of light C into the atmosphere and 

oceans.  This caused warming and ultimately the mass extinction in which ~95% of the 

marine species became extinct (Erwin, 2006).  This study provides detailed C and O isotope 

profiles tied to high resolution, detailed lithologic logs, in contrast to many studies, for which 

the lithologic data is highly simplified.  This approach has allowed the local versus global 

influences on the isotope excursions to be examined. In addition, the depletion of the U 

concentration of the carbonates across the PTB defined by gamma ray logs, also is 

documented for Ghawar and its origin evaluated.  The study has shown that besides the two 

major, commonly documented C isotope excursions, several other excursions also appear to 

be correlative globally, suggesting that they could provide a high resolution correlation tool. 
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CHAPTER 2 

SEQUENCE DEVELOPMENT ACROSS THE PERMO-TRIASSIC 

EXTINCTION EVENT, UPPER KHUFF CARBONATES, GHAWAR 

FIELD, SAUDI ARABIA 

ABSTRACT 

Logging of cores of the Upper Permian and Lower Triassic Khuff Formation, Ghawar, 

Saudi Arabia, has allowed a high resolution sequence stratigraphic framework to be 

generated.  The lithofacies of this huge, arid epeiric ramp succession include: subaqueous-and 

supratidal anhydrite, tidal flat laminites, lagoonal mudstone, ooid-peloid grainstone, and 

subtidal off-shoal open marine mudstone.  

Third order sequences include the Late Permian, upper Khuff C, the Early Triassic 

Khuff B and the Khuff A sequences, which correlate with global cycles.  Seven high 

frequency sequences (HFSs) make up the Changhsingian upper Khuff C.  These HFSs are 

~400 k.y. duration and probably driven by long term eccentricity.  The Early Triassic Khuff B 

and A are made up of 4 HFSs each, appear to be ~100 to 200 k.y. duration and not easily tied 

to eccentricity forcing. The HFSs are in turn composed of parasequences, which appear to be 

10 to 20 k.y. average durations, suggesting precessional and half precessional forcing. 

However, many thin locally developed cycles may be autocycles or subprecessional cycles.   

Sequence stratigraphic cross sections and facies maps document progradation directions 

on the platform, reflecting the subtle interplay between the Ghawar structure and regional 

paleoslopes. Anhydrites are rare in the Permian Upper Khuff C except near the base of the 

studied interval. Anhydrites are well developed in the Triassic Khuff B and Khuff A where 
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some form transgressive deposits while others are highstand deposits of high frequency 

sequences. 

The Permo-Triassic boundary (PTB) on the Arabian Platform marks a significant 

relative sea-level drop, that exposed from the outcrop belt to somewhere east of Ghawar. This 

contrasts with transgressive PTB settings elsewhere. Across the PTB the mass extinction is 

marked by a major decrease in biotic groups. The extinction was followed by development of 

subtidal thrombolites, and increased microbial calcification due to decreased 

bioskeletonization.   

The dominant reservoirs in the Permian Upper Khuff C occur in oolite in the uppermost 

high frequency sequence. , In the Triassic Khuff B and A the reservoir facies are commonly 

non-dolomitized oolitic facies associated with open lagoon facies distant from evaporitic tidal 

flats.  Within dolomitized units, best reservoirs are associated with oomoldic porosity, but 

oolite proximal to evaporitic tidal flats have porosity plugged by anhydrite.  

INTRODUCTION 

This study documents the high resolution sequence stratigraphy of the Late Permian-

Early Triassic Khuff carbonates and evaporites in Ghawar Field, which is the world’s largest 

oil field (Fig. 2.1 a, b).  The Khuff Formation contains major gas reserves in the Middle East, 

and the interval is a major gas producer in both onshore and offshore Saudi Arabia.  It formed 

within the interior of a major epeiric platform on the north eastern passive margin of 

Gondwana.  The Khuff Platform was an immense carbonate-evaporite platform (2,500 by 

1,500 km) that extended throughout the Middle East and into the present Zagros fold-thrust 

belt to the north east.  The platform was several times the size of the modern Bahamas 

 4



Platform, and much larger than any modern analogs.  Thus the study provides insight into 

processes in the interior of such a large epeiric platform. 

The Permian-Triassic also was a time of global greenhouse, relatively ice free 

conditions and so the Khuff succession consists of a bewildering array of meter and sub-

meter-scale parasequences.  The Permian-Triassic also was a time of aragonite-high Mg seas 

which controlled the mineralogy and dolomitization potential of the deposited carbonates 

(Scotese et al., 1999; Stanley and Hardie, 1998).   

The cored rocks of the Khuff Formation provide a relatively continuous record across 

the Permian-Triassic boundary (PTB), which is the most severe mass extinction in the earth’s 

history.  As such, the cores should record the sea-level-, oceanographic, climatic and tectonic 

history of the region leading up to, during and following this major event.  The studied 

succession at Ghawar is unusual in that paleosols mark short periods of emergence during 

PTB time, in contrast to many areas where this is a time of transgression (Erwin, 2006; 

Inslaco et al., 2006).  The high resolution sequence framework generated allows the 

evaluation of the subtle interplay of tectonics and shallow water carbonate deposition across 

the Ghawar structure, which for much of its Late Paleozoic to Cenozoic history resisted 

subsidence compared to the surrounding region. The study also documents the two carbon 

isotope excursions in the late Permian interval (Baud et al., 1989; Erwin, 2006), the upper 

coinciding with the Permian-Triassic extinction.  The excursions have been ascribed to 

volcanic outgassing coeval with development of several large igneous provinces, methane 

releaseand a possible impact event (Krull and Retallack, 2000; Jin et al., 2000; Erwin, 2006).  

Spectral gamma ray and total gamma ray logs of the cored wells (Inslaco et al., 2006) were 
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used to track redox conditions of the global ocean and sequestering of Uranium across the 

PTB.  

GEOLOGICAL SETTING OF THE KHUFF FORMATION, GHAWAR 

Paleogeography, Regional Setting and Structure  

Separation of the Arabian Plate and the Iran-Turkey Plate began in early Late Devonian 

time and was completed by the early Late Permian, and allowed the Palaeo-Tethys Sea to 

advance from the south onto the Arabian Plate (Fig. 2.2).  This allowed shallow seas to cover 

present-day Syria, Iran, southern Turkey, Arabia and Iraq.  During the Permo-Carboniferous 

ice age, the Arabian Plate was between 30ºS and 55ºS, moving northward with Gondwana 

(Sharief, 1983; Ziegler et al., 1997; Konert et al., 2001).  By Late Permian onset of 

greenhouse conditions (Frakes et al., 1992; Fielding et al., 2008), the Arabian Plate lay at 

10ºS to 35ºS and by the end of Khuff deposition in the Early Triassic,  northernmost Arabia 

had reached 5ºS (Fig. 2.2; Konert et al., 2001; Sharland et al., 2001).  

A major unconformity underlies the Khuff Formation, and is a Middle Permian break-up 

unconformity (Fig. 2.3), termed the “Pre-Khuff Unconformity”.  Its age is approximately 268 

Ma (Ogg et al. 2008 time chart), and it marks inception of the Neo-Tethys Ocean along the 

present-day Zagros-Oman suture, as well as the major Permian transgression.  This resulted in 

expansion of the Neo-Tethys Ocean (Al-Aswad, 1997; Sharland et al., 2001; Konert et al., 

2001).  Shallow seas spread over most of the Arabian platform during this major transgressive 

event, which marks a change from mainly siliciclastic- to carbonate-evaporite deposition as 

the Arabian Plate moved northward to warmer and drier, lower latitudes.  This caused shallow 

marine carbonates and evaporites to be deposited over much of the Arabian Plate (Fig. 2.4; 
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Al-Jallal, 1989 and 1995; Ziegler, 2001).  Sea-floor spreading within the Neo-Tethys ocean 

basin continued through the Early Triassic (Al-Aswad, 1997).  

The Permian-Triassic Khuff Formation was deposited on a huge, east-facing, arid ramp 

(Al-Dukhayyil et al., 2006; Insalaco et al., 2006) that formed an eastward thickening wedge, 

up to 450 m in the Ghawar study area, and up to 1500 m in Iran in the fold thrust belt (Fig. 

2.5) (Al-Jallal, 1995).  Between the Arabian Shield and Ghawar the Khuff units thicken 

slowly, but across Ghawar there is a major increase in thickness, after which the Khuff then 

thickens gradually into eastern Arabia (Fig. 2.6 a, b).  Updip, the Khuff succession crops out 

along a 1200 km long, north-south trending belt  in the west near the Arabian Shield (Fig. 

2.1).  Outer-shelf and shelf edge facies are exposed in Oman and Iran (Angiolini et al., 2003; 

Heydari et al., 2000; Insalaco et al., 2006; Koehrer et al., 2010). 

Subtle syndepositional growth of structures, extensive carbonate sand and evaporite 

deposition, along with subsequent diagenetic events resulted in the development of high 

quality reservoirs in the Khuff carbonates. Wide, broad and gentle structures that mostly 

include folds and domes, formed during the Precambrian-Early Paleozoic along the eastern 

part of the Arabian Plate within the Zagros Foreland (Al-Husseini, 2000).  These structures 

are major domal features with 4-way closure and set the stage for some of the world’s best oil 

and gas reservoirs (Al-Jallal, 1989 and 1995; Konert et al., 2001).  The proven regional 

Silurian hydrocarbon source rock and the extensive regional seal of thick Triassic red-beds, 

evaporites, and carbonates complete an optimum hydrocarbon system (Konert et al., 2001; 

Wender et al., 1998). 

    The Ghawar structure which makes up the study area, forms the southern part of the 

500 km long En Nala anticline (Fig. 2.1; Al-Husseini, 2000).  The Ghawar is located on the 
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interior of the Khuff platform, some 650 km from the platform margin in Iran.  The Ghawar 

structure developed over N-S trending basement-involved uplifts (Konert et al., 2001; Wender 

et al., 1998).  It is a 240 km long by 30 km wide and is an elongate dome with 4-way closure.  

Subtle highs occur in the north and the south of the structure.  The structure likely was active 

in the Permian and Triassic, perhaps as a subtle positive area on the regional platform. The 

structure has continued to increase in structural relief throughout the Mesozoic and Cenozoic 

(Wender et al., Al-Husseini, 2000). 

Stratigraphy and Age 

In the subsurface of Ghawar Field, eastern Saudi Arabia, the Khuff Formation lies at 

depths of 3000 m (10,000 ft), and overlies Permo-Carboniferous Unayzah siliciclastics (Fig. 

2.3).  It is 450 m thick with the gas-bearing reservoir intervals within the upper 270 meters 

(900 feet).  It is overlain by Triassic Sudair Shale. 

Biostratigraphy: The subsurface Khuff Formation (Fig. 2.3) is divided into the Khuff D, 

including the Basal Khuff Clastics (BKC) or “Khuff E” of Al-Jallal (1995), lower Khuff C, 

upper Khuff C of Permian age and Khuff B and Khuff A of Triassic age (Al-Dukhayyil et al., 

2006; Hughes, 2005 and 2009).  The best porosity in developed in the Khuff A, B, and C 

units.  Manivit et al. (1986) assigned the exposed Khuff Formation a late Permian to early 

Triassic age in western Saudi Arabia.  More recently, Vaslet et al (2006) refined the ages of 

all Khuff members in outcrop (Fig. 2.3) based on small benthic foraminifers, algae, and 

ostracods.  The age of the Khuff Formation across the Arabian Plate ranges from Middle 

Permian, Wordian stage to Early Triassic Induan stage (Sharland et al 2001; Hughes, 2005; 

Alsharhan, 2006; Insalaco et al., 2006).  In the Saudi Arabian subsurface (Fig. 2.3), Khuff D 

Carbonates (including the Basal Khuff Clastics), are possibly late Wordian (?) to Capitanian.  
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The Lower Khuff C Carbonate Member is Wuchiapingian to Changhsingian (?) and the upper 

Khuff C is Changhsingian (Alsharhan, 2006; Hughes, 2009). The Khuff B and A Carbonates 

are early Triassic (Induan) (Al-Jallal, 1995; Hughes, 2009).   

The present study proposes that the Wuchiapingian-Changhsingian boundary is placed 

in the upper part of a 5.5 m thick interval of six mudcracked, tidal flat-dominated 

parasequences each capped by emergence breccias, which mark a major sequence boundary 

(Fig. 2.7).  This brecciated zone has the thickest stacked breccias within the upper Khuff 

Formation in Ghawar, indicating a major relative sea-level fall.  Paleontologically, this 

boundary separates the underlying almost barren section from the overlying foraminiferal-rich 

interval.  This biodiverse Changhsingian Khuff unit is dominated by miliolid and fusulinid 

foraminifera, green and red calcareous algae, bivalves and gastropods.  Lagenids foraminifera 

and ostracods are less common, whereas bryozoans, crinoids, and brachiopods are restricted 

to the uppermost Changhsingian units, 3-4 m below the Permo-Triassic boundary. 

Carbon Isotope Chemostratigraphy:  Ages of units also were broadly constrained by carbon-

isotope chemostratigraphy (Fig. 2.8; Chapter 3).  The Ghawar C-isotope profile correlates 

reasonably well with the C isotope profile of Koehrer et al. (2010) for the Saiq Fm (Permian 

Khuff equivalent) in Oman, and that of Baud et al. (1989) for the Changhsing Formation at 

Meishan section, China (Fig. 2.8).   The C-isotope profile shows a short lived major negative 

C excursion across the sequence boundary zone spanning the Wuchiapingian-Changhsingian 

boundary that correlates well with China.  The δ13C values just below the boundary are about 

+5‰PDB, which decrease sharply near the boundary to as low as 0‰ PDB then quickly 

recovering to +4‰ PDB above the boundary.  A grossly similar signal is evident in the Oman 
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section, although the δ13C values above the boundary do not return to the high values before 

the boundary.   

There are several negative followed by positive excursions within the Changhsingian 

which appear to correlate with the other sections. These smaller events appear to be associated 

with sequence boundaries within the Ghawar section.   

The PTB at Meishan shows the classic δ13C excursion across the boundary, starting 

with a major negative excursion of about 5‰ PDB, after which it stays relatively low (Fig. 2.8).  

Ghawar exhibits a similar signal, although the details vary from well to well, in terms of the 

position of the most negative part of the curve relative to the PTB (Fig. 2.8).  It has a 

distinctive C-isotope signal that shows a gradual decrease across the PTB. 

METHODS 

Thirty cores were logged at the at the Saudi Aramco Core Laboratory in Dhahran, Saudi 

Arabia, with an aggregate total of 2,135 meters of core spanning the upper Khuff C, B, and A 

members.  Fourteen cores and wireline logs were selected for generating high resolution 

sequence stratigraphic cross sections on the basis of having the most complete continuous 

cored intervals (typically 75-155 m long) from the Early Triassic to Latest Permian.  The 

remaining 16 cores logged, along with sixteen cores described by Aramco geologists (Aus Al-

Tawil, Ghazi Al-Eid, Roger Barnaby and Nasser Al-Ghamdi) were used to develop the facies 

distribution maps. 

Descriptive core logs include percent mineralogy (porosity, calcite, dolomite, 

anhydrite), sedimentary structures, lithologic contacts or surfaces (paleosols, erosion surfaces, 

hardgrounds, firmgrounds), carbonate texture (Extended Dunham Classification (Dunham, 
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1962; Embry and Klovan 1971), grain size, sorting, relative abundance of non skeletal grains 

and fossils and any diagenetic features..   

Core runs were depth shifted against the wireline logs (caliper, gamma, sonic, density, 

neutron porosity) using the following:  a. gamma logs done on the cores along with drillers 

depths, were used to tie the cores to the log gamma b. the observed percent porosity in the 

cores also were used to tie to porosity logs and c. pure anhydrite intervals in core were tied to 

bulk density logs. 

The carbonate/evaporite facies (from core, wireline logs and thin sections of core plugs) 

were used to characterize the facies types, which were color coded on the lithologic columns.  

Parasequences were defined based on flooding surfaces.  Using Walther’s Law, a depositional 

facies model was developed to arrange the facies for near shore to offshore along a ramp 

profile.  Fischer (accommodation) plots from the cycle data logged in the cores, using the 

Excel program of Husinec et al (2008) were used to test whether these would define 

accommodation changes throughout the sections, for comparison with the global sea-level 

cycle charts (Haq and Al-Qahtani 2005; Haq and Schutter 2008; Markello et al 2008). 

Two dimensional cross sections were constructed from the core data to map regional 

extent of parasequences, parasequence-sets, and various scales of depositional sequences 

defined on bounding surfaces (sequence boundaries and maximum flooding surfaces).  Using 

the cross sections, 3rd order and component 4th and 5th order sequences were mapped 

throughout the study area.  For each sequence, facies maps were constructed for the maximum 

flooding interval, the dominant highstand facies and the late highstand facies directly beneath 

the overlying sequence boundary.  These helped to better understand 2-D lateral variation in 

facies, directions of progradation, and any subtle interplay of tectonics and sedimentation. 
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Thin sections of core plugs were examined under the petrographic microscope to 

document biodiversity changes across the PTB.  Fossils were identified at the generic or 

(where this was difficult) group level, and the data plotted alongside the stratigraphic 

columns.  Whole rock C/O isotope sampling was done by drilling butts of cores on a meter-

scale spacing to define any major C/O excursions (significant excursion at PTB), define any 

isotopic shifts beneath paleosols and better understand the origin of the dolomites in the 

succession. 

UPPER KHUFF FACIES AND DEPOSITIONAL ENVIRONMENTS 

The facies in the Upper Khuff carbonate-evaporite succession are summarized in Table 

2.1, their relative distribution shown on the depositional model (Fig. 2.9), and slab photos of 

the facies are shown in Figure 2.10.    Figure 2.11 shows rock examples of paleosols, and the 

vertical distribution of facies within idealized parasequences are shown in Figure 2.12.  The 

vertical stacking in one well is shown in Fig. 2.13 a, b.  The regional vertical and lateral facies 

distribution is shown on the cross-sections (Figs. 2.14 and 2.15). 

Paleosol Breccias with Root Traces  

These units (Table 2.1; Fig. 2.10 a, 2.11) are generally 0.15 m to 2.0 m thick and 

commonly overlie units with desiccation cracks and microbial lamination.  They are grey-to-

tan, and consist of fitted-fabric breccias with root traces and karstic collapse features infilled 

with angular sand to gravel sized intraclasts of unfossiliferous anhydritic dolomudstone and 

wackestone in a lime mudstone matrix. Paleosols characterize the PTB, as well as many of the 

sequence boundaries (at least locally), and also occur on tops of some parasequences locally.  
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These facies were formed during subaerial exposure characterized by alternating 

periods of desiccation, dissolution, and brecciation induced by alternating heating, cooling 

and root disruption (Al-Jallal, 1989; Esteban and Klappa, 1983; Insalaco et al 2006).  The 

relative absence of caliche indicates lack of seasonal wet/dry conditions (James, 1979) 

implying a dry climate perhaps with meteoric waters from rare flash floods causing 

dissolution of the exposed carbonates. 

White Nodular-to-Massive Anhydrite (Supratidal Sabkha)   

Nodular to massive anhydrites (Table 2.1; Fig. 2.10 b) occur in beds from 5 cm to 1.5 

meters thick.  The anhydrite units typically are displacive, and occur within 0.3 m below the 

exposure surface.  They consist of white-to-grayish white anhydrite that is massive, nodular or 

bedded with locally developed fine lamination.  The nodules are scattered within mudcracked 

or laminated dolomite or in packed clusters (chicken-wire anhydrite) with gray-to-black 

seams of dolomudstone or organic residue commonly between nodules.  Rip-up clasts and/or 

peloid grains float in the anhydrite. 

These massive to nodular anhydrites were deposited in supratidal sabkhas, by displacive 

growth of anhydrite and possibly some replacement of carbonate (Al-Jallal, 1989; Kendall, 

1979a; Warren and Kendall, 1985).  Salinities of groundwaters were in the anhydrite field 

implying low activity of water (related to extreme evaporation of groundwaters due to arid 

climate) (Hardie 1967).   

Laminated Anhydrite (Subaqueous Salina/Saltern)   

This laminated anhydrite facies (Table 2.1; Fig. 2.10 c) is from 0.1 to 4.0 m thick and 

generally rests either with sharp or gradational contact on peritidal dolomite.  It grades up into 
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or is overlain with sharp contact by peritidal dolomite.  These anhydrites are black or dark 

grey to white, laminated, non-displacive and locally are interlayered with massive or nodular 

anhydrite  Black carbon-rich laminae in the anhydrites are degraded microbial layers, while 

disseminated carbon causes the dark coloration of the anhydrite. 

These facies were deposited in extensive subaqueous restricted ponds or salinas with 

waters in the sulphate precipitation field, indicated by well preserved lamination, and lack of 

mudcracks or dolomitic laminites.  Rare burrow mottling was produced by salinity tolerant 

organisms, possibly shrimp.  Relative scarcity of vertical growth fabrics suggests that 

substrate-attached crystal growth was rare (Al-Jallal, 1989; Kendall, 1979b; Warren, 2006).   

