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highly cemented corallites. A thin section photomicrograph of the skeletal
peloidal matrix between the coral heads with intragranular porosity.typt05

Figure 4.9: Comparison between the constructed 3D lithofaciessiporand
permeability models. A) Fence diagram of the lithofacies model showing the
spatial distribution of the interpreted lithofacies. Note the locations of the
originally studied outcrops inside the fence diagram. B) A 2D horizontal slice
from the uppe sequence of the lithofacies model showing the spatial
lithofacies distribution. A general NMBE trend is observed for the reefal
facies. The outerand midramp lithofacies dominate eastward, with a
transgressive tongue passing through the reef bodlyrathches the peloidal
grainstone lithofacies. C) Fence diagram of the 3D porosity model. The
relatively high values are colored in blue, whereas the lowest values are
colored in red. Vertically, the porosity values resemble the cyclicity of the
lithofacies where the reefominated HST of the lower sequence is distinctive
with low porosity zones. The TST shows higher porosity values in both
sequences. The HST of the upper sequence shows lateral change to relatively
higher porosity values following the &hl facies change from reefal to
grainstone lithofacies. D) A 2D slice of the porosity model with the same
vertical position as the lithofacies slice in figure B. The low porosity values
follow the spatial distribution of the reefal and outamp muddyithofacies.

In contrast, the moderate and relatively higher porosities follow the same
patterns of the peloidal grainstone and the-raid wackestone/packstone,
respectively. E) Fence diagram of the 3D permeability model. The values are
vertically segregad, with the lowest values distinguishing the HST
framestone of the lower sequences and the overlying transgressive mudstone
of the upper sequence (the red bands in the Middle). The other lithofacies
show better permeability values (yellow and green cplorg they are hardly
distinguished. F) A 2D permeability model slice with the same vertical
position as the previous porosity and lithofacies slices. A high degree of
heterogeneity is noticeable with a moderate degree of qualitative distinction
(the spatl distribution of lithofacies) and a high degree of quantitative spatial
[£= 100 (0] 1 ST 107
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ABSTRACT

Full Name : [Mazin Abdelgadir Abdelrazig Bashri

Thesis Title  : [Sedimentology, Stratigraphy, and Reservoir Chareetgon of the
Upper Jurassic Hanifdormation, Central Saudi Aralia

Major Field : [Geology
Date of Degree: [May, 2023

High-resolution (centimetescale) description and analysis of eight outcrop sections
through the Oxfordian Hanifa Formati@along a 535 kalong N-S transect in central Saudi
Arabia are used to develop a comprehensive conceptual depositional model through time.
The cumulative vertical thickness of the studied sections reaches 461 m. Nine sedimentary
lithofacies are interpretedvhich are grouped into four facies associations, jeuter

ramp association (FA1),)limid-ramp association (FA2), )llinnerramp grainyfacies
association (FA3), and Vlinnerramp reefal association (FA4). The outamp
association includes aflgiceous carbonate mudstone (F1). The-maimhp association
includes intraclast rudstone (F2), skeletal sponge spiculitic wackestone/packstone (F3),
and horizontallylaminated siltstone/claystone (F4). The grainy facies of the -iramep
association include crosshedded skeletal quartz peloidal grainstone (F5) and trough
crossbedded calcareous sandstone (F6). In contrast, the-rizsmgr reefal association
includes reetrest stromatoporoid/coral framestone (F7), gralehinated foreeef
floatstone (F8)and open backeef oncoidal rudstone (F9). The lithofacies succession
distinguishes two depositional phases,,iBhase 1 and Phase 2, corresponding
lithostratigraphically to themiddle Oxfordian Hawtah andlate Oxfordian Ulayyah

Members. Phase 1 repretedeposition on a homoclinal carbonate ramp, whereas Phase

XiX



2 witnessed the transition from a gra@iominated carbonate ramp to a rbefring one, as
indicated by reefal association (FA4). Hanifa Formation carbonate ramp evolution reflects
coral reef expasion over the southemeo-Tethyspassive margin in thiate Oxfordian

In the southern section of the studied transect, siliciclastic deposits are described for the
first time from the Hanifa Formation (F4 and F6).