The black anhydrites probably formed in slightly deeper, more stagnant waters with abundant 

microbial organics than laterally equivalent white anhydrites.  

Crinkly Laminated Dolomudstone (Intertidal Flat)   

The crinkly laminated dolomites (Table 2.1; Fig. 2.10 d) commonly cap parasequences, 

and generally are overlain by subaerial exposure surfaces.  They form ~5 cm to 2 m thick 

beds of dolomudstone and rare skeletal pellet wackestone that are light-to-medium grey and 

brown, with crinkly microbial lamination (locally micrograded), fenestrae, burrow-mottles, 

and mud cracks.  

Mudcracked crinkly laminated facies formed in intertidal flats.  Laminites could have 

developed burrow-mottling in lower intertidal (to shallowest subtidal?) settings.  Fenestrae in 

laminated dolomites probably also formed in lower intertidal to very shallow subtidal settings 

due to tiny worm dwelling burrows, desiccation and gas evolution  (James, 1977; Demicco 

and Hardie, 1994). 
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Ripple Laminated Dolosiltites (Shallow Lagoonal Sand-Flats)   

These ripple laminated dolomites (Table 2.1; Fig. 2.10 e) occur in beds from 5 cm to 1 

m thick. They are tan to brown, ripple-laminated and are composed of dolosiltite (precursor 

fine pellet grainstone-packstone) with small anhydrite nodules, common horizontal burrows 

(less than 5 mm diameter) and are unfossiliferous.  

These ripple-laminated dolomites were deposited on gentle wave- and tidal current 

reworked, shallow subtidal to lower intertidal sandflats bordering intertidal flats (Wilson and 

Jordan, 1983; cf. Evans 1975).  High substrate mobility probably inhibited growth of mats, 

and sparse infaunal organisms formed horizontal burrows. 

Vertical Tubular Dolomudstone-to-Wackestone (Shallow Hypersaline Restricted 

Lagoon) 

This distinctive facies (Table 2.1; Fig. 2.10 f) is confined to the Latest Permian interval 

(cf. Insalaco et al 2006), and forms beds from 0.5 to 3.5 m thick.  They are tan to dark grey, 

massive units with vertical tubes (up to 25 cm long, and up to 1 cm diameter); lithologies are 

dolomudstone to very fine peloid wackestone, with scattered anhydrite nodules.  The tubes 

commonly are filled with nodular white anhydrite or clear burial anhydrite.  

These facies formed in restricted low energy lagoons in which infaunal organism 

formed vertical dwelling burrows (cf. Insalaco et al., 2006).  Although some could be root 

traces (Insalaco et al., 2006), the lack of bifurcation argues against this, unless they are 

analogous to pneumatophores of modern mangroves (but formed by a non-angiosperm plant).    
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Massive-to-Laminated Muddy Carbonates and Thrombolites (Moderately Restricted 

Lagoon)   

These facies (Table 2.1; Fig. 2.10 g) form beds from 20 cm to 3 m thick, that are grey-

to-dark grey, massive, thin- to medium-bedded. They have millimeter-to-centimeter, planar-

to-wavy, millimeter to centimeter lamination, vertical and horizontal burrows, hardgrounds 

and rare microbial lamination. They are composed of lime mudstone to fine peloid skeletal 

wackestone.  In the Early Triassic units, but not the Permian, clotted gastropod-bearing 

thrombolitic packstone/wackestone and/or digitate stromatolites are associated with these 

mudstone/wackestones. 

These muddy facies were deposited in low-energy subtidal lagoons on or behind 

grainstone barrier shoals (Al-Jallal, 1989; Wilson and Jordon, 1983).  Laminated mudstones 

possibly were deposited in very shallow restricted settings, in which bioturbation was 

inhibited perhaps by high salinity.  Massive mudstone were formed in slightly deeper, more 

distal settings in which layering was destroyed by bioturbation (Al-Jallal, 1989).  The 

thrombolitic and digitate stromatolite units of the Early Triassic were formed in settings with 

impoverished biotas that resulted from the end-Permian extinction.   Thrombolites likely 

formed on heads covered by calcified coccoid mats (Kennard and James, 1986) whereas 

digitate stromatolites formed beneath filamentous colloform mats in the shallow subtidal zone 

(cf. Logan et al., 1974; Jahnert and Collins, 2012). 

Skeletal Peloid Packstone/Grainstone (Sand Sheets)   

This facies (Table 2.1; Fig. 2.10 h) forms a relatively coarse grained sheet-like unit 1 to 

2 m thick in the Early Triassic upper Khuff A Sequence, occurring in both back shoal and 

intershoal positions, as well as on the shoal crest.  It is a brown, massive skeletal peloid 
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dolopackstone/grainstone, and less common peloid skeletal packstone/wackestone composed 

of poor-to-moderately sorted fine-to-coarse peloids, and abundant granule- to pebble- size 

whole and fragmented bivalves and gastropods.  Greenish gray clay-to-silt sized carbonate 

and anhydrite fills skeletal molds and/or less commonly interparticle pores.   

The regional sheet-like distribution of this Early Triassic unit, extending across the 

region in both on shoal and inter-shoal positions, suggests that it marks a regional shallowing 

event of relatively high energy.  It differs from the back-shoal grainstones of the Permo-

Triassic in that it is much more widespread and not confined to backshoal locations (Al-

Dukhayyil, 2007). 

Wackestone-to-Packstone (Back Shoal)   

These facies (Table 2.1; Fig. 2.10 i) form 0.3 to 1.5 m thick units that are brown, 

horizontally burrowed to intensely bioturbated to structureless (Fig. 2.10 i).  They are lime- to 

dolomitic lime- wackestone-to-packstone, composed of moderately sorted, very fine-to-

medium and less common coarse sand-size peloids and/or ooids, bivalve and gastropod 

debris, ostracods and minor pebble-size carbonate mud intraclasts.   

The location of this facies behind and above grainstone shoals suggests that it formed in 

protected, low energy back-shoal and inactive shoal crest settings.  This resulted in poorly 

winnowed facies, burrow-mixed grainy and muddy layers, and bioturbation and destruction of 

any mechanical sedimentary structures that formed during intermittent higher energy events 

(Wilson and Jordan, 1983; Handford, 1988).  
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Oolitic Grainstone (Shoal)   

These form 0.2 to 12 m thick carbonate sand units from tens to hundreds of meters wide.  

They are light to medium brown and cross-bedded with planar, millimeter-to-centimeter 

cross-strata (Figs. 2.10 j and k).  They range from undolomitized to completely dolomitized 

grainstone composed of well-sorted, fine-to-medium and less common coarse sand-size ooids 

with concentric structures, along with peloids. In the Permian units, there are also 

foraminifera, green algae, and rare brachiopod, bryozoans and crinoid debris.  More restricted 

assemblages of bivalves, ostracods and gastropods characterize the Triassic. Oomoldic 

porosity is common. 

These cross bedded oolitic grainstones were formed on high energy shoal crests with 

highly mobile substrates reworked by fair-weather waves and tidal currents, indicated by 

cross-bedding and limited burrowing (Harris, 1983; Harris et al., 1993; Wilson and Jordan, 

1983; Rankey et al., 2006).  These ooids formed in aragonite seas with high Mg/Ca ratios 

(Stanley and Hardie, 1999), indicated by concentric structures within ooids and common 

oomoldic porosity.  They indicate high levels of supersaturation with respect to aragonite in 

the marine platform interior, likely related to elevated salinities due to arid climate and high 

evaporation, and low abundance of calcareous biotas.  

Intraclast Ooid Packstone/Grainstone (Storm Influenced Fore-Shoal)  

This facies (Table 2.1; Fig. 2.10 l) is up to 2 m thick, and is interbedded with mudstone-

to-wackestone.  It consists of medium to dark brown, thin to medium layered, undolomitized 

to dolomitized packstone-to-grainstone, composed of fine to medium sand size ooids and 

peloids and granule- to pebble-size intraclasts which locally form flat pebble conglomerate 

layers. 

 18



These intraclast-ooid sands formed on the storm-influenced flanks of shoals.  This is 

indicated by their close association with subtidal muddy facies, and the updip thickening of 

the lime sand units into oolitic shoal complexes (Seilacher and Aigner, 1991).  

Lime Mudstone (Off-Shoal Open Marine) 

These lime mudstones form up to 8 m thick units in the Early Triassic (Table 2.1; Fig. 

2.10 m, n and o).  They are dark gray-to-dark brown units that occur down-dip of oolitic 

shoals.  These lime mudstones are associated with decimeter-scale cycles of microbial 

laminites and thrombolites with rare horizontal burrows.  Thrombolites contain up to 25% 

gastropod shells.  

These lime mudstones are considered the most distal facies in the studied succession.  

Their downdip position is indicated by position underneath and downdip of oolitic shoals (Al-

Dukhayyil, 2007).  They formed in distal marine, possibly low-oxygen, low-energy settings 

below storm-wave base that favored accumulation of carbonate mud.  In the Permian, this 

facies contains crinoids and bryozoans in the offshore fields of Saudi Arabia (personal 

observation) and Iran (cf. Insalaco et al 2006).  Thrombolites that are common in this facies in 

the Triassic formed in a manner similar to those in the restricted lagoon facies. 

STACKING OF FACIES IN PARASEQUENCES 

Facies within the Permian and Triassic Khuff Formation are arranged in parasequences 

in which successively more seaward facies are overlain by more landward facies, and whose 

tops are bounded by flooding surfaces.  In defining parasequences, water depth was 

considered of lesser importance than the relative landward or seaward position on the ramp,  

given the inferred subtle topography related to shoals, lagoons and salinas.  Six basic types of 
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parasequences (Fig. 2.12) occur, and include 1. open marine, lime mudstone-dominated (open 

lagoon), 2. ooid grainstone-dominated (shoal), 3. restricted carbonate mudstone-dominated 

(lagoon), 4. carbonate laminite-dominated (peritidal flats), 5. anhydrite capped parasequences 

(very restricted lagoon), and 6. subaqueous and supratidal anhydrite parasequences (evaporitic 

salinas and sabkhas). Exposure features such as paleosols or breccias are common near 

sequence boundary zones.  These parasequences occur repeatedly throughout the upper Khuff 

in Ghawar.  

Open marine, lime mudstone-dominated parasequences (open lagoon): These 

parasequences are 0.3 to 17 m thick, and typically consist of transgressive, thin beds of 

peloid/ooid grainstone and interlayered carbonate mudstone passing up into open lagoon, 

thick lime mudstone (and thrombolites in some Triassic units), shallowing up into thin or 

relatively thick beds of grainstone.  Some cycles have thrombolites capping grainstone units.  

In a few cycles in the Triassic Khuff B sequence, the upper grainstone unit shallows up into 

thin restricted lagoonal mudstone.  

Ooid grainstone-dominated parasequences (shoal):  These parasequences are 0.2 to 5 m 

thick, and typically consist of ooid grainstone and packstone, commonly with a basal 

transgressive intraclast lag overlain by lagoonal carbonate mudstone and tidal flat carbonate 

laminite (may be absent).  They are locally thrombolitic in the Triassic Khuff Formation.  

These parasequences may capped by fitted-fabric or incipient breccias or paleosols.  This 

parasequence type is present throughout the study interval (upper Khuff Formation). 

Restricted carbonate mudstone dominated parasequences (lagoon):  These parasequences 

are 0.2 to 4 m thick, and commonly have a thin basal grainstone/packstone, a relatively thick 

restricted lagoonal carbonate mudstone, overlain by tidal flat microbial laminites-to-
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mudcracked mudstone with nodular anhydrite.  Incipient/fitted-fabric breccias or paleosols 

may cap the parasequence.  In the Permian, the restricted lagoonal mudstone commonly has 

vertical burrows or/and root-like structures.  This facies is locally thrombolitic in the Triassic.   

Anhydrite Capped Parasequences (very restricted lagoon):  These parasequences are 2 to 4 

m thick, and commonly consist of thick ooid/peloid grainstone, that is rarely overlain by thin 

restricted peritidal carbonate, and commonly capped by subaqueous anhydrite.  This 

parasequence type is dominant in the Triassic Khuff A sequence. 

Laminite-dominated parasequences (peritidal flats):  These parasequences are 0.1 to 2 m 

thick, and consist of thin basal grainstone/packstone (may be absent), a relatively thin 

restricted carbonate mudstone, capped by well-developed microbial laminites that may have 

mudcracks and evaporate nodules. Breccias or paleosols cap some parasequences. This 

parasequence type is present throughout the study interval. 

Anhydrite dominated parasequences (salina/sabkha):  These parasequences are 0.1 to 4 

thick, and may contain a thin basal carbonate, commonly with a thin microbial top, overlain 

by a thicker unit of layered anhydrite (subaqueous salina) and nodular anhydrite (sabkha).  

This type of parasequence occurs in the Triassic Khuff sequences. 

DEPOSITIONAL SEQUENCE STRATIGRAPHY 

Depositional sequences are genetically related rock units bounded by unconformities 

and their correlative conformities; they reflect a cycle of relative sea-level lowstand, followed 

by increasing and then decreasing accommodation (Mitchum and Van Wagoner, 1991; Vail, 

et al., 1977).  Depositional sequences in the upper Permian-Triassic Khuff Formation were 

mapped on the basis of landward and basinward shifts in facies, stacking patterns of 
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parasequences, and presence of exposure surfaces.  Sequence boundaries were picked on 

single or multiple exposure surfaces (fitted-fabric breccias and paleosols), or on top of 

peritidal carbonates or evaporites units, beneath more open-marine facies.  The exposure 

breccias either formed a single horizon marking sequence boundaries, or commonly in the 

upper Permian, sequence boundary zones containing multiple breccia layers (cf. Montanez 

and Osleger 1993; Markello et al 1992).  Transgressive- and Highstand Systems Tracts (TST 

and HST respectively) were defined by mapping the intervening maximum flooding surface 

MFS). The maximum flooding surfaces in these highly cyclic, aggraded platform successions 

were placed at the turnaround between open marine, thick parasequences of the higher 

accommodation TST and the overlying thinner parasequences dominated by tidal flat 

carbonate/evaporites marking decreased accommodation of the HST (Sarg, 1988; Koerschner 

and Read 1989; Montanez and Osleger 1993).  

The characteristics of the Latest Permian-Early Triassic Khuff sequences are 

summarized in Tables 2.2 and 2.3 and the facies stacking in selected wells is shown in Figures 

2.12 a and b.  The regional facies distribution, sequences and bounding surfaces are shown on 

the cross-sections in Figures 2.13 and 2.14.  In the sequence-stratigraphic cross sections (Figs. 

2.14, 2.15), individual facies are lumped into the following facies associations: supratidal 

sabkha, subaqueous salina, intertidal flat, restricted lagoon, backshoal, shoal, foreshoal and 

open lagoon (Fig. 2.9), characterized by their associated parasequence types (Fig. 2.12).  

Facies maps showing the distribution of facies during MFS, HST and immediately beneath 

the top sequence boundary, are shown in Figure 2.16.   
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Second Order Supersequence and Composite Sequences, Late Permian to Early Triassic 

Khuff Formation, Ghawar Field  

Late Permian Early Triassic Supersequence: The upper Middle Permian basal Khuff 

clastics, along with the Late Permian-Early Triassic Khuff carbonates and evaporites (Khuff 

D, lower C, upper C, B and A units) and the overlying Early Triassic Sudair shale, form a 

second order supersequence (Fig. 2.3) approximately 21 m.y. in duration, bounded at the base 

and top by major unconformities (Haq and Al-Qahtani 2005; their Enclosure 2).    

Composite Sequences: The Basal Khuff clastics along with the Permian Khuff D, lower 

Khuff C and upper C carbonate-evaporite units, form a Late Permian composite sequence 

approximately 15.5 m.y. duration (Fig. 2.3).  The Khuff D interval contains the maximum 

flooding surface P20, the lower Khuff C contains the maximum flooding surface P30 and the 

upper Khuff C contains the maximum flooding surface P40 of Sharland et al., (2001).   

A second composite sequence is formed by the Early Triassic Khuff B, the overlying 

Khuff A interval, and the Sudair Formation (approximatley 5 m.y. duration).  The Khuff B 

and the A form the TST (80-110 m thick and approximately 1.5 m.y. duration) and contain the 

maximum flooding surfaces Tr10 and Tr20 respectively of Sharland et al. (2001).  The 

overlying shale-prone Sudair Formation forms the HST of this upper composite sequence 

(Fig. 2.3).  

Late Permian Upper Khuff C High Frequency Sequences 

The late Permian part of the Khuff study interval (up to 111 m thick) spans the upper 

third of the lower Khuff C (capping the Khuff C reservoir), and the entire upper Khuff C 

interval (up to 66 m thick). This study recognizes seven high frequency sequences (HFS UC-1 
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to 7) in the upper Khuff C interval, although sequences 1, 2 and lower 3 are penetrated only 

by a single core, which extends down into the lower Khuff C sequence 5 (LC 5; Fig. 2.14).   

Late Permian Sequence Boundaries:  Most of the basal boundaries of the upper Khuff C 

sequences (Table 2.2) are planar to slightly erosional surfaces on anhydrite, laminite or 

breccia.  The breccias may occur as a single bed or a zone (1.5 to 5 m thick) composed of two 

or more breccia horizons.  

On the cross section the basal sequence boundaries of sequences LC-5 and UC-2 occur 

on a regional subaqueous anhydrite.   In northern Ghawar, the basal sequence boundaries of 

UC-1, 4, 5 and 6 are underlain by several breccia horizons that make up the sequence 

boundary zone.  The other basal sequence boundaries are generally planar to erosional 

surfaces underlain by fitted-fabric breccia, incipient breccia and paleosols and/or laminites.   

Maps showing the facies beneath the overlying sequence boundaries (latest HST maps) 

are shown in Figure 2.16 a suggest that the directions of progradatoin were to the north in 

UC-6a and to the south in UC-6b and UC-7.  For facies capping sequences UC-5 to UC-7, 

emergence breccias show localized development at the north and south of Ghawar in UC-5, to 

local development in southern Ghawar and local islands in UC-6a, to local islands and 

exposure in north Ghawar in UC-6b.  This culminates in regional exposure over Ghawar at 

the top of UC-7, at the Permian Triassic boundary.  Overall, these facies maps suggest that the 

directions of progradatoin were to the north in UC-6a and to the south in UC-6b and UC-7. 

Late Permian Transgressive Systems Tracts (TSTs):  The facies stacking within the TSTs is 

shown on the cross section (Figure 2.14).  Based on the few cores cut through most of LC-5 

(beneath the study interval), the TST of LC-5 is dominated by restricted lagoonal 
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dolomudstone parasequences. Packstone/grainstone units are thin and relatively minor, and 

most parasequences are capped by tidal flat laminated dolomudstone, and less commonly by 

sub-aqueous salina anhydrite.  The TSTs of UC-1 to 5 consist of peritidal mudstone 

parasequences that pass upward into grainstone parasequences.  In UC-6, the TST is 

dominated by peritidal parasequences, with very minor thin grainstone facies in the northern 

and southern Ghawar, and thicker grainstone/packstone parasequences in central Ghawar. The 

TST of UC-7 consists of dolomitic ooid grainstones, which are bryozoan-crinoid-bearing in 

northern Ghawar.  The MFSs of UC-1 to 7 were placed above the grainstone intervals (Figure 

2.14). 

Facies maps of the maximum flooding facies (Fig. 2.16 a) show that ooid grainstones 

blanket the bulk of Ghawar in UC-5 and 6a, whereas in UC-6b the ooid grainstones occur in 

northern Ghawar, with back-shoal packstones over southern Ghawar. In UC-7, there is a 

return to widespread oolite deposition over Ghawar (Fig. 2.16 a).    

Late Permian Highstand Systems Tracts (HSTs):  Facies stacking within the HSTs is shown 

on the cross section (Figure 2.14).  The progradation directions are not clear in the cross 

section (Fig. 2.15) although facies packaging shows more open conditions to the south in UC-

5 and UC-7, and to the north in UC-6b.  The HST of LC-5 is made up of restricted mudstone 

parasequences that grade up into laminite- and supratidal anhydrite capped parasequences, 

some of which are capped by breccia.  The HSTs of UC-1 to UC-6 consist of thin-grainstone 

based, mudstone-dominated parasequences that grade up into laminate-capped parasequences.  

The tidal flat facies thicken over the subtle southern and central highs.   In southern and 

northern Ghawar, the HST of UC-7 consists of grainstone-based parasequences, that grade in 
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central Ghawar into mudstone- and laminite-dominated parasequences.  Many parasequences 

near sequence boundaries are capped by thin breccias.  

Facies maps show that the progradation directions of the dominant Late Permian 

highstand facies are south and northeast in UC-6a and UC-7, and more to the northeast in UC-

6b (Fig. 16 a).  The maps show that the tidal flat- and lagoonal facies are the dominant late 

highstand facies. Tidal flats are limited to northern and southern Ghawar and minor islands in 

UC-5,  and these become more extensive in western, and south-central Ghawar in UC-6a with 

minor island development.  The tidal flats re-establish in northern and southernmost Ghawar 

in UC-6b and expand in UC-7 to cover much of Ghawar with local re-entrants of lagoonal 

facies in eastern Ghawar.  

Early Triassic Khuff Sequences and High Frequency Sequences 

The carbonate-evaporite portion of the Early Triassic composite sequence (Fig. 3) is 

approximately 80 to 110 m thick, and ~1.5 m.y. duration (Hughes, 2005; Inslaco et al., 2006; 

Ogg et al. 2008).  It is unconformable on the Permian Khuff unit and is conformably overlain 

by the Sudair Shale highstand.  The TST of the Triassic Khuff composite sequence is 

composed of the Khuff B, Lower Khuff A and Upper Khuff A small scale sequences (Al-

Dukhayyil et al., 2012).  These small scale sequences are in turn composed of high frequency 

sequences, HFSs B-1 to 4 and A-1 to 4 respectively.  The facies stacking for a selected well is 

shown in Figure 2.13 b and the regional facies distribution and sequences are shown on the 

cross sections (Figure 2.15). 

Early Triassic Khuff B High Frequency Sequences:  

The Early Triassic Khuff B sequence B-1 to 4, together form an overall upward 

shallowing succession from lime mudstone and oolitic carbonates up into evaporites.  In 
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southern Ghawar, B-1 can be subdivided into subsequences B-1a and 1b, which are separated 

by a late highstand oolite but these cannot be separated in the northern oolite dominated 

sections.  Thrombolites are common in B-1 and 2, especially in the lagoonal mudstone facies. 

Early Triassic Khuff B Sequence Boundaries:  Only the basal Khuff B sequence boundary, 

which is the Permo-Triassic unconformity, has emergent fitted-fabric breccia and paleosols 

that are developed all over Ghawar (Fig. 2.15).  The other HFS boundaries are conformable to 

slightly erosional on underlying tidal flat or lagoonal carbonates or anhydrite.  

Maps showing the facies immediately beneath the overlying sequence boundaries are 

shown in Figure 2.16 b.  The sequence boundary on sequence B-1a is developed on lagoonal 

facies over much of Ghawar, with oolite in the south.  In sequence B-1b, the upper sequence 

boundary is on exposure breccias and tidal flats over northern Ghawar, with southern Ghawar 

being covered with oolite, similar to B-1a. Breccias generally are absent from the top of B-2, 

with the top sequence boundary on tidal flat facies in the north and lagoonal facies in the 

south.  For sequences B-3 and 4, the overlying sequence boundaries are on anhydrites that 

become progressively more widespread, with tidal flats in the south at the top of B-3, and 

subaqueous anhydrites completely covering Ghawar at the top of B-4.  Except for sequence 

1b, breccias capping sequences are relatively rare, being restricted to local islands in central 

Ghawar at tops of B-1b, 2 and 3.  

Early Triassic Khuff B Transgressive Systems Tracts (TSTs):  Stacking of facies making up 

the TSTs are shown in the cross section (Figure 2.15).  In southern Ghawar, the TSTs of B-1 

and 2 consist of open marine lime mudstone- and lesser oolite-dominated parasequences, 

whereas in northern Ghawar, the TSTs tend to be made up of oolite-dominated parasequences, 

with a thin lime mudstone near the base of B-1.  Thrombolites are common, associated with 
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open marine lime mudstone-parasequences, and less commonly with oolite dominated 

parasequences.  The TST of B-3 in southern Ghawar is dominated by oolite parasequences, 

but these pass northward into black anhydrite-dominated parasequences. The TST of B-4 

consists of thin oolite-thick subaqueous black anhydrite parasequences especially in the north, 

although the oolite facies locally is absent near the base of the sequence elsewhere.  

The maximum flooding surfaces were placed at the top of the interval of open marine, 

lime mudstone parasequences, beneath oolite parasequences.  Facies maps of the flooding 

facies are shown in Figure 2.16 b.  Sequence B-1a has open lagoon mudstones over southern 

Ghawar and oolite over northern Ghawar; these open lagoon mudstones blanket Ghawar in B-

1b.  Lagoonal mudstones become confined to southern Ghawar in B-2, with oolite covering 

much of Ghawar.  The maximum flooding facies of B-3 and 4 again are oolite-dominated 

over much of northern and southern Ghawar, with a central zone of backshoal packstone and 

lagoonal muds.  

Early Triassic Khuff B Highstand Systems Tracts (HSTs):  The facies stacking within the 

HSTs of the Triassic sequence B are shown on the cross section (Figure 2.15). The cross 

section shows that the Khuff B highstand prograded to the south, shown by the interfingering 

and progressive “younging” and forestepping of the bases of the highstand grainstones with 

respect to the underlying deeper lagoonal muds. The B-1 highstand consists of southward 

prograding oolitic parasequences, with restricted-mudstone and lesser laminite-dominated 

parasequences tending to become more abundant over the subtle southern and central highs.   

The HST of B-2 is dominated by south-prograding oolite-parasequences and minor laminate-

dominated parasequences, grading northward into laminate- and anhydrite-dominated 

parasequences.  Similarly, the HST of B-3 consists of southward prograding laminite-
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dominated parasequences in the south that pass northward into supratidal- and then 

subaqueous anhydrite-dominated parasequences.  The HST of B-4 is dominated by 

subaqueous anhydrite parasequences, with anhydritic, laminate-capped parasequences 

becoming more abundant in southern Ghawar. 

Facies maps of the dominant HST facies (Fig. 2.16 b) also show southward progradation 

in the Khuff B.   In B-1a, open lagoonal muds are restricted to southernmost Ghawar, and are 

prograded by oolite bounding a restricted mudstone facies. Southward progradation is not 

obvious in the B-1b highstand facies, which has restricted carbonate mudstone facies 

expanding over central Ghawar, with oolite to the north-west and south. Southward 

progradation agains is evident in B-2, with oolite facies in southern Ghawar being prograded 

by  tidal flats over most of northern Ghawar.  Similarly, southerly progradation is evident in 

B-3 and 4, with anhydrites prograding southward from northern Ghawar into central Ghawar 

over tidal flats to the south.  

Early Triassic Khuff A High Frequency Sequences 

The Lower Khuff A small scale sequence is made up of two HFSs TrA-1 and TrA-2, 

and the Upper Khuff A and an undetermined portion of the Sudair Formation is made up of 

HFSs A-3 and A-4 (Figure 2.15).  A-4 was only cored in a few wells.   

Early Triassic Khuff A Sequence Boundaries: The basal sequence boundaries of the Early 

Triassic Khuff A (Table 2.2) were placed either on anhydrite, carbonate laminite or fitted-

fabric breccia.  Only the basal sequence boundary of HFS A-1 rests on regional subaqueous 

black anhydrite.  The basal sequence boundary of A-2 commonly rests on anhydrite and 

locally on carbonate laminite or fitted-fabric breccia.  The A-3 sequence boundary is a planar 
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to irregular erosional surface on anhydrite, carbonate laminite and locally fitted-fabric breccia.  

The basal sequence boundary of A-4 is a planar to erosional surface on back-shoal packstone 

and lagoonal mudstone cycles in southern Ghawar and peritidal laminites capped by incipient 

breccia and paleosols up dip to the north.  

Facies maps showing the distribution of facies beneath sequence boundaries of the 

Triassic Khuff A are shown in Figure 2.16 c and suggest that progradation directions were to 

the north in A-1 and to the south in A-2 and A-3.  Facies capping sequences A-1 and A-2, 

consist of subaqueous anhydrite over much of Ghawar. Tidal flat facies cap sequence A-1 in 

northern Ghawar, whereas tidal flat facies are confined to southern Ghawar at the top of A-2.  

Tidal flat facies capping A-3 are widespread over northern and central Ghawar while lagoonal 

and back-shoal packstone facies covered southern Ghawar.  Emergence breccias were 

developed over local highs in north central Ghawar at the top of A1, northernmost, central, 

and southern Ghawar at the top of A-2, and in central and north central of Ghawar at the top 

of A-3. 

Early Triassic Khuff A Transgressive Systems Tracts (TSTs):  Facies stacking within the 

TSTs are shown on the cross section (Figure 2.15).  In southern and northern Ghawar the TST 

of A-1 is dominated by ooid grainstone parasequences.  Upward in the TST, the ooid 

grainstone parasequences become restricted to southern and central Ghawar, with the northern 

area being dominated by subaqueous anhydrite parasequences.  Most carbonate parasequences 

are capped by carbonate laminite whereas subaqueous anhydrite caps many of the anhydrite 

dominated parasequences.  The TST of A-2 consists of lagoonal mudstone parasequences 

with relatively thin grainstone/packstone in southern Ghawar, grainstone-dominated 

parasequences in north-central Ghawar and subaqueous anhydrite dominated cycles in 
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northern Ghawar.  At the parasequence scale, these northern Ghawar subaqueous anhydrites 

in A-2 appear to be late highstand to lowstand units that fill in accommodation above thin 

carbonates (Fig. 2.15).  The TST of A-3 is dominated by thick-grainstone parasequences in 

southern and north central Ghawar while  in northern Ghawar, it consists of grainstone-poor 

anhydrite-dominated parasequences overlain by peritidal parasequences capped by thin-

grainstone based parasequences;  in the south, the TST of A-3 consists of lagoonal mudstone 

parasequences with only thin grainstone, passing up grainstone-parasequences.  The TST of 

A-4 consists of lagoonal mudstone-parasequences with minor thin grainstones; limestone and 

lesser dolomite is dominant in the south passing northward into dolomite.  Distinctive digitate 

stromatolites and thrombolites are common near the base of the TST of A-4 regionally, but 

extend upward throughout the TST (and HST) in the south. 

Facies maps of the maximum flooding facies the Khuff A (Fig. 2.16 c) show that ooid 

grainstones blanket the bulk of Ghawar in A-1 and A-3.  In contrast, in A-2 the ooid 

grainstones occur in northern and southern Ghawar, with back-shoal packstones and lagoonal 

muds over central Ghawar while localized tidal flat facies occur in northernmost Ghawar. 

Early Triassic Khuff A Highstand Systems Tracts (HSTs):  The facies stacking of HSTs in 

the Triassic Khuff A are shown on the cross section (Figure 2.15).  Although progradation 

direction of HFS A-1 is not clear on the cross section (Fig. 2.15) southward progradation of 

A-2 and A-3 is shown by more open facies to the south. The cross section strongly suggests 

that the HSTs of A-1 and A-2 consist of anhydrite capped parasequences in southern and 

central Ghawar, that grade up-dip into laminate-dominated parasequences, with minor oolite 

parasequences in subtle lows. In northernmost Ghawar, the HST of A-1 consists of restricted 

mudstone-dominated parasequences.  The A-2 HST is similar in southern and central Ghawar 
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is similar, but in northern Ghawar, the HST is made of subaqueous anhydrite cycles, in which 

the individual anhydrites appear to be lowstand deposits relative to the parasequences .  In A-

3, the HST in the south and central area is made up of grainstone parasequences fining up into 

lagoonal mudstone parasequences and then into laminite-dominated parasequences; however 

in the north, the HST of A-3 is mainly lagoonal mud cycles grading up into peritidal laminite 

parasequences.  The A-4 HST consists of restricted mudstone- and laminite-capped 

parasequences, which are thrombolitic in the south; the A-4 HST in the south consists of 

lagoonal limestone passing up and grading northward into dolomite. These are overlain by 

regional shales and lesser carbonates of the Sudair Formation.  

Facies maps of the dominant HST facies of Triassic Khuff A sequences are shown in 

Figure 2.16 c.  Progradation of the highstand of HFS A-1 is to the north with lagoonal muds 

in northernmost Ghawar, tidal flat facies in north-central Ghawar, and anhydrites over central 

and southern Ghawar. Progradation direction reverses in A-2 and A-3, and is to the south.  

Southerly progradation in the HST of sequence A-2, is shown by lagoonal facies over 

southern and central Ghawar, passing into northernmost Ghawar into tidal flat facies and 

anhydrite.  Southerly progradation in the HST of A-3 is indicated by the lagoonal muds  in 

northernmost Ghawar, passing south into back-shoal packstones and then into oolites in the 

extreme south. 

Reservoir Facies 

Late Permian Reservoir Facies:  Late Permian reservoir development is limited to UC-7 and 

rarely to upper UC-6.  The potential reservoir facies lower in the section are fully plugged by 

anhydrite.  Reservoir facies are developed in a transgressive ooid grainstone (P-7 TST) and 
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prograding ooid grainstone/packstone shoal complexes and prograding lagoonal dolosiltites 

and rare intertidal dolomuddy facies (P-6 and -7).  Moldic, interparticle and intercrystalline 

pores of Choquette and Pray (1970), are developed in the dolograinstone/packstone, and 

intercrystalline pores in the dolosiltites.   

Early Triassic Khuff B Reservoir Facies:  Reservoir facies are limited to sequences B-1 and 

B-2 in south Ghawar.  Reservoirs are best developed in transgressive grainstones and 

prograding highstand ooid lime- and dolograinstone/packstone, and less commonly in 

prograding lagoonal dolomudstone/wackestone (burrowed/ripple laminated dolosiltites and 

thrombolitic facies).  Moldic pores are only developed in the lime-grainstone/packstone, 

whereas moldic, interparticle and intercrystalline pores are common in the 

dolograinstone/packstone.  The lagoonal dolomudstone facies contain intercrystalline pores. 

Anhydrite cementation occluded pores minimizing destroying potential reservoir facies.  

Anhydrite plugged all the grainstone/packstone reservoir facies in late highstand systems 

tracts of B-1 throughout Ghawar and in sequence B-2 in central and north Ghawar. Anhydrite 

also plugs porosity in sequences B-3 and 4 throughout Ghawar. 

Early Triassic Khuff A Reservoir Facies:  Reservoir development is limited to sequences A-

1 and A-2 in southern Ghawar, sequence A-3 in south and central Ghawar and A-4 in a few 

areas in north Ghawar.  There is insufficient core data to evaluate sequence A-4.  Reservoir 

facies are best developed in transgressive- and prograding ooid grainstone/packstone of shoal 

complexes and sheets, and in prograding lagoonal dolosiltites.  Moldic, interparticle and 

intercrystalline pores are common in the dolograinstone/packstone, whereas in lime-

grainstone/packstone, moldic pores are common and interparticle pores are rare.  
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Intercrystalline pores are developed in the shallow lagoon dolomudstone.  Plugging of 

reservoir grainstone/packstone by anhydrite causes major loss of porosity. 

 

DISCUSSION 

Paleogeography and Climate  

During the Late Carboniferous to Early Permian, when Pangea spanned the globe, 

global climate was icehouse with average global temperatures of 12–14º C. The Arabian Plate 

during the Permo-Carboniferous was between 30ºS and 55ºS, moving northward with 

Gondwana.  Global climate changed to greenhouse conditions from the Mid Permian to 

Triassic, with surface ocean temperatures of 30º C in the tropics (Scotese, 1999; Parrish 1985 

and 1993; Ziegler et al., 1997).  By Late Permian, the Arabian Plate had moved from 35 to 

10ºS and by the Early Triassic (end of Khuff deposition) its northern margin had reached 5ºS 

(Fig. 2.2; Konert et al., 2001; Sharland et al., 2001).  

Much of the continental area of Pangea adjacent to the tropics (which included Arabia) 

were arid during the Middle and Late Permian (Fig. 2.17).  Humid belts were north and south 

of 30 degrees latitude and on microplates and arcs in the Far East (Scotese, 1999; 2003).  

These desert conditions persisted into the Early Triassic and evaporites and redbeds became 

more widespread.  This intensely arid climate was a result of the massive global warming 

triggered by the Siberian Traps volcanism at the end of Permian, relatively low sea-levels and 

the assembly of Pangea, which resulted in immense land areas north and south of the equator.   

This Pangean paleogeography and greenhouse climate may have generated 

megamonsoonal atmospheric circulation which resulted in relatively dry tropics and the 
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absence of the Humid Tropical Belt (Parrish, 1993; Scotese, 1999; Ziegler et al., 1997).  

Parrish et al. (1986) predicted that the monsoonal circulation reached its maximum strength in 

the Triassic.  During this maximum stage, climates in the tropical zone on the eastern side of 

the Pangea became dry.  In contrast, the tropical western side became relatively humid, 

similar to present-day west Africa (Parrish, 1993; Loope et al., 2004).  The Inter-Tropical 

Convergence Zone (ITCZ) that generally lies near the Equator is the locus of rainfall in the 

Humid Tropics on the present globe.  However with Pangean paleogeography, strong seasonal 

monsoons or megamonsoons shifted the ITCZ to middle latitudes, distributing the rainfall 

over a large area, resulting in generally drier conditions.  The strong seasonal monsoons and 

extreme ITCZ deflection was due to severe seasonal heating of the Pangean landmass which 

straddled the equator with large landmasses to north and south (Parrish, 1988; Loope, 2004). 

This arid setting is evidenced by the common evaporites, mainly anhydrites, in the 

Khuff succession, and high salinities indicated by the abundance of microbial laminites, 

restricted biotas of the ramp interior, as well as widespread oolitic facies on the ramp interior. 

Arid conditions along the present-day evaporitic Arabian Gulf coast are similar to those that 

existed during the Khuff deposition, with the major difference in setting being the 

development of immense salinas in the Permian-Triassic, compared to the narrow sabkha 

evaporites today.  Local root-like structures and minor karst in the Khuff deposits, especially 

on the Latest Permian restricted lagoonal mudstones, may mark short periods of slightly more 

humid conditions.  The overlying Sudair shale and siltstones also indicate ephemeral 

terrigenous influx during the early Triassic, while the red colors of mudrocks and presence of 

evaporites indicates prevailing, relatively dry conditions (Alsharhan and Kendall, 1986; 

Ziegler, 2001). 
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Tectonics 

Khuff deposition was initiated following the Middle Permian break-up unconformity 

and deposition of pre-Khuff clastics, associated with inception of the Neo-Tethys Ocean in 

the vicinity of the present-day Zagros suture. This was accompanied by the most extensive 

transgression of the Paleozoic, when marine waters from Neo-Tethys spread over the Arabian 

foreland. This led to formation of the immense, east-sloping Khuff ramp that extended to the 

present Zagros fold-thrust belt (Al-Jallal, 1989; Al-Aswad, 1997; Sharland et al., 2001; 

Konert et al., 2001).  This major transgression caused a change from mainly siliciclastic- to 

carbonate-evaporite deposition as the Arabian Plate moved northward into warmer and drier, 

lower latitudes.  

During the Permo-Triassic, along with Neo-Tethys sea-floor spreading, syndepositional, 

wide, broad and gentle structures (folds and domes) formed on the eastern Arabian Plate 

above re-activated basement faults (Fig. 2.6; Al-Jallal, 1989; Sharland et al., 2001; Abu-Ali 

and Littke 2005).  These gentle structures likely were responsible for the subtle topography 

(e.g. the southern and central highs of this paper) and the subtle changes in subsidence rate 

and progradation directions in Ghawar. 

Subsidence history plots of Ghawar (Fig. 2.18; Abu-Ali and Littke, 2005) show 

relatively rapid subsidence from the Late Permian to Middle Triassic (~5 cm/k.y.) probably 

related to thermo-tectonic subsidence of the relatively young margin.  This was followed by 

slow subsidence to the Early Jurassic (0.2 cm/k.y.) as the margin aged (cf. Bott, 1992), prior 

to renewed rapid subsidence in the Late Jurassic (Abu-Ali and Littke, 2005).  The average 

subsidence rate of the updip Khuff outcrop belt, was 1.5 cm/k.y. (Al-Aswad, 1997).  More 

rapid subsidence rates typified the Ghawar study area for the Permian, ranging from 2 to 2.5 
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cm/k.y. (based on thickness of 335-366 m and a duration of 15.5 +/- 0.7 m.y. (Ogg et al., 

2008).  Early Triassic subsidence rates were relatively high ranging from 5 to 7.5 cm/k.y. 

based on thicknesses of 80-110m and duration of 1.5 +/-0.7 m.y.  Subsidence rates for the 

seaward edge of the passive margin during the Permo-Triassic (beneath the present-day 

Zagros fold-thrust belt) were 9 cm/k.y. based on a thickness of 1524 m and duration of 17 +/-

0.7 m.y.  The Khuff isopach (Fig. 2.5), the Khuff cross sections and these subsidence rates 

indicate that the Khuff passive margin was a typical seaward-thickening wedge.  These 

subsidence rates fall within the range of modern and ancient mature passive margins (Steckler 

and Watts, 1982; Read 1989). 