Sequence stratigraphy is consideredafitbe most powerful hydrocarbon exploration and
development toolPue to its muddy nature, a continuous motif characterizes the well logs
of the Jurassic succession in general and the Oxfordian Hanifa Fornfdtisicontinuous
pattern make# difficult to identify and correla stratigraphic ung of different orders
especially in the absence of biostratigraphic data. A -fegblution sequence and
chemostratigraphic framework are presented for the Oxfordian Hanifa Formation outcrops
in central SaudArabia. A total of sixteen fourtbrder sequences (se¢ 5eq 16) were
interpreted using sequence stratigraphic principles and by observing the lithofacies change
and the bounding surfaces between sedimentary packagédse aftudiedoutcrops.
Moreover, tle strata stacking pattern of the fitihder sequences is used to capture the
fourth-order sequences through a Fischer plot. The plot shows facies partitioning and a
similar pattern to the global sea level curve. The dominant depositional sequence types
show a shallowing upward pattern, starting with an outer ramp argillaceous carbonate
mudstone (transgressive systems tracts (TST)) that change toanddinnesramp
lithofacies (highstand systems tracts (HST)). Shallowing upward siliciclastic sequences are
described for the first time within the Hanifa Formation southward. The correlation
between interpreted sequences was guided by elemental chemostratigraphy. Four

chemostratigraphic divisions (C1, C2, C3, and C4) were interpreted following the vertical

XX



variation of the major elements Si, Al, Ca, Mn, and Fe. The Mn chemical profile is
lithology independent and highly correlatable between studied outcrops and subsurface
data. The study provides a means for using strata stacking patterns to study the Hanifa
Fomation sequences and the elemental chemostratigraphy for regional correlation.
Sedimentology, sequence stratigraphy, lithofacies petrophysical characterization, and 3D
geostatistical modeling were used to understaadHanifareservoir lithofacies analogs

Wadi Mawan south of the capital Riyadffhe 5th-order sequence boundaries were used

as horizons anthe interpreted lithofacies as input data to create 3D lithofacies models.
The lithofacies model matches the regional trend. Each lithofacies' porasity
permeability are proportionate. Intragranular, intergranular, burrow, moldic, and fracture
porosity arehe commonporosity types in the studied sampl&be transgressive systems
tract midramp lithofacies hee intragranular, moldic, burrow, and ftace porosity.The
innerramp peloidal grainstone hdseter reservoir qualt than coral/stromatoporoid
framestone in the highstand systems tract. The grainstone has intergranular and
intragranular porosity, while the framestone has intergranular anoWbparosity. On the
lithofacies model skeleton, 3D porosity and permeability models were developed. Porosity

and lithofacies models correspond well, while permeability does not.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Due to many factors, carbonate reservoirs @glatively more complicated than their
siliciclastic counterpast (Ahr, 2008). When formed, carbonate sediments are mainly
autochthonous, shaped by different biological, cheméeal physical processes. They are
mainly composed of skeletal grains withany different origins and morphological
characteristics and neskeletal grains such as ooids, pisoids, lime namdl cement that

are rarely found in recent siliciclastic. Physical processes also play a role in the formation
of carbonate sediments, judtdisiliciclastics, byforming non-skeletal grains in addition

to different bedforms.

Secondly, carbonate's mineralogical composition is chemically considered relatively
unstableand susceptible to diagenetic alterations. Different diagenetic processesirs
environments affect the carbonate minerals and cause them to be dissolved, cemented,
recrystallizedand replacednore extensivgl than siliciclastic (Moore, 1989). Moreover,
carbonate reservoirs are molikely to be diagenetically fractured thanilisiclastic
reservoirs (Ham and Pray, 1962). A principal difference is that cadmrame more

controlled in terms ofiraintypesand mineralogy by climate than siliciclastics (Schlager,



2005). In summary, the petrophysical properties of carbonate ogsesve controlled by

a higher number of parameters, starting from the rock compositidithe diagenetic
history, which could start from the moment of deposition until the time that the sample was
taken (Choquette and Pray, 1970). In addition, fragiatierns may change with different
stress directions in the studied field and may influence the diagenetic pathways and

petrophysical properties.