The relatively low rates of rotational subsidence on the passive margin, coupled with the 

small magnitude greenhouse sea-level changes, resulted in the Khuff ramp top from Saudi 

Arabia to Iran being aggraded to sea-level for much of the time.  Thus the ramp top had a low 

gradient, implied by the depositional model of Insalaco et al (2006) for the Upper Khuff 

sequences in Iran.  Slopes per cycle (parasequences) for the present study were calculated 

from the outcrop thicknesses in Saudi Arabia to thicknesses in Ghawar Field using: 

Regional gradient per cycle = regional thickening / (number of cycles X distance) 

(after Koerschner and Read 1989).  Using 155 m of Late Permian-Early Triassic Khuff in 

Ghawar, thinning to a feather edge onto the Arabian Shield over a distance of ~600 km and 

275 cycles in the Late Permian-Early Triassic Khuff in Ghawar gives 0.1 cm/km slope.  Even 

using the 450 m thickening from the Saudi Arabian outcrop to the Iranian Khuff, and a 1000 

km distance and divided by a similar number of cycles would still yield a slope per cycle of 

less than 0.1 cm/km.  These slopes are far less than the 4 cm/km slopes on the Bahamas.  The 

slopes would yield maximum water depths in Ghawar of ~6 m, and 10 m on the platform in 
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Iran.  However, the slopes probably increased from the relatively flat topped ramp onto the 

ramp slope (with subwave-base muds) in Iran. The slopes on the ramp top varied over subtle 

topographic structures such the large Ghawar structures, as well as over subtle highs within 

Ghawar (cf Abu-Ali and Littke,  2005),   

The broad regional trends shown by the facies maps indicate that progradation directions 

were to the south and sometimes to the northeast, rather than outward from Ghawar in all 

directions (Fig. 2.16).   This suggests that the broad facies trends were not dominantly 

influenced by the elongate Ghawar structure.  The Triassic cross section (Figure 2.15) shows 

more regional depositional slopes mainly to the northeast, complicated by subtle warping of 

the area.  For example, when the top of the Khuff D anhydrite is datumed on the PTB, the 

Khuff-D anhydrite below the study interval shows a gentle slope to the south in southern 

Ghawar and to the north in northern Ghawar (Fig. 2.14).  In contrast, when the top of the 

Khuff D anhydrite is datumed on the top of the Triassic Khuff Formation, it shows a gentle 

slope to the south in southern Ghawar, followed by a reversal of slope to the north in the 

northern 2/3 of Ghawar, in which the northern slope is punctuated by two gentle uplifts (Fig. 

2.15). These local reversal of slopes and subtle highs have influenced the overlying facies of 

the Permian and Triassic carbonates (Figs. 2.14, 2.15) and directions of progradation and 

offlap, and sites of evaporite deposition (Fig. 2.16 c).  Thus the Permian and Triassic Ghawar 

structure was a relatively subtle topographic feature on which low relief, small ephemeral 

highs over Ghawar appear to have localized some of the facies such as oolites, tidal flats and 

breccias.  Nevertheless, movement on the Ghawar structure may have been responsible for the 

reversals in paleoslope seen in the facies maps (Fig. 16). 
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Duration of Sequences 

   Likely duration of the various scales of sequences in the Khuff Formation can be 

estimated from the chronostratigraphic chart; uncertainty in the ages of the stages is +/- 0.7 

m.y. although the stage durations determined by cyclostratigraphy agree fairly closely with 

the estimated ages (Fig. 2.3; Rampino et al 2000).  The upper C sequence is a ~2.8 m.y. third 

order sequence, which may relate to the long term eccentricity cycle of 2.4 m.y. (Matthews 

and Al-Husseini 2010; Boulila et al 2011).  The three small scale 3rd order sequences making 

up the upper C interval are perhaps  ~800 k.y. each.  The seven constituent high frequency 

sequences within the Upper C are each perhaps  ~400 k.y. duration based on 2.8 m.y. divided 

by 7 high frequency sequences; these likely relate to orbital eccentricity (Matthews and 

Frohlich, 2002).  Sequences B and A are each about ~700 k.y. and are thus small scale third 

order sequences; each has 4 HFSs, which average about 170 k.y. duration each, implying that 

these are 4th order sequences.   

Because of the great thickness variation in the parasequences associated with oolite 

shoals versus off-shoal settings, spectral analysis was not done on the sections.  However, 

average duration of parasequences can be estimated crudely from the duration of the intervals 

and number of component parasequences. For the latest Permian Changhsingian, which 

roughly spans 2.8+/- 0.7 m.y., there are ~125 cycles, which averages out at about ~22 +/-5 

k.y. per cycle.  For the Induan (Early Triassic) part of the succession, which spans 1.5 +/-0.7 

m.y., there are ~150 cycles, averaging out to about 10 +/-5 k.y. per cycle.  These crude 

estimates suggest that the parasequences may be driven by orbital precessional and half 

precessional forcing of climate that caused small changes in sea-level.  Thus most of the 

cycles are Milankovitch and related to precession, rather than being sub-Milankovitch cycles 

 39



of the order of just a few kiloyears, as documented for the Middle Triassic Latemar Formation 

in the Dolomites (Zuhlke et al 2003; see Hinnov, 2000 and Preto et al., 2001 for a differing 

opinion).  

Eustasy and Accommodation Cycles 

Third Order Eustasy 

Accommodation (Fischer) plots of the cyclic Khuff succession for three wells are shown 

in Figure 2.19. The plots track the cumulative departure from average cycle thickness against 

cycle number, which is used as a proxy for time (Saddler et al., 1993).  On the plots, 

accommodation increase is shown by the limb rising to the left, while the accommodation 

decrease is shown by the limb fall toward the right. The sequence boundaries based on the 

lithologic succession and the sequence analysis are shown alongside the Fischer plots.  The 

Permian Chianghsingian Upper C sequence on the Fischer plot is marked by accommodation 

increase from HFSs UC-1 to 3 which make up a transgressive high frequency sequence set. 

The falling limb of the Upper C sequence is made up of HFSs UC-4 and 5, with a maximum 

flood likely lying within UC-4.  HFSs UC-6 and 7 appear to mark a turn around, with 

accommodation starting to increase prior to the PTB (supported by the presence bryozoans, 

crinoids and brachiopods), although the plot of well 4 differs from the plots of the other two 

wells in showing increasing accommodation toward the end of UC-6 as well as UC-7; 

merging of cycles within the sequence bounding paleosols may have masked the 

accommodation change in well 4.  The overall transgression across the PTB is synchronous 

with the overall increasing C isotope excursion across the PTB, presumably related to 

increasing global warming. 

 40



The Triassic Induan part of the Fischer plot shows increasing accommodation within B-

1 in the three wells, followed by decreasing accommodation in upper B-1. However the plots 

from the 3 wells start to differ. In well 10, the plot shows decreasing accommodation in B-2 

and 3, whereas in well 13 the plot shows relatively little accommodation change through B-4;  

however in well 4, the plot shows a rise in B-2, followed by a fall in B-3 followed by rise and 

fall in B-4.  All the plots then show a significant increase in accommodation but in different 

parts of the succession. In well 4, the rise is in A-1 through 4; in well 10 the rise is largely in 

B-4 while in well 13 the rise is mainly in A-2.  This apparent diachroneity is probably a result 

of the plots and the preservation and picking of cycles, rather than being reflection of timing 

of accommodation increase.  Thus the plots show mixed success at picking 3rd order 

accommodation changes in this highly cyclic succession, probably due to autocycle 

development (including picking of cycles that are in fact local storm layers or mud drapes in 

core),  merging of cycles within thick grainstones,  and loss of cycles within thick paleosols. 

The plots are poor at picking high frequency sequences, probably because of the small 

number of cycles within each HFS (Sadler et al., 1993). 

The sea-level curve for the Permian-Triassic study interval are shown in Figure 2.20 

along with approximate ages of the high frequency sequences LC-1 to 5, UC-1 to 7, B1 to 4 

and A-1 to 4. In addition, published 3rd order curves (Haq and Al-Qahtani, 2005; Haq and 

Schutter, 2008; Markello et al., 2008) also are plotted for comparison. Although the present 

study interval extends from just above LC-5 to A- 4, the other lower C sequences documented 

by Al-Dukhayyil et al (2006) and Al Eid (2009) have been included on Figure 2.20.  Given 

that third order sequences are at the limit of biostratigraphic resolution (Miall, 1999), the 

 41



following correlations of the Arabian sequences to the global charts should be considered 

tentative. 

Sequence boundary (SB) LC-1 (basal Wuchiapingian) may correlate with Wu-1 SB on 

Haq and Al-Qahtani (2005), Wu-1 on the Haq and Schutter (2008) and Wuc2 on the Markello 

et al (2008) curves, all of which are close to the base of the Wuchiapingian.  SB LC-2 

correlates with Wu 2 on Haq and Al-Qahtani curve and Wuc3 on the Markello et al curve.   

SB LC-3 does not correlate with either of the Haq and Al-Qahtani or the Haq and Schutter 

curves, but correlates well with the Wuc4 SB of Markello et al. curve.  SB LC-4 does not 

correlate with either of the Haq and Al-Qahtani, the Haq and Schutter, or the Markello et al. 

curves.  SB LC-5 correlates with Wu2 on Haq and Schutter curve and Wuc3 on the Markello 

et al curve; it probably correlates with Wu 3 on the Haq and Al-Qahtani Arabian curve, which 

they probably place too high. 

SB UC-1 is basal Changhsingian and  correlates well with Chan1 of the Haq and 

Schutter curve, however it does not correlate with either of the Haq and Al-Qahtani or the 

Markello et al curves.  There are no correlatives with sequence boundaries of UC- 

2 and 3 on the other sea-level curves suggesting these events are too small or are local. SB 

UC-4 correlates well with Ch 1 of the Haq and Al-Qahtani curve and Chan2 of the Haq and 

Schutter curve. SB-5 has no correlatives on the other curves.  SB UC-6 does not correlate 

with either of the Haq and Al-Qahtani or the Markello et al curves, but correlates well with 

Chan3 SB of the Haq and Schutter curve.   

The Permo-Triassic boundary (B-1) correlates well with the In0 SB of the Markello et 

al. curve, but the other two curves show gradually rising sea-level at this time.  The A-1 SB 

correlates well with In 1 on the Haq and Al-Qahtani curve and In2 on the Markello et al 
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curve; In1 on the Markello et al curve may correlate with one of the higher frequency cycles 

in the study area.  A-5 correlates well with Ol 1 of the Haq and Al-Qahtani and Haq and 

Schutter curves.  The higher frequency cycles A-2 to 4 and B 2 to 4 are below the resolution 

of the curves.  

Thus of the major 3rd order events (LC-1, LC-5, UC-1, UC-4, B-1, A-1, A-5) all 

correlate to major events on the published charts.  The smaller scale 4th/5th order are either 

below the resolution of the curves and/or are of more local origin.  

Milankovitch Forcing of Climate and Sea-Level 

 Milankovitch forcing of climate has been well documented from the Permian and early 

Triassic, starting with the pioneering work of Anderson (1982) who did varve counts on a 250 

k.y. record from the deep-water Permian Castille evaporite.  He demonstrated a Milankovitch 

100 k.y. signal, a distinct oscillation around 20 k.y. marking precession, and a very strong, 

sub-Milankovitch climate response at 2.7 k.y.  marked by freshening of the basin.  More 

recent studies of Permo-Triassic shallow-water, cyclic carbonate sections in the Austrian Alps 

and South China, have documented a minor 412 k.y.,  a prominent ~100 k.y., along with  ~40 

k.y., and ~20 k.y. quasi-periodicities (Yang and Lehrmann 2003; Rampino et al 2000).   These 

studies all support Milankovitch forcing of climate and, in turn, sea-level changes in the 

Permian and Triassic.   

The cyclic successions of the study area are not amenable to spectral analysis given the 

large range of cycle thickness, associated with the development of thick oolitic units that 

interrupt the meter-scale cyclicity.  Also, locally developed stacked thin cycles that merge 

laterally with a few thick cycles, could reflect local shallowing by autocyclic processes, or 
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pinchout of higher frequency cycles onto depositional highs. On the Fischer (accommodation) 

plots there is a locally well developed bundling of 4 to 8 cycles per bundle, perhaps 

suggestive of precessional (and half precessional) bundling into 100 k.y. eccentricity bundles, 

with the added complication of autocycle development associated with local shallowing 

events.  In addition, some thin parasequences in the cores may include interlayered grainstone 

and mudstone resulting from storm events.  The precessional cyclicity is compatible with the 

crude estimates of 10 to 20 k.y. average durations of the parasequences.  Most such 

Milankovitch driven sea-level fluctuations within the Latest Permian-Early Triassic, which is 

a time of well documented greenhouse climate (Frakes et al 1992; Fielding et al 2011), would 

likely be small.  They might be driven by Alpine glaciation, storage of water in aquifers and 

rift basin, and heating/cooling of the oceanic water columns (Jacobs and Sahangian, 1993).  

However, this does not to exclude possible cooling events at sequence boundaries (associated 

with breccia development) which might have been associated with larger sea-level falls, 

perhaps associated with buildup of small ice sheets, sequestering of water into rift basins  and 

aquifers (Jacobs and Sahagian 1995; Elrick et al 2009).  Such increased magnitudes of sea-

level fall at sequence boundaries have been documented from Middle Devonian greenhouse 

sequences using oxygen isotopes of conodont apatite (Elrick et al., 2009). 

Basin-Scale Controls on Carbonate vs. Anhydrite Deposition 

Late Permian and Early Triassic seas were aragonite seas characterized by Mg/Ca ratios 

similar to today (Hardie1996; Stanley and Hardie, 1998; 1999).  For the transition from 

carbonate to evaporite deposition, sea water volumes need to be reduced to about one third of 

their original volumes by evaporation, driving salinities above ~90 ppt (Holser, 1979).  To 

generate evaporites over carbonates, evaporation has to greatly exceed seawater inflow plus 
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rainfall plus riverine influx, and the brine basin  needs a hydroseal to prevent them rapidly 

leaking into the underlying units.  For the Late Permian and Early Triassic, precipitation and 

riverine influx generally were low, given the restriction of siliciclastics to the updip margins 

of the platform (Ziegler, 2001). In terms of seawater inflow onto the platform, ocean waters 

could have migrated onto the platform from embayments in the platform margin due east of 

Ghawar and characterized by open marine carbonates, and possibly to the north (present day 

Iraq).  The platform was bordered by land in western Arabia, the south (Yemen) and southeast 

(southern Oman).  North of Ghawar is a major anhydrite basin with 100 m of evaporites, 

extending from northern Saudi Arabia into Kuwait and east into Iran (Fig. 2.4). Local highs 

that also might have limited exchange and characterized by Permian thinning occur in 

offshore Abu Dhabi (Sharland et al., 2001) and Qatar (data in Abu-Ali 2005). 

Given sufficiently arid climate phases, the simplest way to generate evaporites on the 

Arabian platform would be to lower sea level. This would decrease the water depths over 

marginal sills (formed by constructional upbuilding of carbonates, and local slowing of 

subsidence) that may have lain south-east , east and north east of Ghawar (Fig. 2.4).   

The decreased water depths over the sills would thus have decreased the cross sectional area 

of the inflow system, decreasing seawater exchange with the interior platform and the open 

ocean.  Lowered sea levels are suggested by occurrence of the evaporites at the tops of Late 

Permian HFSs UC-1 and 2, and Triassic HFS B-2 and A-1.  However, the evaporites in 

Triassic HFSs B-2 and 4 occur throughout the sequences in northern Ghawar pinching out 

into carbonates to the south. This suggests that inflow was restricted perhaps by slowing of 

subsidence to the north, while open marine conditions continued to the south.  The 
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dissappearance of beds of anhydrite in Triassic HFSs A-3 and 4 suggest decreased aridity, 

perhaps coupled with less restricted inflow. 

Deposition of sabkha anhydrite occurred during shallowing of carbonate parasequences 

into the tidal zone, and with continued subsidence and growth of dominantly displacive 

anhydrite, extensive units of anhydrite capping units were developed. In contrast, in areas 

where accommodation still remained off from carbonate shoals, the space was initially filled 

with subaqueous layered anhydrite (formerly gypsum) followed locally by sabkha anhydrite. 

Interlayering of the anhydrites with dololaminites suggest that there was substantial migration 

of the salinoclines across the platform at the parasequence scale. 

Sequence Development in the Khuff Upper C, B and A 

The late Permian-Early Triassic greenhouse climate had a major control on sequence 

development in the Khuff Formation, limiting the magnitudes of sea-level falls, and resulting 

in a very large number of stacked parasequences within sequences.    

Sequence Boundary Development 

Third Order Sequence Boundaries: Major emergence events with multiple breccias 

characterize the thick third order sequence boundary zone at the base of the upper C, capping 

the Lower C sequence at the Wuchiapingian-Changhsingian boundary.  This developed 

during the major global sea-level fall (Fig. 2.20). The smaller scale 3rd order sequence 

boundaries within the upper Khuff C, which are characterized by more localized breccia 

zones and or tidal flat exposure surfaces, developed during relative sea-level fall below the 

resolution of the sea-level curves (Fig. 2.20). 
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The third order basal sequence boundary of the Khuff B coincides with the Permian 

Triassic boundary, and is characterized by single- or multiple breccia zones throughout 

Ghawar, and developed during relative sea-level fall evident on Markello et al (2008) chart.  

Whether this sea-level fall is a global event or due to local tectonics is not clear, given that it 

is not shown on some of the global curves (Fig. 2.20).   In addition, in many other areas, the 

PTB occurs during a time of transgression (Erwin, 2006; Insalaco et al., 2006).  

The Khuff A basal sequence boundary, which developed on evaporites, formed during 

global sea-level fall, which terminated evaporite deposition over most of Ghawar, although 

the lack of exposure breccias suggests only limited exposure (Fig. 2.20).      

High Frequency Sequence Boundaries: The sequence boundaries associated with the 4th 

order sequences of the Khuff succession, which are characterized by relatively limited breccia 

development and widespread tidal flat deposits and local evaporites, probably resulted from 

relatively small sea-level falls (less than 10 m) which only exposed local highs, while 

elsewhere, tidal flats and local evaporites developed.  The change in the areal distribution of 

breccias from sequence boundary to sequence boundary in Ghawar, if not related to local up-

building by sedimentation, is suggestive of differential warping of Ghawar.  This is evident in 

breccia distribution in UC-5 to 7.  In contrast, the latest HST facies of HFSs B-1 to 4 

generally show evidence of marine conditions to the south, suggesting a paleoslope in this 

direction due to tilting or sediment starvation.  However, Khuff HFSs A-1 through 3 show 

reversals in directions of progradation, strongly suggestive of tilting. The Khuff breccias 

likely developed on subtle highs, that probably were a combination of sediment up-building 

and differential warping. 
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Transgressive Systems Tract Development 

Third Order Transgressive Systems Tracts, Upper Khuff C:  The 3rd order transgressive 

systems tract within the upper Khuff C is manifested in three thin HFSs (P-2 to 4), with the 

3rd order maximum flooding surface within the overlying thick HFS P-5.  This reflects 

increasing accommodation toward the maximum flood, but the relatively low accommodation 

rates (combination of low subsidence rate and small sea-level rise rate) did not allow 

deepening beyond oolite water depths, indicating that sedimentation rates never greatly 

lagged accommodation. 

Transgressive Systems Tracts of High Frequency Sequences, Upper Khuff C: The fourth 

order TSTs within the Permian Khuff upper C, show an overall upward deepening trend, also 

resulted from sedimentation only slightly lagging accommodation, with water depths never 

exceeding that of the oolitic facies.  Sea-level rise forming the the TSTs of the high frequency 

sequences UC-1 through 7 probably was driven by 400 k.y. long term eccentricity, which 

flooded a relatively uniform paleoslopes to the north, indicated by the facies maps (Fig. 2.16). 

Transgressive Tracts of 3rd Order Khuff B:  In the Early Triassic, the third order Khuff B 

TST is defined by the initial Triassic transgressive set of cross-bedded grainstone deposits 

associated with thrombolites that deepen to distal lime mudstone with subtidal microbial 

lamination, and thrombolite heads.  These distal open lagoonal muds that are thick (up to 10 

m) in southern Ghawar, mark maximum flooding of the Khuff B sequence.  They likely are 

contemporaneous with the global MFS Tr10 of Sharland et al. (2001).  Low sedimentation 

rates due to depauperate calcified biotas following the end Permian extinction, coupled with 

increased accommodation rates, probably favored deepening below wave base.  Likely that 

sea-level rise rates were relatively high compared to the low sedimentation rates. 
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Transgressive Tracts, High Frequency Sequences, Khuff B:  The two and one half, fourth 

order HFSs within the Khuff B TST thicken upward in response to the increasing 

accommodation.  The low sedimentation rates versus increased accommodation are also 

reflected in the Early Triassic Khuff B, fourth order TSTS, with the development of 

widespread lime mudstone parasequences.  These however disappear into the later HFSs of 

the Khuff B, as accommodation decreased. 

3rd Order Transgressive Tract, Khuff A: The TST of the Triassic Khuff A third order 

sequence is defined by the development of three HFSs comprising ooid grainstone, lagoonal 

mudstone with thrombolites, laminites tidal flats and sub-aqueous anhydrite, that deepen into 

the maximum flood in HFS A-3, which has evaporite-free, thick grainstone cycles in southern 

and central Ghawar, and elsewhere lagoonal mudstone.  This deepening event marks the 

maximum flooding surface of the third order Khuff A sequence, and developed during global 

sea-level Tr 20 of Sharland et al., (2001).  The abundant evaporites in most of the TST (at 

least locally in Ghawar), suggest shallow water depths over the marginal sills, that deepened 

with maximum flooding, terminating evaporite deposition. 

Transgressive Tracts, Khuff A High Frequency Sequences: Within the Triassic Khuff A 

high frequency sequences, the TSTs in the south remained in the carbonate precipitation 

fields, reflecting more open conditions, while to the north, except for HFS A1, waters were in 

the anhydrite precipitation field throughout much of the TSTs, reflecting increasing restriction 

to the north, at this time.  At the parasequence scale,the dominantly subaqueous anhydrites in 

northern Ghawar in A-2, appear to be late highstand to low stand deposits that filled in 

remaining accommodation above the thin inter-shoal carbonates.  
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Highstand  Systems Tract Development 

Third Order Highstand Tract, Upper Khuff C: The HST within the Permian upper Khuff C, 

3rd order sequence, which is characterized by part of a thick HFS UC-4, overlain by 3 thin 

HFSs (UC-5 to 7) that contain progressively shallower water carbonate facies, marks 

decreasing accommodation toward the Permo-Triassic unconformity.  This resulted from 

sedimentation slightly exceeding accommodation.  However near the end of the Permian, 

there was a slight increase in accommodation and salinity lowering, evidenced by bryozoan-

crinoidal oolitic facies within the uppermost HFS UC-7, which anticipates the major flood 

back in the earliest Triassic. 

Highstands of High Frequency Sequences, Upper Khuff C: Within the HFSs of the Permian 

upper Khuff C, the HSTs all shallow from oolite to lagoon to tidal flat and only minor 

anhydrite facies, marking decreased accommodation exceeded by sedimentation.  Waters 

stayed mainly within the carbonate precipitation field, probably due insufficient restriction to 

waters inflowing onto the platform; the small amounts of anhydrite present do indicate that 

climate remained arid. The 400 k.y. durations of these HFSs is suggestive of long term 

eccentricity driving the sea-level falls. 

Third Order Highstand Tract, Khuff B: The HST of Triassic Khuff B, third order sequence, 

(upper B-1 to B4) shallows up from open lagoon to oolite to peritidal facies, then anhydrite, 

the anhydrites becoming more abundant northward.  The decrease in accommodation was due 

to eustatic sea-level fall.  During the HST, waters remained within the carbonate precipitation 

field for much of the time in the south, while downdip to the north, waters for much of the late 

HST were in the anhydrite precipitation field, indicating marked restriction north of Ghawar 
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and into the evaporite basin (Fig. 2.4).  Loading by anhydrite in north Ghawar probably 

increased accommodation resulting in thicker deposits in the north. 

Highstands of High Frequency Sequences, Khuff B: The fourth order Triassic Khuff B 

HSTs show upward shallowing trends, that mark decreased accommodation (relative to TSTs) 

exceeded by sedimentation.  Facies shallow from open lagoonal mud to oolite, to restricted 

peritidal facies to anhydrite and show progradation to the south in sequence B-1a to B-4, 

resulting in thick anhydrites in central and northern Ghawar (Fig. 2.15).  

Third Order Highstand of Khuff A Sequence: The 3rd order highstand systems tract of the 

Triassic Khuff A-Sudair small-scale sequence is characterized by prograding shallowing 

upward succession of thin oolite, restricted lagoonal mud with thrombolites.  The marked 

decrease in anhydrite probably reflects both decreasing aridity (heralding the subsequent 

influx of Sudair fine clastics) as well as increase in lagoonal facies at the expense of restricted 

supratidal and salina facies. 

Highstands of High Frequency Sequences, Khuff A: The HSTs of Triassic Khuff A HFSs or 

parasequence sets contain successively shallower water facies that resulted from 

sedimentation slightly exceeding accommodation.  The southward development of anhydrites 

capping the carbonate portion of HFS A-1, reflect restriction to the south, while the north 

remained open marine.  In contrast, the HST of sequence A-2 is dominated by development in 

the north of subaqueous anhydrite that filled remaining accommodation above the thin 

carbonates within parasequences, and parasequence-sets lapped out onto highstand carbonates 

to the south.  At the parasequence scale, these A-2 anhydrites are late highstand to low-stand 

facies. The presence of a paleosol at the top of these A-2 anhydrite parasequences indicates 

that at the HFS scale, the A-2 anhydrites overall are  highstand deposits. 
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Parasequence Development – Milankovitch vs Autocyclic Controls 

The 10 to 20 k.y. durations of the parasequences which is suggestive of precession and 

half precessional Milankovitch orbital forcing (Hinnov, 2000), indicates that high frequency 

sea-level changes, although small, were an important driver of parasequence development in 

the Permian-Triassic greehouse world.  However, because some of the thinner parasequences 

appear to be local in extent, suggests that there could have been considerable autocyclic 

processes involved.  Local autocycle development also is compatible with the expected small 

scale sea-level changes under greenhouse conditions, in which most of the high frequency 

sea-level falls were unable to completely expose the platform after each cycle.  Autocyclic 

processes would have been related to subtle changes in local sedimentation rates, complicated 

by subtle warping which changed local accommodation rates and depositional topography.  

Depositional lows on this shallow platform were likely to develop more cycles than on 

depositional highs, with already filled accommodation.  Rapid filling of accommodation by 

oolite units caused few parasequences to be developed within areas of the thicker shoals, 

whereas off the shoals within areas of unfilled accommodation, numerous parasequences 

developed.  

Implications for Khuff Reservoirs 

The sequence framework indicates that reservoirs developed in both transgressive and 

highstand systems tracts.  These were associated with grainstone facies with oomoldic and 

minor interparticle porosity, dolomitized lagoonal muds and rare tidal flat facies (both with 

fine intercrystal porosity).  Dolomitized and leached grainstone/packstone facies that 
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preserved much of their interparticle pores and lack anhydrite or calcite cements, make the 

best reservoirs quality. 

Anhydrite cementation was the most influential factor in reducing and destroying 

porosity in the Khuff (Fig. 2.21).  Anhydrite cementation took place when 

grainstone/packstones were deposited downdip of, and were overlain by tidal flat laminites 

and prograding anhydrites.  Dense brines from supratidal flats, subaqueous salinas and tidal 

flats moved downward and seaward through originally highly permeable grainstone/packstone 

to deposit pore-filling anhydrite destroying porosity. Where grainstone/packstone facies were 

distant from evaporitic tidal flats/sabkhas or near open marine lime mudstones, porosity was 

commonly preserved.  

 Impact of P/T Event and Biotic Changes on Khuff Sequence Development   

The Permian-Triassic boundary represents the greatest biotic extinction in the earth 

history, with a massive (up to 96%) decrease in marine and terrestrial species (Raup, 1979; 

Erwin, 1993; Sepkoski, 1996; Retallack, 1995).   It was an interval of profound change in 

tectonics, climate and geochemistry.  The Permian skeletal carbonate factory was rapidly 

replaced in the Early Triassic by a non-skeletal carbonate factory, with widespread 

development of microbial stromatolites and thrombolites.  This accompanied increased 

abundance of cyanobacteria immediately after the mass extinction globally.  Biotic recovery 

was largely delayed until the Middle Triassic (Erwin, 2006; Baud et al., 2007; Yin et al., 

2007).   

Diversity of biotic groups in thin sections of core plugs across the PTB in Ghawar (Fig. 

2.22), show that in the Permian, the Changhsingian Khuff Formation had a diverse biota 

 53



dominated by foraminifera, calcareous (green and red) algae, bivalves, gastropods, and minor 

ostracods.  Bryozoans, crinoids, and brachiopods are only present in the last HFS (UC-7), 3 to 

5 m below the PTB.  These groups were not encountered in the more restricted facies in the 

studied cored well from northern Ghawar.  Gastropods and bivalves extend through the end-

Permian extinction into the Early Triassic and minor ostracods reappeared around 15 m above 

the PTB. 

The aftermath of the P-T extinction was manifested in the early Triassic sequences in 

Ghawar by the slowing down of carbonate production, and development of numerous muddy 

flood units containing thrombolites with limited biotas. The microbialite abundance 

significantly increased in the upper Khuff Formation following the end-Permian extinction.  

Microbial laminites within the Permian part of the Khuff Formation occur only as stratiform 

microbial laminites within tidal flat successions.   Thrombolites are not present in the Permian 

Khuff probably due to the diverse grazing and burrowing biota, which caused a 

noncompetitive ecologic restriction. 

The first appearance of abundant heads of stromatolites and thrombolites occurs above 

the PTB in outcrops in central Saudi Arabia (Al-Dukhayyil and Al-Tawil, 2006) outcrops in 

UAE (Strohmenger et al, 2002), Oman and Iran (Heydari et al., 2000; Koehrer et al., 2010).  

This resulted from extinction of many of the grazers, browsers and burrowers, allowing 

subtidal microbial heads to proliferate (Schubert and Bottjer, 1992; Erwin, 2006).  In Ghawar, 

thrombolites are more dominant than columnar stromatolites in the Triassic Khuff, because 

calcified coccoid microbes replaced filamentous sediment-trapping and -binding within 

microbial structures (Kennard and James, 1986).  That browsing by gastropods was important 

on the heads, is supported by the numerous gastropods entombed within thrombolites, a 
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feature observed as far back as the Cambrian (Bova and Read, 1987).  In fact, there is a 

striking resemblance between the Triassic facies and many Cambrian shallow shelf facies that 

predate the Middle Ordovician biotic diversification. 

Subtidal microbial head growth in the Early Triassic also was promoted by high 

carbonate supersaturation (Riding 2005), due to the lack of widespread metazoan calcareous 

biotas extracting Ca and bicarbonate ions from the seawater.  These increased supersaturation 

states may be reflected in increased abundance of ooid grainstone/packstone in Triassic 

sequences A and B (Groves and Calner, 2004; Calner, 2005) but this is difficult to separate 

out from the effects of high salinities promoting supersaturation. 

CONCLUSIONS 

 Detailed logging of selected cores throughout Ghawar, eastern Saudi Arabia, has 

allowed a comprehensive depositional model, and high resolution sequence stratigraphic 

framework to be generated for the Upper Permian and Lower Triassic Khuff Formation, along 

with a more refined relative sea-level curve for the region.   It also allowed time slice maps of 

the facies distribution within sequences in Ghawar to be developed.  Ages were constrained 

by published biostratigraphy and by new C isotope data. The resultant cross sections and 

maps should provide a framework for a new generation of 3-D geological reservoir models.   

Several scales of depositional sequences are developed, that include the 3rd order 

sequences of the Permian upper Khuff C, and the Early Triassic Khuff B and the Khuff A 

sequences, and their correlation with the global curves suggest that they were driven by global 

eustasy.  The 3rd order sequences contain several high frequency sequences, which in the 

Khuff C are ~400 k.y. duration and probably driven by long term eccentricity, but those in the 

Khuff B and A, appear to be  ~100 to 200 k.y. duration and not easily tied to Milankovitch 
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orbital eccentricity forcing. The high frequency sequences are in turn composed of 

parasequences, which appear to be 10 to 20 k.y. average durations, suggesting orbital 

precessional and half precessional forcing. However, many thin locally developed cycles may 

be autocycles or subprecessional cycles.  

The sequence stratigraphic cross sections and facies maps of systems tracts illustrates 

the subtle interplay between the Ghawar structure and regional paleoslopes.  This is evidenced 

by changes in directions of progradation from one high frequency sequence to the next.  

Southward progradation is evident in the Khuff B, while the Khuff A shows initial northward 

progradation, followed by southward progradation. These trends also could reflect regional 

changes in areal restriction of platform waters. 

Anhydrites are rare in the Permian Upper Khuff C except near the base of the studied 

interval, and as anhydrite cement within grainstones. Anhydrite units are well developed in 

the Triassic Khuff B and Khuff A. They mark times of arid climate and restriction over 

marginal sills.  Some anhydrites form transgressive deposits within anhydrite-dominated high 

frequency sequences, but others are highstand deposits of high frequency sequences although 

at the parasequence scale, the subaqueous anhydrites appear to be late highstand to lowstand 

fills of accommodation remaining after carbonate deposition. 

This study indicates that the Permian-Triassic boundary on the Arabian Platform was 

synchronous with a significant relative sea-level drop that exposed at least the inner half of 

the platform (from the outcrop belt to east of Ghawar). This contrasts with the conformable 

PT boundary in many other areas, which is characterized by overall transgression. Thin 

sections of core plugs across the PTB document the mass extinction with a major decrease in 

biotic groups.  Within the Triassic sequences, the extinction was followed by widespread 
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development of subtidal thrombolites, marking decimation of grazing and burrowing faunas, 

and increased microbial calcification due to decreased bioskeletonization. 

The oolite facies are the dominant reservoirs occurring in the uppermost high frequency 

sequence of the Permian Khuff C, and especially in the Triassic Khuff B and A.  Reservoir 

facies are best developed when non-dolomitized oolitic facies were associated with open 

lagoon facies and were distant from evaporitic tidal flats.  Within dolomitized units, best 

reservoirs are associated with oomoldic porosity.  Anhydrite plugging destroys reservoir 

porosity, apparently reflecting proximity to sabkhas or salinas.  
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FIGURES AND FIGURE CAPTIONS 

 

 
Figure 2.1:  (a) Map of Arabian Plate showing the plate boundaries, major structural 
elements, location of Ghawar Field (study area; red rectangle), and the Permian-Triassic 
Khuff outcrop belt (orange);  (b). Map of Ghawar Field showing approximate location of the 
studied wells including numbered wells used for cross-sections (yellow circles), and 
additional wells used for facies maps (black squares).   
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Figure 2.2: Regional plate tectonic and paleogeographic map showing the position of the 
Arabian Plate (outlined with yellow rectangle) during Late Permian (modified after Scotese 
2003).   
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Figure 2.3: Chronostratigraphic chart showing the subdivision of the Khuff Formation, Saudi 
Arabia, as used in this paper. Modified from Ogg et al. (2008) and Al-Jallal (1995). 
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Figure 2.4: Map of Arabian Plate showing broad scale depositional facies of the Khuff 
carbonates and evaporites during Middle-to-Late Permian; Ghawar study area and North Field 
are shown in red (modified after Ziegler, 2001). 
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Figure 2.5: Regional isopach map of Permian-Triassic Khuff Formation in the Middle East 
(contour interval = 200 ft; ~ 60 m) (modified after Al-Jallal, 1995).  
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Figure 2.6: (a) Regional geologic cross section through the Middle East showing the gross 
stratigraphy and major structures; inset map shows cross section location (modified after 
Konert et al., 2001); (b) Restored cross section of the Permian succession including the 
underlying Unayzah Formation clastics, showing major thickening across faults beneath the 
Ghawar structure, which subdivide the area into a more slowly subsiding inner platform and a 
more rapidly subsiding outer platform.   
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Figure 2.7: Detail lithologic column spanning the Wuchiapingian-Changhsingian boundary in 
Ghawar, along with gamma ray log and Carbon isotope profile. On core log, left hand column 
is mineralogy, central column is sedimentary structures, and right hand column is Dunham 
rock type. See legend for color coded rock types. 
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Figure 2.8: C-O isotope profiles through latest Permian and Early Triassic units.  Well 13, 
Ghawar (central profile) is compared to those from Oman (left) and China (right).  There are 
two major excursions, one in the latest Wuchiapingian-Changhsingian and one across the 
Permian-Triassic boundary. 
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Figure 2.10: Slab photos of facies, Upper Khuff Formation  (a) Fitted-fabric breccciated 
dolo-mudstone typical of the paleosols capping cycles; (b) Displacive nodular anhydrites 
within dolomite matrix (supratidal sabkha); (c) Subaqueous anhydrite showing typical 
layering (salina); (d) Mudcracked microbial laminite (tidal flat), with some burrow mottles;. 
(e) Horizontally burrowed ripple laminated dolo-mudstone (shallow subtidal carbonate sand-
flat); (f) Carbonate mudstone ranging from structureless to layered (lagoon); (g) Thrombolite 
head with clotted fabric from restricted lagoonal facies (Early Triassic); (h) Brown skeletal 
peloid dolo-packstone  (lagoonal sand sheets) with slightly later greenish gray anhydrites 
filling the pore spaces; 
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Fig. 2.10 continued: (i) Ooid peloid packstone to wackestone (back shoal facies); (j) slab and 
(k) binocular photo of cross-bedded skeletal peloid/ooid grainstone reservoir facies (oolitic 
shoal), (l) Flat-pebble- intraclast skeletal ooid/peloid grainstone (storm bed within fore-shoal 
facies); (m) Massive dark lime-mudstone (open lagoon, Early Triassic); (n) Microbially 
laminated/thrombolotic lime-mudstone (open lagoon, Early Triassic); (o) Clotted thrombolite 
fabric within lime mudstone (open lagoon, Early Triassic). 
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Figure 2.11:  Close-up of slabs of paleosols, and breciated and/or rooted dolomudstone: (a) 
Fitted fabric breccias roots from the sequence boundary zone of UC-5, Well-4; (b) Reworked 
paleosols from 20 cm beneath previous slab; (c) Breciated and rooted dolomudstone at PTB, 
Well-4; (d) Breccias underlying the PTB, overlain by thin shale parting at PTB, Well-5.  
 

 69



 
 
Figure 2.12: Types of Upper Khuff parasequences.  
 

 

 

 

 

 

 

 

 70



a

Figure 2.13 a:  Representative core log description, Latest Permian section, Well-4. Sequence 
boundaries are marked by heavy dark red line and parasequence set boundaries are black 
lines. Left hand column is mineralogy, central column is sedimentary structures and right 
hand column is Dunham rock type. See legend for color code. 
 

 
 

 71



 
b  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.13 b:  Representative core log description, Early Triassic section, Well-4. Sequence 
boundaries are marked by heavy dark red line and parasequence set boundaries are black 
lines. Left hand column is mineralogy, central column is sedimentary structures, and right 
hand column is Dunham rock type. See legend for color code. 
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Figure 2.14:  Cross section showing the facies distribution and interpreted sequence stratigraphy of the latest Permian Khuff Formation. Inset map shows location of logged cores used for the cross section. 
Lithologies are only shown in areas of well control. 
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Figure 2.15.  The Early Triassic Khuff cross-section showing facies distribution and interpreted sequence stratigraphy.  Inset map shows the core locations used in the cross section.   
 



 
Figure 2.16 a: Facies maps of high frequency sequences, showing maximum flooding 
facies, the dominant highstand facies and the facies immediately underlying the upper 
boundaries, for Upper Permian Khuff C member. The black circles show the approximate 
location of the cored wells. 
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Figure 2.16 b: Facies maps of high frequency sequences, showing maximum flooding facies, 
the dominant highstand facies and the facies immediately underlying the upper boundaries 
Early Triasic Khuff B. The black circles show the approximate location of the cored wells. 
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Figure 2.16 c: Facies maps of high frequency sequences, showing maximum flooding facies, 
the dominant highstand facies and the facies immediately underlying the upper boundaries 
Early Triassic.  The black circles show the approximate location of the cored wells. 
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Figure 2.17: Global paleoclimate map for the Late Permian (modified after Scotese, 2003).  
Arabia (outlined by rectangle) lies within an extensive desert belt, even though it was situated 
at 5 to 20 degrees south, reflecting the Pangean megamonsoon system which kept the tropics 
dry.  This situation continued into the Early Triassic.  
 