Modern analogs of carbonate reservoirs show a relatively wide range of spatial
homogeneity in their petrophysil properties in different depositional environments.
Moreover, they display a positive correlation between the primary characteristics of the
sediments (e.ggrain size andorting) and the hydrodynamic energy associatéiu their
deposition (Incze, 13B). Petrophysically, modern analogs typically show a negative
correlation between their textyggorosity,and permeability, i.e., the finest sediments have
the highest porosity values and the least permeability (Tucker, 2001). This correlation is
not typcally applied in carbonates because of the effect of diagenesis; the porosity and
permeability are commonly more independent of grain size and textural characteristics

(Enos and Sawatsky, 1981; Flugel, 2010).

The geologic definition and understanding loé tvariability in reservoir parameters is a
prerequisite for accurate potential reservoir characterization and modeling. The initial
geologic conceptual models are important; they hpunderstandthe reservoir
heterogeneity and represent the base fachuine following reservoir geostatistical models
and simulations can be built (Pyrcz and Deutch, 2014). For a long time, outeraps

typically been used to build representatagbsurface reservoirs. The outcrop analogs



provide detailed-D and 3D vision for sedimentary facies and diagenetic overprints, better

than subsurface and modern analogs (Grammer et al., 2004).

The sedimentary cycles, or group of cycles, are potentially significant dreeservoir
characterization perspective since they arelthge of any geologic model built from
outcrop to be used as subsurface analog. Consequently, once a detailed interpretation of
these cycles is done on outcrops (sequence stratigraphy), the petrophysical analysis could
be done on theycles' beds ahprovice the basic dataset needed to correlate, maddl

predict the continuity and efficiency of reservoir zon@siicrops may provide a more
spatial comprehensive view of the lithofacies and the reservoir quality than the subsurface
datasets, partially becausf the large intewell distances. So, porosity and permeability
measurements on outcrops could be done in a cycle/sequence base and then used to study
the different porghroat systemslhe porethroat systems could build fluitow scenarios

in reservar simulation models (Pyrcz and Deutsch, 201AJthough the different
stratigraphic interpretations and lateral and vertical facies relations deduced from the
outcrop analogs are powerful tools that can be used as a template for subsurface correlation,
aquestion is always raiseabouthow much these stratigraphic and diagenetic variations

from the outcrop are comparable to their subsurface analogs (Grammer et al., 2004).

Sequence stratigraphy is an effective approach to establistspatial and chronajical
framewor k of depositional e nv irecomstruste nt s 0
paleogeographyit may enhance the lithology and facies predictability far from control
points. Understanding the sequence stratigraphic frameworkiseful in displaying
sedimentary bodies' geometrical relationships and architechur@ddition, 1 can be used

to interpret depositional events through space and time. Sequence stratigraphic

3



interpretation is highly improved if integrated with detailed sedimentary facies analysis
and sedimentary processes understanding because they are the base of understanding the
variation within the sequence. Tlismbinationcouldidentify stratal stacking patterasd

the key surfaces criteria, which are sometimes hardly separable. In syiraagquence
stratigraphy and sedimentologyovide the skeleton that can be usedftother spatial

studiesofr eser voi rsd characteristics (Catuneanu et

The link between reservoir characterization and sequence stratigraphy is strongesince t

reservoir dimensionsandt s petrophysi cal propertiesd heter
and outcrops, strongly control hydrocarbons migration pathways. In addition, one major

factor which plays a principal role in defining these pathways withinréservoir is

diagenesis, which is somehow predictable to some extent depending on principles of

sequence stratigraphy (Zecchin and Catuneanu, 2013).

The Hanifa Formation is composed of an over 100 m thick carbonate succession, deposited
at the western maig of the equatorial Ned@ ethys @ssive margin basin during thedn

late Oxfordian (Late Jurassic). Lithostratigraphically the sediments of the Hanifa
Formation can be subdivided into two members: the Hawtah Menvheh is overlain

by the Ulayyah Member (Vaslet et al., 1983). In tesnof the petroleum system, the
Ulayyah Member is a major hydrocarbon reservoir in the Jurassic succession, and it is in
contiguity with rich intrashelf basinal source rock. It is overlain by the sediments of the
Jubaila Formion that represerits main seal (Hughes et al., 2008). The Hanifa Formation
exposuresin central Saudi Arabidollow the same pattern as those of the Jurassic

succession outcrops (Ziegler, 2001) (Figudg.1
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1.2 Problem Statement