 

 
Figure 2.18: Burial history plot for a well from Haradh area, Ghawar; Khuff Formation is 
shaded grey. Late Permian and Early Triassic mark a significant increase in subsidence rate 
(modified after Abu-Ali, M. and R. Littke, 2005). 
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Fig. 2.19: Fischer plots of cyclic successions of three wells: Well-4, Well-10 and Well-13.  
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Figure 2.20:  Khuff coastal onlap curve from the study interval (left hand curve) compared to 
coastal onlap curves from the Arabian Plate of Haq and Al-Qahtani (2005), the global curve 
of Haq and Schutter (2008) and the global CATT chart of Markelle et al. (2008).  Thin dotted 
lines link possible correlative sequence boundaries; temporal position of these is uncertain in 
many cases, given the limits on the biostratigraphic control at this high resolution.  Sequence 
boundaries on Haq and Qahtani curve were labeled by the author to simplify discussion. 
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Figure 2.21:  Lime-grainston/packstone reservoir facies (a) Undolomitized moldic ooid 
grainstone with minor interparticle porosity; (b) Dolomitized grainstone with porosity 
plugged by anhydrite cemen; (c) dolomitized moldic ooid grainstone with oomoldic pores 
surrounded by dolomitized cement rims bordering interparticle pores; these are the best 
reservoir quality in the Upper Khuff Formation. 
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Figure 2.22 a: Plot of biodiversity of major taxonomic groups across the PTB, using 
petrographic diversity as determined from thin sections.  Note that bryzoans and brachiopods 
although they are present in northern Ghawar, were not observed in this well; reworked 
Permian faunas (see Fig. 2.22 b) are observed in the thin grainy bed sitting on the PTB in a 
few wells, but are not observed above this level.    
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Figure 2.22 b: Examples of the reworked Permian foraminifera; Cribrogenerina sumatrana 

(left) and Paradagmarita sp. (right). 
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TABLES AND TABLE CAPTIONS 

 
Depositional 
Environment 
 
 
 
 
 
 
Energy/Depth 
 

     
      
                       
  

 
 
 
 
 
 
 
 
Low-energy 
supratidal 
flats 

 
 
 
 
 
 
 
 
Low-energy 
salinas 

 
 
 
 
 
 
 
 
Low-energy 
tidal flats 

 
 
 
Hypersaline 
Shallow 
Subtidal 
 
 
Low-energy 

 
 
 
Hypersaline 
Peritidal to 
subtidal 
 

 
 
 
Less Restricted 
 
 
 
Low-energy subtidal  

Back-Shoal-   
Sand Sheet (rare; 
in Triassic only) 
 
 
 
 
Moderate; behind 
the shoal (above 
fair-weather wave 
base) 

  
 
 
 
   Back Shoal  
 
 
 
Moderate-to-low 
energy; behind the 
shoal (above fair-
weather wave base) 

  
 
 
 
   Shoal Crest 
 
 
 
High-energy; within 
fair-weather wave 
base  (~10 meters 
depth) 

 
 
 

Storm 
Influenced Fore-shoal 

 
 

Intermittent high-
energy: above storm 
wave base, and below  
fair-weather wave base  
(~15.0 meters depth) 

Subtidal Off-
shoal/Open 
Marine 
 
 
 
 
 
 Low-energy: 
below storm 
wave base (> 15 
meters depth 

Rock Type Breccias  White 
nodular-to-
massive 
anhydrite 

Black 
laminated-
to-massive 
anhydrite 

Crinkly 
laminated 
dolomudstone 

Ripple 
laminated 
dolosiltites 

Vertical 
tubular 
dolomudstone
-to-
wackestone 

Massive-to-
laminated muddy 
carbonates and 
thrombolites 

Skeletal peloid 
packstone/ 
grainstone 

Wackestone-to-
packstone 

Oolitic  grainstone Intraclast ooid 
packstone/ 
grainstone 

Lime mudstone 

Thickness 
(meter) 

0.15 – 2 m 0.05 - 1.5 m 0.1 – 4 m 0.03- 2 m 0.03- 1 m  0.5 - 3.5 m 1.0- 2 m 0.3 - 1.5 m 0.3 to 12 m 0.3 to 2 m 0.1 – 8 m 

Color Gray-to-tan 
 

White-to-
grayish 
white  

Black, dark-
to-white 
gray-to-
white  

Light-to-
medium grey 
 

Tan-to-brown  Gray-to-dark gray 
 

Brown and 
greenish gray  
 

Brown 
 

Light-to-medium 
brown. 
 

Medium-to-dark brown 
 

Dark gray-to-
dark brown 
 

Sedimentary 
Structure 

Fitted fabric 
breccias, 
karstic  
collapse 
features, and 
root traces 

Massive-to-
nodular-to 
bedded with 
fine 
laminations 

Laminated, 
massive and 
minor  
nodular 
fabrics with 
microbial 
laminations 

burrow-
mottled 
crinkly 
(microbial) 
laminated and 
fenestrae-to- 
crinkly 
laminated-to- 
mud-cracked  

Extensively 
horizontally 
burrowed with 
ripple 
laminations 

Vertical tubes 
(burrows or 
roots?) 

Vertical and 
horizontal burrows 
(many anhydrite 
filled) millimeter-to-
centimeter planer or 
wavy mechanical 
lamination, 
hardgrounds, and 
structureless beds.  
Sub-aqueous 
microbial heads and 
thrombolites in 
Triassic.   

Structureless, with 
rare horizontal-to-
sub horizontal 
lamination 

Sub horizontal 
lamination-to- 
horizontally 
burrowed-to-massive. 
 

Sub horizontal-to-low 
angle cross-
laminated, and rare 
high angle cross-
bedded   

Horizontal-to-sub 
horizontal lamination 

In Permian: 
minor horizontal 
burrows-to-non-
burrowed.   
In Triassic: sub-
aqueous 
microbial 
lamination, and 
thrombolites;  

Mineralogy Dolomite with 
anhydrite 
 

Anhydrite 
with 
dolomite 
 

Anhydrite 
with 
dolomite 
 

Dolomite 
and anhydrite 

Dolomite 
 

Anhydrite fills 
burrows 

Dolomite and 
limestone 
with diagenetic 
anhydrite  

Dolomite with 
diagenetic 
anhydrite 

Dolomite and 
limestone 
    
 

Dolomite and 
limestone 

Limestone and 
dolomite  
 

Limestone  
      

Texture  
(Dunham + 
grain type) 

Mud-to-
wackestone 
composed of 
angular-to-sub 
angular gravel 
size  intraclasts 
 

Mud 
supported 
size 

Mud 
supported 
size 

Mudstone 
composed of 
clay-to-silt 
size mud. 

Pellet 
mudstone-to-
packstone 
(dolosiltite/ 
fine sucrosic 
dolomite) 

 Mudstone-to-mud 
clast peloidal skeletal 
wackestone 
composed of fine size 
peloids 
 

Skeletal peloid 
packstone/ 
grainstone 
composed of fine-
to-coarse sand size, 
and rare very 
coarse peloids; and 
common gravel 
size mud clasts.   

skeletal peloid/ooid 
packstone-to-
wackestone, 
composed of fine-to-
medium sand size, 
and rare coarse 
peloids and ooids; 
and rare gravel size 
mud clasts.   

Skeletal peloid/ooid 
grainstone composed 
of fine-to-medium 
sand size, and rare 
coarse peloids and 
ooids; and rare gravel 
size mud clasts.   

Flat-pebble 
conglomerate-to-
intraclastic skeletal 
grainstone-to- 
Packstone composed of 
fine-to-medium sand 
size, and rare coarse 
peloids and ooids, and 
common gravel size 
mud clasts.   

Mudstone; 
skeletal 
wackestone-to-
packstone and 
thrombolites 
composed of 
clay-to-silt size. 

Ooid/Peloid Shoal Complex Tidal Flat 
Complex 

Exposure/
Emergent 
Terrane

Supratidal 
Sabkha 

Subaqueous 
Salina/ 
saltern 

Table 2.1. Permo-Triassic Khuff carbonates and evaporites facies 
facies

Lagoon 
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Fossils 
           Permian 
 
 
 
 
 
           
           Triassic 

    None None  None None None   
Foraminifera, 
green algae 
gastropods, 
bivalves and 
ostracods.  
. 

 
Foraminifera, green 
algae gastropods, 
bivalves.and 
ostracods.  
 
 
 
Gastropods and 
bivalves.   

 
Bivalves and 
gastropods  

 
Foraminifera, green 
algae gastropods, 
bivalves and rare 
ostracods.  
 
 
 
Gastropods and 
bivalves.   

 
Foraminifera, 
gastropods, bivalves 
and rare ostracods, 
brachiopods, 
bryozoans and 
crinoids.  
 
Gastropods, bivalves 
and rare ostracods.  

 
Foraminifera, 
gastropods, bivalves 
and rare brachiopods, 
bryozoans and crinoids.  
 
 
 
Gastropods and 
bivalves.  

 
Rare bryozoans, 
crinoids, and 
brachiopods. 
 
 
 
 
Subaqueous mats 
and gastropods.  

Reservoir 
Quality 

    None      None None Fair 
intercrystalline 
porosity + fair 
perm. (rare) 

Fair-to-good 
intercrystalline 
porosity + 
medium-to-
high-perm. 

None None None-to-fair 
moldic, 
interparticle and 
intercrystalline 
porosities + very 
low-to-medium 
perm. 

None-to-fair moldic 
and intercrystalline 
porosities + low-to-
medium perm. 

None-to-high Moldic, 
fair-to-low 
interparticle and 
intercrystalline 
porosities + Low-to-
high perm. 

Fair Moldic porosity + 
low perm. 

None 
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Table 2.2. Brief description of the Permian Khuff sequences  

 

Sequences Thickness  Basal Sequence Boundary LST TST MFS HST 
LC-5 
Based on one cored 
well (cut in the 
upper 60 ft. 

38 to 42 m ft 
(?) thick 

On a regional supratidal anhydrite 
capping the Khuff C reservoir. 

Not recognized Restricted lagoonal dolomudstone-dominated 
parasequences with some thin grainstone/packstone beds 
base of cycles. 

Developed above uppermost 
grainstone. 

Dominated by thick of peritidal dolomuddy carbonate; shallows up 
to breccias and/or supratidal anhydrite. 

UC-1 
Based on one cored 
well. 

7 to 11 m 
thick 

Includes several exposure surfaces 
(sequence boundary zone) 

Not recognized Dolo-laminite-dominated parasequence deepening up into 
parasequences of peloid dolograinstone-dominated.  

Developed above grainstone- 
dominated cycles. 

Thick parasequences of dolograinstone and lagoonal mudstone-
dominated parasequences. 

UC-2 
Based on one cored 
well. 

6.5 to 10 m 
thick 

Placed above regional supratidal 
anhydrite 

Not recognized Peritidal dolomudstone parasequence that deepens up into 
ooid dolograinstone-dominated cycle. 

Placed  above regional ooid 
grainstone 

Parasequences of lagoonal dolomuddy carbonate grading to tidal flat 
laminites. 

UC-3 
Based on two cored 
wells. 

9.5 to 12 m 
thick 

Erosional surface with thin incipient  
breccia 

Not recognized Four parasequences of thick dolograinstone up into 
laminite with supratidal anhydrite capping parasequence 
2; thin paleosol caps uppermost oolite of TST. 

Placed above top thick 
grainstone 

Thinning upward parasequences of thin dolograinstone and peritidal 
muddy carbonates. 

UC-4 
Based on three 
cored wells. 

14 to 17 m 
thick 

Placed above fitted fabric breccia in the 
north (up dip, and burrowed laminites 
in south (down-dip) 

Not recognized Consists of thin interbedded dolograinstone- and 
laminite-dominated parasequences deepening up into 
thick ooid grainstone-dominated parasequences. 

Placed  above the ooid 
grainstone-dominated cycles 

Parasequences of thin dolograinstone overlain by lagoonal 
dolomuddy carbonates that grade up into laminite-dominated 
parasequences. 

UC-5 9 to 11 m 
thick 

Basal sequence boundary is an 
erosional surface on slightly brecciated 
carbonates  

Not recognized Parasequences of ooid dolograinstone and minor muddy 
peritidal dolomudstone deepening into thick grainstone. 

Placed  above the thick ooid-
grainstone complex 

Subordinate dolograinstone parasequences grading up into peritidal 
mudstone and laminate-dominated parasequences locally with 
breaccia caps. 

UC-6 3 to 5 m 
thick 

Basal sequence boundary is either 
hardground or  erosional surface with 
breccia or laminite 

Not recognized Dolograinstone-dominated parasequences. Developed on basal thin to 
thick ooid grainstone and 
lesser packstone 

Restricted lagoonal dolomudstone-dominated parasequences shallow 
up into laminite-dominated cycles. 

UC-7 5 to 6.5 m 
thick 

Erosional surface on burrowed laminate 
or breccia 

Not recognized Dolograinstone parasequences with bryozoans, crinoids 
and brachiopods lime-dolostone in northern Ghawar 

Developed on grainstone. Interbedded grainstone- and lagoonal mudstone-dominated 
parasequences capped by tidal flat laminite and some localized 
breccia.  Grainstones are dolomitic limestone in northern Ghawar.   
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 Table 2.3. Brief description of the Triassic Khuff sequences  

 

Sequences Thickness  Basal Sequence Boundary LST TST MFS HST 
B-1 
 

26 to 41 m 
thick 

Permian Triassic boundary; on regional 
emergence breccias and paleosols over 
much of Ghawar, and mud cracked 
laminites in southernmost Ghawar.  

Not recognized Consists of open marine lime mudstone parasequences and 
lesser oolite-dominated parasequences in southern Ghawar. In 
northern Ghawar, oolite-dominated parasequences and lesser 
open marine lime mudstone parasequences; thrombolites are 
common. 

Developed at the top of interval of open 
marine lime-mudstone 
 
 

Dominated by ooid grainstone facies in southern Ghawar. 
In northern Ghawar, the grainstone facies shallow up to 
lagoonal mud and laminites. Lagoonal mudstone 
parasequences become more dominant over subtle highs in 
south and central Ghawar. 

B-2 
 

5 to 12 m 
thick 

Placed above fitted fabric breccia and 
laminites in the north (up dip), and 
lagoonal mudstone and ooid grainstone 
in south (down-dip). 

Not recognized Consists of open marine lime mudstone -dominated 
parasequences in southern Ghawar.  From south center-to-
north central Ghawar TSTs of oolite-dominated 
parasequences, passing northward into black anhydrite 
capped- and black anhydrite dominated parasequences. 
 
Thrombolites are common in southern Ghawar. 
 

Placed on open marine lime-mudstone 
in southern Ghawar and on ooid 
grainstone over much of Ghawar. 

Consists of ooid grainstone dominated parasequences in 
southern Ghawar that grade up into laminite- and 
subaqueous anhydrite-dominated parasequences. 

B-3 
 

5.5 to 10 m 
thick 

Placed above laminites and lagoonal 
mudstone; rarely on emergence breccias 
and subaqueous anhydrite.   

Not recognized Dominated by oolite parasequences in southern Ghawar, 
passing up dip into black subaqueous anhydrite dominated 
parasequences. 

Developed on the ooid grainstone over 
much of Ghawar, peloid/ooid 
packstone back shoal in north central 
Ghawar and lagoonal mudstone in 
south central Ghawar.   
 

Dominated by parasequences of laminite in southernmost 
Ghawar, capped by supratidal anhydrite up dip, that grade 
northward into black subaqueous anhydrite dominated 
parasequences.  

B-4 
 

10 to 14 m 
thick 

On subaqueous and supratidal 
anhydrites, laminites and breccia 

Not recognized Consists of thin ooid grainstone parasequences and thin black 
anhydrite parasequences in southern Ghawar passing 
northward into thick anhydrite- and lesser thin oolite 
parasequences 
 

MFS on ooid/peloid grainstone over 
much of Ghawar.  MFS placed on 
packstone backshoal and lagoonal 
mudstone in central Ghawar. 

Dominated by anhydritic laminite -dominated 
parasequences in southern Ghawar, that grade northward 
into thick black anhydrite-dominated parasequences  

A-1 
 

3 to 8 m 
thick 

Placed above regional subaqueous 
anhydrite. 

Not recognized Dominated by ooid grainstone parasequences in southern and 
northern Ghawar; restricted mudstone-and subaqueous 
anhydrite dominated parasequences in central Ghawar. 

Developed on ooid grainstone shoal.  Dominated by anhydrite-capped parasequences in south and 
central Ghawar, grading northward into laminite dominated 
parasequences in north central Ghawar, with lesser ooid 
grainstone dominated parasequences developed in subtle 
lows. Restricted mudstone parasequences in northernmost 
Ghawar  

A-2 
 

3.5 to 11 m 
thick 

Commonly a planar surface on regional 
subaqueous anhydrite and laminites; 
locally an erosional surface on breccia. 

Not recognized Dominated by lagoonal mudstone over much of Ghawar; 
oolite parasequences are common in southern Ghawar, and 
are dominant in central northern Ghawar, passing northward 
into black subaqueous anhydrite parasequences. 
 

Developed on ooid grainstone in 
southern, north central and northern 
Ghawar, with packstone back- shoal 
and lagoonal mudstone in central 
Ghawar. 

Dominated by restricted mudstone parasequences over 
much of Ghawar; become increasingly oolitic in north 
central Ghawar.  In northern Ghawar, subaqueous 
anhydrite- and lesser laminite dominated parasequences. 

A-3 
 

6.5 to 13 m 
thick 

On subaqueous anhydrite, laminites and 
locally fitted fabric breccias. 
 

Not recognized Consists of thick ooid grainstone parasequences in southern, 
central, and north central Ghawar.  Lagoonal mud- and lesser 
ooid grainstone parasequences in south central and northern 
Ghawar. 
 
Thrombolites are common in lagoonal mudstone 

Developed on the ooid grainstone. Oolite dominated parasequences in southern and central 
Ghawar; in south central Ghawar dominated by restricted 
mudstone parasequences shallowing up into regional 
packstone sand shoal and laminites. In north Ghawar, 
dominated by restricted mudstone- with thin oolite- and 
lesser laminite dominated parasequences. 
 

Thrombolites common in southern Ghawar. 

A-4 
 

5 to 6.5 ft 
thick 

Placed on packstone and lagoonal mud 
in the south, and on laminites with local 
breccias in north. 
 

Not recognized Lagoonal mudstone parasequences with minor thin 
grainstones. 
 
Digitate stromatolites and thrombolites widespread near base 
of TST; thrombolites range upward throughout TST.   
 

Developed on thin ooid/peloid 
grainstone and packstone. 

Dominated by restricted mudstone- and laminite-capped 
parasequences with thrombolite in the south.  Grades up 
into shales of lower Sudair Formation. 
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CHAPTER 3 

CARBON AND OXYGEN ISOTOPE CHEMOSTRATIGRAPHY ACROSS THE 

PERMIAN-TRIASSIC BOUNDARY, GHAWAR FIELD, SAUDI ARABIA 

ABSTRACT 

Carbon and oxgyen isotope profiles up to 150 m long were sampled across the Permian-

Triassic boundary from cored wells of the Khuff Formation, Ghawar Field, Saudi Arabia. 

Major global excursions are at the Wuchiapingian-Changhsingian - and the Permian-Triassic 

boundary (PTB), but several smaller excursions also appear to correlate with excursions 

elsewhere. The presence of the negative C-isotope excursions globally in both δ13Ccarbonate and 

δ13C organic  as well as in deeper water sections lacking emergence surfaces, strongly supports 

the idea of these excursions being global phenomena related global C cycling. 

Over 75% of the negative carbon isotope excursions in Ghawar occur beneath 

emergence surfaces, including the two major excursions at the Wuchiapingian and 

Changhsingian stage boundaries.  The δ13C profiles beneath the boundaries resemble those 

associated with early diagenesis associated with isotopically light soil gas. The δ18O profiles 

beneath the surfaces are variable, perhaps reflecting variable effects of evaporation on the 

meteoric input, mixing or overprinting by burial diagenesis. This suggests that the C-isotope 

excursions on the Arabian Platform, although global in origin, appear to have been modified 

by early diagenesis.  

U depletion across the boundary is compatible with the postulated origins of the PTB 

event with bottom waters becoming stagnant and reducing, as a result of warming induced by 

volcanogenic CO2 released by Siberian trap volcanism, methane release from thermal 

metamorphism of coals, and destabilization of clathrates in the deep sea due to ocean 
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warming.  The global extent of the C-isotope and U excursions provides a high resolution 

correlation tool for Late Permian and Early Triassic successions.  

INTRODUCTION 

Carbon isotope chemostratigraphy has shown well developed negative- followed by 

positive C isotope excursions within the Permian-Triassic succession worldwide, one 

associated with the Permian Wuchiapingian-Changhsingian boundary (Baud et al 1989; 

Erwin, 2006, Jin et al 2006) and the other associated with the Permian-Triassic boundary or 

PTB (e.g. Baud et al., 1989; Heydari et al., 2001; Holser et al., 1989; Jin et al., 2000; Korte 

and Kozur, 2010; Xu et al., 1986).  It has been suggested that the negative excursions relate to 

introduction of light C from exhalation of volcanic CO2 during eruption of the immense flood 

basalts of the Siberian Traps, liberation of light C tied in coal beds that were intruded by the 

volcanic units, and destabilization of methane clathrates as a result of rising temperatures, 

perhaps coupled with falling sea level (Erwin 2006; Grasby et al., 2011; Knoll et al., 1996; 

Krull et al., 2000).    

In terms of the Arabian Plate, C-O isotope chemostratigraphy among other indicators, 

has been examined by Richoz (2006), Richoz et al. (2010) and Koherer et al. (2010) across 

the PTB in Oman and by Insalaco et al. (2006) across the boundary in Iran.  In Ghawar, Saudi 

Arabia (Fig. 3.1), C and O isotopes profiles from the Permian Triassic Khuff Formation (Fig. 

3.2) have been studied by Markello (1988) and Al-Jalall (1989); both workers noted that the 

13C values decrease from the Permian Khuff-C into the Triassic Khuff-B and A, although at 

this time there was some confusion concerning the position of the Permian-Triassic boundary 

in the region.  Swart and McKenzie (2001a, b) gathered C-O isotope data from the Permian-

Triassic of Ghawar, Saudi Arabia, but interpreted the C shift across the PTB as related to 
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diagenetic overprinting.  However, Hughes (2005) reinterpreted this shift as reflecting the 

global event regardless of the mineralogical change from dolomite in Late Permian to 

limestone in Early Triassic that occurred across the PTB in Ghawar (Fig. 3.2).  

The present study takes advantage of continuous cores across the PTB in Ghawar 

Saudi Arabia (Figs. 3.1, 3.2), and is part of a high resolution sequence stratigraphic study of 

the subsurface Permian-Triassic Khuff Formation in Ghawar, Saudi Arabia.  This project is 

part of a larger project on Khuff reservoirs throughout Saudi Arabia. Samples were taken for 

C and O isotope analysis to help constrain the chronostratigraphy.  In conjunction, the 

downhole wireline logs were collated and studied to examine the marked decrease in U in 

carbonates spanning PTB.  The present study provides a detailed C-O chemostratigraphic 

framework tied to the high resolution sequence stratigraphic framework for Ghawar, along 

with a synthesis of the gamma ray log data across the boundary.  It evaluates the impact of the 

PTB events within the sequence framework, its effect on the accumulating sedimentary facies 

succession, and implications with regard to paleoceanography and paleoclimate. 

STRATIGRAPHIC FRAMEWORK 

Paleogeography, Regional Setting and Structure 

During the Permo-Carboniferous ice age, the Arabian Plate was between 30ºS and 55ºS, 

moving northward with Gondwana (Sharief, 1983; Ziegler et al., 1997; Konert et al., 2001).  

By Late Permian, and onset of greenhouse conditions (Frakes et al., 1992; Fielding et al., 

2008), the Arabian Plate lay at 10ºS to 35ºS.  By the end of Khuff deposition in the Early 

Triassic, northernmost Arabia had reached 5ºS (Konert et al., 2001; Sharland et al., 2001).  
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A major unconformity underlies the Khuff Formation, and is a Middle Permian break-up 

unconformity, termed the “Pre-Khuff Unconformity” (Fig. 3.3).  Its age is approximately 268 

Ma (Ogg et al. 2008 time chart), and it marks inception of the Neo-Tethys Ocean along the 

present day Zagros-Oman suture, as well as the major Permian transgression and expansion of 

the Neo-Tethys Ocean (Al-Aswad, 1997; Sharland et al., 2001; Konert et al., 2001).  This 

caused shallow marine carbonates and evaporites to be deposited over much of the Arabian 

Plate as it moved N into drier warmer latitudes (Fig. 3.4; Al-Jallal, 1989 and 1995; Ziegler, 

2001).   

The Permian-Triassic Khuff Formation was deposited on a huge, east-facing, arid ramp 

(Al-Dukhayyil et al., 2006; Insalaco et al., 2006) that formed an eastward thickening wedge, 

up to 450 m in the Ghawar study area, and up to 1500 m in Iran in the fold thrust belt (Al-

Jallal, 1995).  The Khuff succession terminates to the west in the outcrop belt near the 

Arabian Shield (Fig. 3.1).  Between Arabian Shield and Ghawar the Khuff units thicken 

slowly, but across Ghawar there is a major increase in thickness, after which the Khuff then 

thickens gradually into eastern Arabia and offshore.  Outer-shelf and shelf edge facies are 

exposed in Oman and Iran (Angiolini et al., 2003; Heydari et al., 2001; Insalaco et al., 2006; 

Koehrer et al., 2010). 

Subtle syn-depositional growth of structures, mostly folds and domes, formed during the 

Precambrian-Early Paleozoic along the eastern part of the Arabian Plate within the Zagros 

Foreland (Al-Husseini, 2000).  These domal features with 4 way closure, set the stage for 

some of the world’s best oil and gas reservoirs (Al-Jallal, 1989 and 1995; Konert et al., 2001).   

    The Ghawar structure which makes up the study area, forms the southern part of the 

500 km long En Nala anticline (Fig. 3.1; Al-Husseini, 2000).  Ghawar is located on the 
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interior of the Khuff platform, some 650 km from the platform margin in Iran.  It is 240 km 

long by 30 km wide, and is an elongate dome with 4-way closure.  The structure likely was 

active in the Permian and Triassic, perhaps as a subtle positive area on the regional platform. 

The structure has continued to increase in structural relief throughout the Mesozoic and 

Cenozoic (Al-Husseini, 2000; Wender et al., 1998). 

Stratigraphy and Age 

In the subsurface of Ghawar Field, eastern Saudi Arabia, the Khuff Formation lies at 

depths of 3000 m (10,000 ft), and overlies Permo-Carboniferous Unayzah siliciclastics (Fig. 

3.2).  It is 450 m thick and is overlain by Triassic Sudair Shale.  The subsurface Khuff 

Formation (Fig. 3.2) is divided into the Khuff D, including the Basal Khuff Clastics (BKC) or 

“Khuff E” of Al-Jallal (1995), the lower Khuff C, upper Khuff C of Permian age and Khuff B 

and Khuff A of Triassic age (Al-Dukhayyil et al., 2006; Hughes 2005 and 2009).  The best 

porosity in developed in the Khuff A, B, and C units.  

The Khuff Formation across the Arabian Plate ranges from Middle Permian, Wordian 

stage to Early Triassic Induan stage (Sharland et al 2001; Hughes, 2005; Alsharhan, 2006; 

Insalaco et al., 2006).  In the Saudi Arabian subsurface (Fig. 3.2), Khuff D Carbonates 

(including the Basal Khuff Clastics) are possibly late Wordian (?) to Capitanian.  The Lower 

Khuff C Carbonate Member is Wuchiapingian to Changhsingian (?) and the upper Khuff C is 

Changhsingian (Alsharhan, 2006; Hughes, 2009). The Khuff B and A Carbonates are early 

Triassic Induan stage (Al-Jallal, 1995; Hughes, 2009).  In the present study the Khuff 

Formation C, B and A units have been divided into high frequency sequences labelled LC-5, 

UC-1-7, B1-4 and A1-4 (Fig. 3.2).  
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METHODS 

For this study, 256 samples were collected from the Latest Permian through the Early 

Triassic Khuff Formation from cored wells 3, 4 and 13 in Ghawar (Fig. 3.1).  Twenty 

kilometers separate Wells-3 and 4 while 150 km separates Well-4 and 13 (Fig. 3.1). Samples 

were obtained from two wells sampling the Permian through Triassic interval, and from a 15 

m interval from one well covering the upper part of the Khuff into the Sudair Shale that was 

not sampled by the other wells.  Carbon and oxygen-isotope analyses were done at the Saudi 

Aramco Research and Development Center, Dhahran, Saudi Arabia.  These whole-rock 

samples were drilled using masonry bits from butts of cores to obtain powder samples at 50 

cm to 1 m intervals, and at decimeter scale across some critical intervals such as breccia zones 

and the PTB. The powder samples were preferentially taken from carbonate mud fraction and 

from some of the grainstones, avoiding anhydrite intervals.  

Powdered whole-rock carbonate samples were analyzed by Aramco on a Thermo-Fisher 

Gas Bench II headspace gas analyzer interfaced to a Delta Plus XP stable isotope ratio mass 

spectrometer (Peter Jenden, written comm., 2010). The samples were allowed to react for 2 

hours at 70oC before initiating the analysis sequence. Total run time was approximately 13 

hours.  Error is about +/-0.2 permil for both carbon and oxygen.  Values are given in terms of 

Vienna Peedee Belemnite Standard (V-PDB) (Coplen, 1994).  Chemostratigraphic profiles 

were constructed for C and O alongside the stratigraphic columns, which show emergence 

surfaces. C and O isotopes also were cross plotted to evaluate diagenetic effects.  The 

chemostratigraphic profiles then were compared with profiles from elsewhere to constrain 

local and inter-regional correlations. 
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Downhole gamma ray logs were studied for variation in total gamma through the 

section. Spectral gamma (U, Th and K) was done on cores at the Aramco Core Laboratory, 

Dhahran, although the results were disappointing, compared to the downhole spectral gamma 

ray logs. 

RESULTS 

The C and O isotope data are shown on the chemostratigraphic profiles plotted 

alongside the cored lithostratigraphy (Fig. 3.3) and are summarized in Table 3.1 tied to the 

sequences.  The chemostratigraphic profiles from Ghawar are compared to those from 

elsewhere in Figure 3.4.  The Ghawar C and O isotope data are cross plotted in Figure 3.5.  

Short C and O isotope profiles extending down beneath emergence surfaces are compiled on 

Figure 3.6, to examine the effects of emergence on the isotope record.  

Carbon Isotope Profiles 

Permian 

The δ13C values of the cored section of the Permian units have peak positive values of 

around +4 to +5 (Fig. 3.3).  This trend is interrupted by significant negative excursions that 

are rapidly followed by a return to the previous positive values over a distance of 3 to 10 

meters.  These negative excursions (abbreviated Exc. 1, 2 etc.) include a small one (Exc. 0) 

within sequence LC 5, followed by a major one (Exc. 1, -5 permil shift) in the upper part of 

sequence LC 5, a smaller one (Exc. 2, ~-2 permil shift) spanning the UC-1/UC-2 boundary, 

significant excursions (Exc. 3 and 4, of -3 permil) at the top of sequences UC-2 and top of 

UC-3. There is another excursion (Exc. 5, with -4 permil shift) just below the top of UC-4.  

Negative shifts (Exc. 6, -2 permil shift) also occur near the top of UC-5, and at the top of UC-
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6 which is best developed in Well-4 (Exc. 7, shift of -3 permil) whereas it only has a -1 permil 

shift in Well-13.  The major negative excursion (Exc. 8, shift of over -4.5 per mil) spans the 

PTB, from the latest Permian sequence UC-7 into the base of Triassic sequence B-1 over a 

distance of 7 m.  This major negative shift started in Well-4 around 3 m below the PTB 

immediately after the last appearance of the Permian fauna. The last appearance of the 

Permian fauna occurred at 2.4 m below the PTB in Well-13.  This major negative excursion at 

the PTB marks the strongest, negative C excursion observed on the profiles. 

Triassic 

 The δ13C values of the Triassic are around 0 permilVPDB with several negative 

excursions that are variably developed from well to well (Fig. 3.3).  Excursions within 

sequence B-1, include Exc.9 (shift of -1 permil), and Exc. 10, with a shift of -1.5 to -3 permil 

from well to well.  Excursion 11 (-1.5 to -2 per mil shift) occurs in sequence A-1, and major 

Exc. 12, with a shift of from -1 to -4 permilVPDB depending on which well is used, occurs at 

the sequence A-2/A-3 boundary.  Above this, there is little fluctuation of the δ13C values up to 

the base of the Sudair Formation. 

Correlation of Carbon Isotope Profiles with Profiles from Europe, Middle East and Asia 

 Figure 3.4 compares C-isotope profiles from this study in Saudi Arabia, with profiles 

from platform sections in Austria (Hosler at al., 1989), platform and offshelf sections in Iran 

(Heydari et al 2001; Insalaco at al., 2006) and platform and deep shelf  sections in China 

(Baud et al 1989; Shen et al., 2011).  Of the negative excursions evident in the Saudi Arabian 

cores (this study), only excursions 2 and 3 are difficult to correlate to the Austrian section of 

Holser et al (1989).   The major excursions 1 (at the Chianghsingian-Wuchapingian boundary) 

and excursion 8 across the PTB are clearly evident in all the long profiles.  Most workers 
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appear to have put the PTB within the major negative C isotope excursion (Fig. 3.4), but Shen 

et al. (2012), who utilized high resolution radiometric dating, appear to place the boundary 

slightly above the excursion (although in terms of time, this probably is only about 100 k.y.). 

Oxygen Isotope Profiles 

Permian and Triassic Oxygen Isotope Profiles 

In terms of δ18O values,  dolomite commonly is commonly is 3 permil heavier than co-

existing limestone, which needs to be taken into account in scanning the oxygen isotope 

values of the Khuff cores.  Some of the δ18O values up the cores covary with the δ13C values 

(Fig. 3.3).  Excursions with covarying C and O isotopes in Well-13 include excursions 0, 2, 3, 

4, 7, 8 (poorly), and 9.  However, within well-4, only excursions 4, 7 and 8 covary in terms of 

C and O  in common with Well-13, although excursions 5 and 10 show covariance within 

well-4 only.   In terms of δ18O isotopic shifts, much of the Permian shows a 2.5 permil 

fluctuation, but across the PTB there is a large negative shift of -6 to -7.5 permilVPDB   

(depending on the well), part of which reflects the change from Permian dolomite up into 

limestone (the dolomite typically being up to 3 permil heavier than co-existing limestone).  In 

the top of the cored interval of well-13, there is a δ18O shift of about -3 permilVPDB, which is 

not present in Well-4.  

Carbon-Oxygen Cross Plots 

Cross plots of C and O isotopes for the Permian and Triassic carbonates are shown in 

Figure 3.5.  The field of Permian marine calcite (δ13C values of 0 to +6.0 permil and δ18O 

values of -6.5 to -3.8 permil VPDB) was taken from Viezer et al. (1999), because there were no 

undolomitized Permian limestones in the cores studied (Fig. 3.5 a).  The Late Permian Khuff 
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dolomites have δ13C values ranging from 0 to +5 permilVPDB , and the bulk of the δ18O values 

are from just below +2.8 to -1 permil VPDB, with a few samples extending to below -3 permil 

VPDB.    

For the Triassic, the Khuff limestones have δ13C values from +1 to -3 permil VPDB and 

δ18O values of -5 to about -6.5 permil VPDB (Fig. 3.5 b).  For comparison, the field for Early 

Triassic marine calcite (Veizer et al., 1999) and Triassic marine calcite (Schauer and Aigner, 

1997) also are shown. The Triassic dolomites have δ13C of +1.8 to -1.8, with a few samples 

extending to -3.6 permil VPDB, and δ18O values ranging from -5.5 to -2.4 permil VPDB.  Triassic 

coarse grained dolomite (probably of burial origin) has δ13C values of +0.6 to +1.2 and very 

light δ18O values of -6.3 to -8.4 permil VPDB. 

Variation of Stable Isotope Profiles Beneath Sequence Boundaries 

For selected intervals below emergence surfaces in the cores, δ13C and δ18O profiles 

were constructed by using the emergence surfaces as a common datum, from which to hang 

the mini-profiles (Fig. 3.6).  Two types of δ13C profiles emerge.  One type (Fig. 3.6 a) shows 

very negative δ13C values below the surface that rapidly become heavier downward in the 

section reaching background values about 2 to 3 m below the surface.  The second type of 

δ13C profile (Fig. 3.6 b) shows relatively heavy values at the surface, which decrease 

downward between about 1 and 2 m below the surface, and then a rapid increase with depth to 

more positive values.   

The δ18O mini-profiles when hung from the emergence surfaces are more complex, and 

appear to form four trends (Fig. 3.6 c). One has heavy δ18O values at the surface which 

decrease downward in a zigzag fashion to more negative values.  A second type appears to 
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have relative positive values at the surface, but then values show decreasing zigzag like 

fluctuations that decrease in range downward. A third type seems to show heavy δ18O values 

at the surface, followed by a rapid decrease, and then an increase with depth. The final type 

shows positive δ18O values at the surface, which then decrease, and then gradually become 

more positive via one or more zigzags.   

    Gamma Ray Profiles 

Gamma ray profiles across the PTB are shown on the regional gamma ray cross section 

from Saudi Arabia into Iran (Fig. 3.7) with a close up of the transition across the boundary, in 

Ghawar, shown in Figure 3.8. The gamma ray profiles in the Permian sections below the PTB 

averages about 40 API with elevated values commonly associated with sequence boundaries, 

which tend to have increased clay content (Fig. 3.7).  Across the PTB, the gamma ray signal 

shifts to lower values of 10 to 20 API which are then maintained up through the early Triassic 

section until the Sudair Shale (Figs. 3.7, 3.8).  This decrease in gamma ray can be seen in all 

the wells from Saudi Arabia to Iran.   

Downhole spectral gamma ray logs were not available for the wells examined in this 

study.  Spectral gamma ray profiles done on the cores for this study were of poor quality, and 

were not able to demonstrate which element (K, U, Th) was causing the major variation in the 

profiles.  However downhole spectral gamma ray profiles from Pars Field, Iran, clearly show 

that the variation in the signal is largely related to U, which shows a significant decrease 

across the PTB up into the Early Triassic (Insalaco et al. 2006).  
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DISCUSSION 

Evaluation of Diagenetic Signal in the C-O Data 

Interpretation of the C-O Isotopic Compositions of the Limestones and Dolomites 

Permian C-Isotopes: The relatively heavy δ13C  values of the Permian dolomites (Fig. 3.5), 

which are similar to the inferred values for Permian marine calcite, suggests that the C isotope 

system was rock buffered, thus maintaining the carbon isotope signature even during burial.  

Permian Oxygen Isotopes: Using the upper range of δ18O for, late Permian marine calcite of 

about -3 permilVPDB  would imply that evaporative early dolomites should have mean values 

of about 0 permilPDB or heavier, given the arid evaporitic setting of the Khuff platform and the 

dolomite-calcite fractionation of about +2.6 to +3 permil (Budd, 1997; Vasconcelos et al., 

2005).  Assuming conservative temperatures of 25 to 35 degrees C for the formation of the 

Permian dolomites, and the -1 to +3 permilVPDB of the Permian dolomites (excluding the latest 

Permian samples) would imply that waters forming the dolomites on the Khuff platform had 

δ18O values in the range of -1 to +5 permilsmow using the dolomite-water equation of 

Vasconcelos et al. (2005).  These generally positive δ18O water values thus are enriched 

relative to Permian ocean water. This is compatible with an arid evaporative setting within the 

carbonate precipitation field and hypersaline salinities (Lloyd, 1966) using the present day 

gulf analog (Mckenzie et al., 1980).  Thus the δ18O values of the bulk of the Permian 

dolomites (Fig. 3.5) may have undergone only minor modification by burial fluids, shifting 

them to slightly lighter δ18O values. This reflects the lack of reservoir zones in the Permian 

sections of the cores studied.  Thus they were tight relative to warm burial waters, thus 

retaining relatively pristine values. The latest Permian dolomites have  slightly lighter δ18O 
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values (-1 to below -3)  than the bulk of the Permian dolomites in part reflecting the overall 

decrease in  δ18O values across the Permian Triassic boundary up into the Early Triassic, 

coupled with any diagenetic overprint associated with proximity to reservoir zones.   

Triassic C-Isotopes: For the Triassic, marine calcite δ13C values are +1.5 to +3 permilPDB 

according to Veizer et al. (1999) which are heavier than the field for the Triassic limestones of 

the study area (Fig. 3.5). Since the shallow platform waters would tend to be warmer than 

open ocean waters, temperature effects on C-isotope fractionation could not explain the 

difference, since calcite-bicarbonate fractionation increases slightly with increasing 

temperature (Anderson and Arthur, 1983).  This suggests that the marine platform waters had 

lighter δ13C values than open ocean waters at the time.  Also, the Triassic limestones in the 

cores may have been slightly reset to lighter values during burial. Within the study area, the 

similarity between the δ13C values of the Triassic dolomites and the Triassic limestones 

suggests that the dolomite δ13C values have been buffered by the coexisting calcites.    

Triassic O-Isotopes: The Triassic limestones of the study area have lighter δ18O values than 

the inferred open marine calcite values (-3 to -4.5 permilPDB) of Veizer et al. (1999; Fig. 3.5). 

This could suggest a burial diagenetic shift of the limestone δ18O values relative to open 

marine calcite values although many of these rocks are tight and were little affected by burial 

fluids.  It would be unlikely that the Triassic Khuff platform waters had lighter δ18O values 

than open ocean waters, given the widespread presence of evaporites in the Triassic.  Using 

the dolomite δ18O values of -2 to -4 permilPDB and 25 to 35 deg. C temperatures would 

suggest that the dolomitizing waters were from -4 to -1 permilSMOW, using the equation of 

Vasconcelos et al., 2005) which would be compatible with an evolved, slightly evaporated 

early Triassic marine water.  If temperatures were a conservative 5 deg. C higher in the 
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Triassic (Korte and Kozur, 2010) then waters would have ranged between -3 and +1 

permilSMOW compared to the -1 to +5 permilSMOW waters that formed the Permian dolomites.  

Thus the dolomite data supports the idea that there was a significant negative shift in δ18O 

values of the seawater across the PTB, as suggested by Ehrenberg et al. (2008).  

C-O Excursions and Emergence Surfaces 

Of the negative C-isotope excursions observed within the studied sections in Ghawar, 

75% are associated with emergence surfaces.  In Ghawar, even the major excursions across 

the Wuchiapingian-Changhsingian boundary and the PTB are associated with emergence 

surfaces.  This suggests that at least a part of the negative excursion in Ghawar may be 

diagenetic, or in other words, any global negative excursion affecting Ghawar may have been 

amplified by the effects of diagenesis below the emergence surface.  

The plots of the C-O isotope variation beneath the emergence surfaces may provide 

information on near-surface diagenetic resetting of the carbonates beneath the surface (Fig. 