The main parameters that should be well understood when exploring important reservoirs
are their variations in lithofaciesd depositional environments. In addition, the diagenetic
history, their position in a sequence stratigraphic framework, and the stratal stacking
pattern will be importantThe petrophysical properties vary following the lithological and
diagenetic variabns within the sequence stratigraphic model. So, it is important to fully
under st and t hfeequeneyscgcies/oa outcrops, which gduld be challenging

in the subsurface, especially when core control is limited. These cycles describe the
geomety, continuity and thickness variation of reservoir equivalent units through the
stratigraphic succession. Consequently, the definition of this cyclicity in different
stratigraphic sections and corrahgt them to each other give a regional sense of the
reservoir properties variation. Outcrop analogs can be a powerful tool in delineating the
stratigraphic boundaries and deciphering the internal lateral and vertical variation in facies

(Grammer et al., 2004).

The Hanifa Formation represents an important pathe Jurassic succession of Saudi
Arabia along the Arabian Plate. It is one of the major reservoirs in the Shaqra Group and
is characterized by organich source rock intervals (Alsharhan and Magara, 1994). It is
composed of different pore types asiges that will affect the efficiency of reservoir units
Moreover, the reservoir units are intensively bioturbated, which incretse
heterogeneity. All previously mentioned characteristics make the Hanifa Forrmaéari

the complex formations in ti&haqra Grougontaining highly variable depositional facies

(in terms of water depth and sedimentological processes). Due to the stratigraphic



importarce of the Hanifa Formation as a chronostratigraphic unit that represents different
sedimentological andceanographic conditions &ashort vertical range, and because of its
economic importance, a deep understandhngts sedimentological and stratigraphic

characteistics is essential (Fallatah aKérans, 2018).

1.3 Motivation

To study the Hanifa Formation Bsurface reservoir, a very well understanding of its
lithofacies, sedimentary environmen#d sequence stratigraphy of out@ahould be
reachedThe outcrops heldecipher the lithologic spatial variations in-®3siew, which
assists in understandira;d assessinfacies and flow units heterogeneity. Furthermore,
assessinghe variability of the petrophysical characteristics (porosity, pahbifigy, pore
throatgeometry, sorting & types) and its relation to the facies variations and the stratal

stackirmg pattern isalsoanessential step in reservoir modeling (Grammer et al., 2004).

The Hanifa Formation was defined as a member of the Tuwaiq Mountain Formation by
Steireke (1937) and has drawn the attention of many geolodist of these studies
concentated on building a bioand lithostratigraphic framework (Arkell et al., 1952;
Powers et al., 196@0wers, 1968; Vaslet et. a1983; Manivit et al., 1985). Other studies
discussed the structural framework of this formation within the Jurassic belud Sa
Arabia (AlHusseini, 2000; Ziegler, 2001). Sedimentologists targeted the outcrops of the
formation genericaly, either describing the details of one of the components of the
formation or describing the details of the formation in local sections (0888, 1986;
Moshrif, 1984). Paleontologists also studied the Hanifa Formation and contributed to the

general understanding of the stratigraphyAE a 6 a d , 1991, Hughes, 20



2008 Alkhayl, 202). Recently, some detailed stratigraphical Esdvere carriedut on

the Hanifa Formation (Eltom et al., 2017-&brogy et al., 2018; Fallatah akerans,
2018). The denominator of all previous studies is thaty all targeted the Hanifa
Formation in the central part of the Jurassic outcrop beltrar its type locality. Hughes

et al. (2008) proposed a rimmstelf carbonate platform as a depositional model for the
Hanifa Formationwhich conflicts with Fallatah andKerans (2018)who discussed a
carbonate ramp model and recommended more detailetesfaanalysis and

sedimentological studies to be carried on to decipher this ambiguity.

The differentiation between the types of carbonate platforms in ancient successions is a
must. The carbonate rimmetielves and the carbonate ramps have their owigsaattic
characteristics. The bathymetry and its interaction with the hydrodynamic system,
represented by the waves and tides, make the sedimentary facies accumulate in predictable
patterrsand arrangemesit whi ch i s | mpor t anredicifabilityrTeiss er voi r u
importance also appeabgcausedhe facies boundaries may coincide with fieservoir

and reservoir strata boundaries. In other words, the boundary between high and low
porosity and permeabilitywhether these properties are originald atlepositionally
controlled ordiagenetically facieselective (Ahr, 2008)in addition, no detailed reservoir
characterization studies were carriedt on reservoir units in the Hanifa Formation (the
Ulayyah Member)except forElzain (2015) who targetedhe Ulayydn Member in the Jebel

Abakkayn.



1.4 Objectives and Scope of Work

This study intends to describe, investigate and characterize the Hanifa Formation in Central

Saudi Arabidn terns of:

1) Sedimentary facies analysis using micro and macro featuegsattempto solve the
current ambiguity in the literature on the carbonate platform type that the Hanifa Formation
represents. Was it a carbonate ramp with a gentle slope or a risiakéglatform model?

This ambiguity would impact understanding theeservoir architecture in the[3 view

because it is different in each carbonate depositional model.

2) Sequence stratigraphy and stratal stacking pattern toassa @¢hronostratigraphic basis
for acorrelation between studied outcrops and those stpdedoudy (e.g, Eltom et al.,

2017 Fallatah and Kerans, 201i8ughes et al., 2008)

3) To characterize the upper section of the Ulayyah Member as reservoir equivalent
geologically ancgetrophically (porosity, permeability)it would start by estimatg the

visual porosityfrom thin sections and describitige different types of pores, and then the
porosity and permeability will be measured from plugs. These measurements will be
associated with petrographic and textural descripttorclassify the resvoir into defined

mappable flow units with control of lithofacies

The following step is to work in the unstudied southern part of the Jurassic outcrop belt to
correlate itwith the central sections. The extension of the studyveoeisd helpunderstand
the lateral facies change and the possible carbonate model variation and could add new

faciesthat have never been describdthe sequential Gaussian simulation is a powerful



tool that helps understand the spatial variation and predict properties thabdeve

modeled in unstudied areas by filling in the gap between the studied sections statistically.

The process starts with real data collected from the outcrops, studying their variability

through variograms, then moves to the geostatistical model. FEimaligturns to the

outcrops to ensure that the moget oper |y deci pher ed ytThee propert
final objective is to quantify all previous observations and interpretations and

geostatistically study their spatial distribution and variation

1.5 The Study Area

The Hanifa Formation crops out along the whaoleéhe Jurassic Shaqra Group belt. The
study will start with the central area around Riyadh with the Ripddkkah roactut as a
base section since it contamest of thd o r mat i o n GIsen,she maindatus @ik .
be on thaunstudied southerfiftank of the belt between the Riyadihakkah roa-cut section

and the As Sulayysection (Figuredl.2).

1.6 Literature Review

1.6.1 Geologic Setting of the Study Area
The Amar continental dlision occurred durig the Neopoterozoic (640620 My) when
the Ar Rayn microplate moved westward and collided with the Arg@haeid through the
Amar Suture zone itheN-S trend (Athusseini, 2000; Alsharhan and Nairn, 2003) (Figure

1.3). In the late Proterozoic, extensabistress affected the whole area, caused by the
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Figure 1.2: Google map image showing the studied outcrops (red stars) and transect
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Figure 1.3: The tectonic history of the late Proterozoic Arabian Shield. From AlHusseini (20Q).
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emplacement of an-fype graniteThe ancient folds formed by the first collision steered
the formation of new structures; the limbs of existing folds were faulted, and the crests
remained high and formed horsts. Thebatween grabens were filledith clastics,
evaporites (salt), and carbonates-fAisseini, 2000). Subsequently, the horsts and folds
became giant structures that trapped hydrocarbons (e.g., Ghawwar Field)ségini,
2000). During Late Permian, the N&ethys ocean was created @wlling a major rifting

event in the eastern part of the Arabian PlateJg@lal, 1995)In dominance deposition
intervals, the newly formed ocean witnessed an interchange between siliciclastics,
evaporites, and shallow marine carbosatgiegler, 2001) (Fjure 1.4). During the last
stages of this intrusierelated extension, the Najd fault and rifting system showed a series