3.6).  Buffering of the C-isotope signal by rock carbon probably has limited the effects of 

burial diagenesis on the δ13 values, so that the signal is either primary and related to global C 

cycling or is in part near surface diagenetic, related to exposure.  The light C values observed 

at or slightly beneath the emergence surfaces in the studied cores (Fig. 3.6 a) is a common 

feature of subaerial exposure surfaces (Allan and Matthews, 1982; Joachimski, 1994; Saller et 

al., 1994; Dickson and Saller, 2006).  This is related to light soil gas which is enriched in light 

C.  Those profiles in which the C isotope depletion is just below the surface (Fig. 3.6 a) is 

suggestive of the depletion being associated with the position of the water table during 

lowered sea level, or it may be unrelated and due to a global C signal (cf. Dickson and Saller, 

2006).   
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It is possible that the oxygen isotope compositions of these rocks has been reset due to 

burial diagenesis.  However, assuming that at least some of the δ18O signal is primary, then 

those profiles in which the δ18O values tend to be relatively heavy at the exposure surface 

(Fig. 3.6 b) is compatible with an arid climate, which would cause evaporation of the pore 

waters in the vadose zone and increase the  δ18O values (James and Choquette, 1990).  At the 

other extreme, the profiles whose δ18O values are lighter at the surface might reflect the 

effects of meteoric waters on the vadose zone sediments, given the tropical position of the 

Arabian plate and the likely slightly depleted δ18O values of the tropical rainfall (Anderson 

and Arthur, 1983). Those with intermediate δ18O values (neither depleted nor enriched) are 

suggestive of meteoric waters that have only been slightly modified by evaporation or had 

undergone mixing with isotopically heavy continental waters. The zigzag shapes to the curves 

could relate to positions of the ground water tables at various times during development of the 

emergence profiles. 

Heydari et al. (2001) suggested that C and O isotope compositions across the PTB were 

in part diagenetic based on covariance of C and O isotopes.  However, this is hardly a fool-

proof test of diagenetic overprinting because Pleistocene and Olig-Miocene deep sea 

carbonates show highly covariant C and O isotope variations at the Milankovitch scale when 

plotted against depth in the core (Zachos et al., 2002).  These fluctuations are primary signals 

related to productivity increase for positive C isotope excursions, coincident with positive 

δ18O shifts due to increase in ice volume, and vice versa for the decreases.   Thus when C and 

O data are retained within a time series (proxy for depth) covariation between C and O does 

not allow evaluation of the extent of diagenetic overprinting.  Also, when these data are 

plotted on a cross plot (removed from their time-series) they may appear to show no co-
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variation.  In the present study, δ13C and δ18O profiles beneath emergence surfaces are highly 

variable in terms of co-variation of C and O isotopes, suggesting that this not be used as a test 

of early diagenetic modification of the isotope signal.  However, negative C and O isotope 

shifts in dolomites beneath anhydrites in the Permian and Triassic sections could result in part 

from biogenic sulfate reduction as in the Pleistocene of the Arabian Gulf (Chafetz et al., 

1999).  

In conclusion, it is possible that at least some of the negative C isotope excursion that 

are associated with the emergence surfaces may be related to near-surface diagenesis, but the 

globally correlative character of most of the excursions suggests that it is at least in part a 

global signal related to global C-cycling. The recording of the negative C-isotope excursions 

within the stacks of parasequences below exposure surfaces could be due to the associated 

warming of the globe, which was associated with marine flooding of the platform, thus 

preserving the negative excursion in the sedimentary record. Concerning the PTB excursions, 

the fact that the δ 13Corg and δ 13Ccarb covary across the PTB boundary almost everywhere 

(Magaritz et al., 1992; Erwin, 2006) indicates that this is primarily a global signal rather than 

a diagenetic one.  It is significant that the latest Permian Khuff stratigraphy in Ghawar 

suggests a transgressive pulse at the end of the Permian, apparently synchronous with the 

negative global C isotope excursion. This would appear to indicate warming coupled with sea 

level rise, which resulted in transgression, prior to emergence at the PTB. 

Origin of Global Carbon-Oxygen Isotope Excursions and U-Depletion 

Major negative followed by positive C-isotope excursions of global extent are 

commonly associated with oceanic anoxic events; processes associated with these events have 
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been outlined by Jenkyns (2010).  The major forcing behind these oceanic anoxic events is an 

abrupt rise in temperature related to a rapid influx of CO2 into the atmosphere, associated 

with volcanism and/or  methane release  The negative C isotope excursion across the PTB 

thus likely reflects the input of large amounts of light C from exhalation of volcanic CO2 

during eruption of the immense flood basalts of the Siberian Traps, liberation of light C tied

up in coal beds that were intruded by the volcanic magmas, and destabilization of methane 

clathrates as a result of rising temperatures, perhaps coupled with rising oceanic temperatures 

and tectono-eustatically lowered sea level (Knoll et al. 1996; Krull et al., 2000; Erwin 2006; 

Grasby et al., 2011; Korte and Kozur, 2010).  In addition, Jin et al. (2000) have suggested, on 

the basis of the occurrence of microspherules (many of which  may be volcanic), and a 

possible Iridium anomaly,  that bolide impact also may have been implicated in the extinction 

event. 

 

The relative role of volcanism versus methane release in forming the C-isotope 

excursion is controversial.  Even though the Siberian trap eruptions were immense, they 

probably released insufficient carbon dioxide (2,500 Gigatons) to completely explain the C 

isotope excursion (which would require 40,000 Gigatons of carbon dioxide; Erwin, 2006).  

This would be supplemented by oxidation of organic material from the land (1,000 Gigatons 

only).  However, only 2,500 Gigatons of methane are needed to cause the observed 4 permil 

shift in δ13C values across the PTB.  However, to destabilize the methane clathrates either 

major sea level fall would be needed (which is not likely, since long term sea level was rising 

across the boundary, or it would require major heating of the deep ocean or warming of 

permafrost areas (Erwin, 2006).  A significant and largely overlooked source of methane is 

the large Siberian coal deposits underneath the Siberian traps. These could have provided 
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methane as a result of conversion of CO2 at elevated temperatures associated with the 

volcanism and is borne out by the discovery of fly ash in some of the PTB sediments (Erwin 

2006; Grasby et al., 2011).  

This resulted in increasing warming and stagnation of the deep oceans, decrease in 

oxygen levels and redox, and buildup of carbon dioxide and bicarbonate levels. Upwelling of 

these waters onto shallow platforms caused the accompanying extinction. Shut down of the 

biological pump due to collapse of primary productivity in surface waters, may have caused 

the negative isotope anomaly (Korte and Kozur, 2010). The extinction resulted in loss of 

calcifying metazoans, causing default microbial precipitation of carbonates (Heydari et al., 

2001 and 2003; Lehrmann et al., 2003; Weidlich and Bernecker, 2011).  These microbial 

carbonates are common in many of the Early Triassic carbonate successions worldwide. 

The warming event probably resulted in an accelerated hydrologic cycle, and increased 

continental weathering. Sequestration of CO2 in black shales and by reaction with silicate 

rocks on continents ultimately restored the climatic equilibrium, accompanied by a positive C 

isotope excursion.    

Lowering of sea levels at the PTB has been controversial.  Erwin (1993), Yang et al. 

(1993), Heydari et al. (2001), Sakar et al. (2003), Yin et al. (2007) and Sheng et al. (2010) 

proposed that there was a regression at end of Permian.  A slight lowering of sea level has 

been identified in the latest Permian by Tong et al. (1999).  Conversely, Wignall and Hallam 

(1992), Hallam and Wignall (1999), Brookfield et al. (2003) and Lehrmann et al. (2003) 

suggested that the PTB occurred during a continuous sea level rise.  
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On the Arabian Plate, lowered sea levels at the PTB are indicated by emergence surfaces 

on the Arabian Platform, from outcrops of central Saudi Arabia and United Arab Emirates 

(Al-Dukhayyil and Al-Tawil, 2006; Alsharhan, 2006; Strohmenger et al., 2002), to  the 

subsurface in Ghawar.  However, in the relatively deeper settings of Oman and west Iran, the 

PTB occurred during a continuous transgression, started in latest Permian, with no major 

sedimentation gap (Angiolini et al., 2003; Weidlich and Bernecker , 2003; Insalaco et al., 

2006). The dispute suggests that global sea level fall may have occurred but that tectonics on 

some platforms resulted in continued submergence across the PTB.  It has been suggested that 

the emergence of the Arabian plate at this time may have been related to tectonics (Heydari et 

al., 2001).  

The U depletion with decrease of the gamma ray signal across the PTB has been tied to 

oceanic anoxia and lowering of redox in the deep oceans, thus sequestering U on the deep sea 

floor (Erwin 2006; Insalaco et al. 2006; Ehrenberg et al 2008). Thus shallow marine waters 

circulating onto the early Triassic platforms were depleted in soluble U species, resulting in 

carbonates with lowered U concentrations.  This supports the postulate of poorly oxygenated 

oceans after the PTB based on the models for C isotope excursions (cf Holser et al., 1989; 

Baud et al., 1989; Jenkyns, 2010).  

The significant negative shift in δ18O values across the boundary appears to be a 

primary, rather than a later diagenetic signal borne out by the dolomite oxygen isotope 

compositions of this study.  It is far too large to be related to melting of ice sheets, of which 

there were few by the latest Permian time anyway (Fielding et al., 2008).   Perhaps part of the 

depletion could be associated with warming of the oceans, resulting in decreased fractionation 

between carbonate-water but this would hardly account for the amount of the shift by itself, as 
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5 degrees C warming would only decrease the δ18O value by 1 permilSMOW.  As δ18O values 

of ocean water in equatorial regions are dependent on salinity, with dilution related to loc

rainfall (5 ppt salinity decrease would result in a decrease of about 0.5 permil; Swart et al., 

2005), global dilution of the surface ocean waters due to increased precipitation caused by 

ocean warming might add to the δ

al 

18O depletion.  Thus it would seem that the δ18O depletion 

across the PTB is the product of multiple causes, all of which shifted δ18O of the precipitated 

carbonates to more negative values.  

CONCLUSIONS 

Carbon isotope profiles sampled from cored wells of the Khuff Formation, spanning 150 

m of section across the Permian-Triassic boundary in Ghawar Field, Saudi Arabia were 

studied to evaluate their use in local and global correlation, and to evaluate the possible 

influences of early diagenesis versus global processes.   The two major excursions are at the 

Wuchiapingian-Changhsingian boundary and the Permian-Triassic (PTB). However there are 

several smaller excursions that also appear to correlate with excursions elsewhere.  These 

smaller excursions, many of which correlate to emergence events in Ghawar, may be due to a 

combination of early diagenetic and global mechanisms. Their global extent provides a high 

resolution correlation tool for the Late Permian and Early Triassic succession.  

 Over 75% of the negative carbon isotope excursions occur beneath emergence 

surfaces, including the two major excursions at the Wuchiapingian and Changhsingian stage 

boundaries.  The δ13C profiles beneath the boundaries resemble those associated with early 

diagenesis associated with isotopically light soil gas. The δ18O profiles beneath the surfaces 

are variable, perhaps reflecting variable effects of evaporation on the meteoric input, mixing 

or overprinting by burial diagenesis.  
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The presence of the negative C-isotope excursions globally in both δ13Ccarbonate and δ13C 

organic  as well as in deeper water sections lacking emergence surfaces, strongly supports the 

idea of these excursions being global phenomena related global C cycling, although on the 

Arabian Platform they appear to have been modified by early diagenesis.  U depletion across 

the boundary is compatible with the postulated origins of the PTB event with bottom waters 

becoming stagnant and reducing, as a result of warming induced by volcanogenic CO2 

released by Siberian trap volcanism, methane release from thermal metamorphism of coals, 

and destabilization of clathrates in the deep sea due to ocean warming.   
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FIGURES AND FIGURE CAPTIONS 

 

 
Figure 3.1:  (a) Map of Arabian Plate showing the plate boundaries, location of Ghawar Field 
(study area; red rectangle), and the Permian-Triassic Khuff outcrop belt (orange);  (b). Map of 
Ghawar Field showing approximate location of the studied wells.   
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Figure 3.2: Chronostratigraphic chart showing the subdivision of the Khuff Formation in 
Saudi Arabia. Modified from Ogg et al. (2008) and Al-Jallal (1995). 
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Figure 3.3: Carbon (black) and oxygen (red) isotope profiles for the studied wells alongside 
the core logs for the wells 4 and 13.  Correlation of negative excursions  
(Exc. 0 to 12) are labeled and shown in dotted lines. 
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Figure 3.4: δ13C patterns across the Permo-Triassic boundary successions. Six sections are correlated. Data for Carnic Alps, Austria from Holser et al. (1989); Fars Field, Iran from Insalaco et al. (2006);  
Shah Riza, Iran from Heydari et al. (2001); for Meishan Section D, China from Baud et al. (1989).  Data for Ghawar Field, Saudi Arabia are from this study.
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Figure 3.5: Ghawar C-O isotope cross plot for (a) dolomite in the Upper Permian and (b) 
dolomite vs. calcite in the Early Triassic.  Marine calcite isotopic compositions are estimated 
from Veizer et al. (1999; outlined in grey using ±1 Ϭ), and from Schauer and Aigner (1996; 
outlined in dark blue). 
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Figure 3.6: Short chemostratigraphic profiles extending down beneath emergence surfaces: 
(a) C-isotope profiles and (b) O-isotope profiles within Permian dolomite units. Note that the 
profiles extend down from the exposure surface, through several of the underlying 
parasequences, rather than through a single parasequence. 
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Figure 3.7: Stratigraphic cross section from Saudi Arabia to Iran showing the Khuff members datumed on the top Khuff D anhydrite.  The Permo-Triassic Boundary (PTB; red dashed line) is 
traceable across the region using GR log (modified from Al-Jallal, 1995 and  Konert et al., 2001).
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Figure 3.8: A close-up of the Permo-Triassic boundary in Ghawar, along with gamma ray 
(GR) log and Carbon isotope profile.  On core log, left hand column is mineralogy, central 
column is sedimentary structures, and right hand column is Dunham rock type. See legend for 
color coded rock types. 
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TABLES AND TABLE CAPTIONS 

 
Table 3.1. A summary of the C-O isotope values tied to the sequences for the studied wells in Ghawar. 

 
  WELL-4    WELL-13    

Sequence 13C (‰) Avg. 18O(‰) Avg. 13C (‰) Avg. 18O(‰) Avg. 

A-4 +0.8 to +0.9 +0.8 -5.8 to -5.1 -5.5 +0.6 to +1.2 +1.1 -8.4 to -6.7 -7.7 

A-3 -1.1 to +1.2 -0.1 -5.8 to -3.6 -4.8  -3.6 to +0.8 0.0 -6.3 to -3.5 -4.87 

A-2 -0.5 to +0.6 +0.1 -4.1 to -3.2 -3.7 -2.9 to +0.2 -0.9 -3.7 to -2.4 -2.92 

A-1 -1.3 to +0.9 +0.1 -3.4 to -2.6 -3.0  +0.1 to +1.8 +1.1 -3.8 to -3.6 -3.66 

B-4 -1.7 to -0.1 -1.2 -3.2 to -2.1 -2.6  -0.6 to +0.2 -0.3 -3.2 to -2.8 -2.99 

B-3 -1.4  to +0.3 +0.7 -3.3 to -2.4 -2.8 -0.7 to -0.6 -0.7 -2.6 to -2.4 -2.51 

B-2 -1.4 to -0.1  -0.7 -3.1 to -2.6 -2.9 -1.17 -1.2 -2.60 -2.60 

B-1 -2.9 to +0.2 -0.9 -6.2 to -3.8 -5.4 -1.5 to +0.8 -0.5 -6.2 to -3.1 -4.64 

UC-7 +0.5 to +4.4 +2.3 -3.0 to +1.1 -1.4 +1.5 to +4.3 +2.7 -3.9 to -1.6 -3.19 

UC-6 +0.3 to +3.7 +1.9 -2.3 to +1.6 -0.7 +3.0 to +4.3 +3.9 -2.9 to -1.7 -2.38 

UC-5 +3.5 to +5.1 +4.5 -0.7 to +1.5 +0.1 +2.5 to +4.7 +3.9 -1.1 to +0.7 -0.28 

UC-4 +3.3 to +5.3 +4.6 -0.6 to +1.5 +0.3 +1.6 to +5.4 +3.8 -0.9 to +2.1 +0.65 

UC-3 +2.5 to +5.4 +4.2 -0.6 to +2.4 +0.4 +1.5 to +4.9 +4.1 +0.6 to +2.3 +1.21 

UC-2 - - - - +2.7 to +5.0 +4.3 -0.4 to +1.0 +0.18 

UC-1 - - - - +1.9 to +5.3 +3.9 +0.1 to +1.8 +1.05 

LC-5 - - - - -0.1 to +5.1 +3.4 -0.1 to +2.7 +1.10 
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CHAPTER 4 

CONCLUSIONS 

 
Detailed logging of selected cores throughout Ghawar, eastern Saudi Arabia, has 

allowed a comprehensive depositional model, and high resolution sequence stratigraphic 

framework to be generated for the Upper Permian and Lower Triassic Khuff Formation, along 

with a more refined relative sea-level curve for the region.   It also allowed time slice maps of 

the facies distribution within sequences in Ghawar to be developed.  Ages were constrained 

by published biostratigraphy and by new C isotope data. The resultant cross sections and 

maps should provide a framework for a new generation of 3-D geological reservoir models.   

Several scales of depositional sequences are developed, that include the 3rd order 

sequences of the Permian upper Khuff C, and the Early Triassic Khuff B and the Khuff A 

sequences, and their correlation with the global curves suggest that they were driven by global 

eustasy.  The 3rd order sequences contain several high frequency sequences, which in the 

Khuff C are ~400 k.y. duration and probably driven by long term eccentricity, but those in the 

Khuff B and A, appear to be  ~100 to 200 k.y. duration and not easily tied to Milankovitch 

orbital eccentricity forcing. The high frequency sequences are in turn composed of 

parasequences, which appear to be 10 to 20 k.y. average durations, suggesting orbital 

precessional and half precessional forcing. However, many thin locally developed cycles may 

be autocycles or subprecessional cycles.  

The sequence stratigraphic cross sections and facies maps of systems tracts illustrates 

the subtle interplay between the Ghawar structure and regional paleoslopes.  This is evidenced 

by changes in directions of progradation from one high frequency sequence to the next.  
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Southward progradation is evident in the Khuff B, while the Khuff A shows initial northward 

progradation, followed by southward progradation. These trends also could reflect regional 

changes in areal restriction of platform waters. 

Anhydrites are rare in the Permian Upper Khuff C except near the base of the studied 

interval, and as anhydrite cement within grainstones. Anhydrite units are well developed in 

the Triassic Khuff B and Khuff A. They mark times of arid climate and restriction over 

marginal sills.  Some anhydrites form transgressive deposits within anhydrite-dominated high 

frequency sequences, but others are highstand deposits of high frequency sequences although 

at the parasequence scale, the subaqueous anhydrites appear to be late highstand to lowstand 

fills of accommodation remaining after carbonate deposition. 

This study indicates that the Permian-Triassic boundary on the Arabian Platform was 

synchronous with a significant relative sea-level drop that exposed at least the inner half of 

the platform (from the outcrop belt to east of Ghawar). This contrasts with the conformable 

PT boundary in many other areas, which is characterized by overall transgression. Thin 

sections of core plugs across the PTB document the mass extinction with a major decrease in 

biotic groups.  Within the Triassic sequences, the extinction was followed by widespread 

development of subtidal thrombolites, marking decimation of grazing and burrowing faunas, 

and increased microbial calcification due to decreased bioskeletonization. 

The oolite facies are the dominant reservoirs occurring in the uppermost high frequency 

sequence of the Permian Khuff C, and especially in the Triassic Khuff B and A.  Reservoir 

facies are best developed when non-dolomitized oolitic facies were associated with open 

lagoon facies and were distant from evaporitic tidal flats.  Within dolomitized units, best 
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reservoirs are associated with oomoldic porosity.  Anhydrite plugging destroys reservoir 

porosity, apparently reflecting proximity to sabkhas or salinas.  

Carbon isotope profiles sampled from cored wells of the Khuff Formation, spanning 150 

m of section across the Permian-Triassic boundary in Ghawar Field, Saudi Arabia were 

studied to evaluate their use in local and global correlation, and to evaluate the possible 

influences of early diagenesis versus global processes.   The two major excursions are at the 

Wuchiapingian-Changhsingian boundary and the Permian-Triassic (PTB). However there are 

several smaller excursions that also appear to correlate with excursions elsewhere.  These 

smaller excursions, many of which correlate to emergence events in Ghawar, may be due to a 

combination of early diagenetic and global mechanisms. Their global extent provides a high 

resolution correlation tool for the Late Permian and Early Triassic succession.  

 Over 75% of the negative carbon isotope excursions occur beneath emergence 

surfaces, including the two major excursions at the Wuchiapingian and Changhsingian stage 

boundaries.  The δ13C profiles beneath the boundaries resemble those associated with early 

diagenesis associated with isotopically light soil gas. The δ18O profiles beneath the surfaces 

are variable, perhaps reflecting variable effects of evaporation on the meteoric input, mixing 

or overprinting by burial diagenesis.  

The presence of the negative C-isotope excursions globally in both δ13Ccarbonate and δ13C 

organic  as well as in deeper water sections lacking emergence surfaces, strongly supports the 

idea of these excursions being global phenomena related global C cycling, although on the 

Arabian Platform they appear to have been modified by early diagenesis.  U depletion across 

the boundary is compatible with the postulated origins of the PTB event with bottom waters 

becoming stagnant and reducing, as a result of warming induced by volcanogenic CO2 
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released by Siberian trap volcanism, methane release from thermal metamorphism of coals, 

and destabilization of clathrates in the deep sea due to ocean warming.   
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