of intracontinental rift basins with a NEW trend (Blasband et al., 2000

Because of plate tectonic rearrangements, the locatiomefArabian Plate was continuously
changing throughout the Precambrian and the Phanerozoic (Ei§ur&ollowing (Konert et

al., 2001), the Arabian Plate was approximately in an equatorial latitude position, around 80°
to the west of its current attitudeiring the Neoproterozoic. Passing the Protere@aimbrian
boundary, the Arabian Plateoved southward in an anticlockwise mode of motion till it
reached its maximum location to the south in the Late Ordovician, which was 4 péad
(Abu-Ali et al., 1991). Then, it gradually moved clockwise in a northern direction and entered
another glaciation period in the Late CarboniferdosEarly PermianVaslet, 1989 Senalp

and AlDuaiji, 2001). It reached a position near the equator during the Jurdssits( 1980;

Le Nindre et al., 2003 According toHandford et al. (1988) and Ausseini (1997)wide

accumulations of shallow marine carbonates occupied the Arabian Plate during the Jurassic,

and these sediments formed a sequence of deposits¢hadwna med @At he &haqr a

13
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Figure 1.4: Arabian Plate stratigraphic column from Late Permian to Holocene. From Ziegler (2001).
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During the ate Callovian to Oxfordian, a general 4eel lowstand was recoed (Haq et

al.,, 1988). However,a wide carbonate deposition occurred in shallow marine
environments, in addition to deep marine environments that occurred in newly formed
intrashelf basins in the Arabian Plate (Haq et al., 1988),R.g.s Al Kh aAl ma h,
Khali, Arabian Basin in central Arabia atite Gotnia Basin. A large amount of organic

rich shales was deposited in those basins under anoxic conditionslémifa Formation)
(Bordenave and Burwood, 1990). Tieerr basins mentioned abowere formediue to the

reactivation of some of the Hercynian tectonic structures (Ziegler, 2001).

1.6.2 Shagra Group
The Jurassic Shagra Group represents the most significant stratigraphic unit in the Arabian
Plate since it contains the largest hydrocarbon reservoirg iaréa (Enay et al., 1987). It
comprisesseven formations, starting from the oldest: the Marrat, Dhruma, Tuwaiq
Mountain, Hanifa, Jubka, Arab and Hith Formations igure 1.6). These formations
contain twelve different reservoir zones starting at the WétbeMarrat, followed by the
Farida, Shares, Lower Fadhili, Upper Fadhili, Hadriya, Hanifa, AyalArab-C, ArabB,
Arab-A, and Manifa members (Enay et al., 1987; Hughes, 2004; Powers et al., 1966;

Steineke and Bramkamp, 1952)d&re 1.6).

During the Toecian, the sediments of the Marrat Formation were unconformably deposited
over the sediment of the Triassic Minjur Formation. The Marrat Formation comprises
siliciclastics, evaporitegnd carbonates that increase toward the top. A major transgression
occured during theBajocian, following a hiatus during the Aalenian, which resulted in the

deposition of thédhruma and Tuwaiq Mountain Formations sedireeihe sediments
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Figure 1.5: Paleolatitude of the Arabian Plate since the Late Proterozoic till the Jurassic. From Konert
et al. (2001).
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showed a higldeposition rate in response to an increased tectonic subsidenfeeratindre
et al., 2003)A disconformity marks the boundary between the DhrundaTanvaig Mountain
formations The proposed age for Tuwaiq Mountain Formatiorfrgsn late Bajocian to

Callovian (AlsharhamndNairn, 2003).

The Hanifa Formation, Oxfordian in age, was subdivided by Vaslet et al. (1983) into two
members: the Hawtah and tbéayyah. Both show a shallowingpward succession with
high-frequency cycles and cycle sets relatetheustatic rise and subsidence (Sharland
et al.,, 2001 Hughes et al., 2008 The upper part of the Ulayyah Member shows an
aggrading and prograding ld@ grainstone successiarpresentinghe Hanifa reservoir

(McGuire et al., 1993).

The sediments of the Jubaila Formation rest unconformably on the sediments of the Hanifa.
They are mainly composed of subtidal wackestones and packstones, with deraled co
heads from the Hanifa FormatioGenerally, the Jubaila Formation sediments become
intensively bioturbated upward lsmar et al., 2015). It represents a Kimmeridgian
transgressive event that resulted in the deposition of orgahi¢ine carbonateforming

the lower part of the formation (Alsharhan and Nairn, 2003). The Arab and Hith
Formations are composed of interbedded carbonates and evappieEsentinga series

of transgressiveegressive depositional events in restricted conditiornidakid for 5 My

(Sharland et al., 20Q0Hughes, 2004

1.6.3 Hanifa Formation
Hanifa Formation was firstly defined in outcrop by Max Steineke (1937) as an upper

member of the Tuwgi Mountain Formation. Steineke amamkamp, 1952, formally
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raised the stratigraphiamk of Hanifa to a formation. It was named as Hanifa Formation
by Powers et al. (1966) after tiiéadi Hanifa, which is the type locality of the formation.
The formation age, the main lithologic characterisacsl the lithostratigraphic boundaries
with the underlying Tuwaiqg Moumin and the overlying Jubailaorimations were
delineated by Powers et al. (1966). Lithostratigraphically, the Hanifa Formation was
subdivided into two members: Hawtah and Ulayyah (Vaslet et al., 1983). Many studies
targeted decipheng the paleoenvironments in which the sediments of the Hanifa
Formation were deposited but restricted themselves to a series of limited regional
interpretations that resulted in an approximation of the carbonate platform zonation and
shoreline delineatio (Murris, 1980;Al-Husseini, 1997Ziegler, 2001) (Figure .1 and

1.7). Different facies belts and associations were propaseldding restricted and open
shelf lagoons, shoal & forghoal, coral & stromatoporoid reefsnd open marine (El

Sabbagh et gl2017).

Droste (1990) described a laminated dark istralf organierich calcareous mudstone
with scattered anhydrite ithe Qatar subsurface and mentioned its importance as one of
the major source rocks in the Arabian Plate. The Oxfordian stexedescribed in terms

of biostratigraphy and paleoenvironments by Hughes (2004) and Hughes et al. (2008)

(Figures1.8 & 1.9).

Le Nindre et al. (1990), Sharland et &001) Mattner and AMHusseini (2002), and
Hughes (2004¥tudied the sequence stratigrapfamework of the Shaqra Group. They
proposed thathe Hawtah and Ulayyah embersare equivalent to two thirgbrder
sequences in the Arabian Plate stratigraphy. Moreover, the Hawtah Member was

subdivided into five fourttorder sequences and Ulayyah Memibé&r seven.
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The Hawtah Member is 57 m thick andwsddle Oxfordianin age. This age assignment
was based on the occurrenceRafraceocerasaff. arduennenseP. macrum andP. aff.
hexagonumnautiloids (Tintant, 1987)as well as the occurrence Bliaspidoceras cf.
catena perarmatunammonites Yaslet et al., 1983Enay et al., 1987 The Ulayyah
Member is 71 m thick and shows a grainier texture than the sediments of thén Haista

late Oxfordianin age. This age assignment was based on the occurrence of the benthic
foraminiferaAlveosepta jaccardiManivit et al., 1985Hughes, 2004) andaracenoceras

aff. sulcatumammonites (Tintant, 1987).

1.6.4 Reservoir Characterization
Resevoir characterization could be defined stadyinga reservoir's thredimensional
spatial distribution of petrophysical propertigsicia, 1999). Earlier studies on carbonate
reservoirs were conducted by paleontologists and sedimentologists, who téngeateef
deposits as the main reservoir type. Durin
Bahamas by the group of Robert Ginsburg showed the importance of sedimentology and
petrography of these modern deposits and the ability to use themalagsafor ancient
systems. Simultaneously, Gus Archie elucidated that carbonate reservoirs could be
described and characterized the same as siliciclastic; through their petrophysical
parameters instead ofibngb | i ndl y descri bed Mwrayfiloahe f s 0.
Luciaand Murray (1967)and Roehl (1967) had a head start in linking the petrophysical
properties of carbonate rocks to their sedimentation mode and petrography through detailed
core geological and petrophysical studies. TH2 @istributiono f carbonate res
petrophysical properties within constructed facies and diagenetic models was thabprincip

method of reservoir characterization during the 1970s and 1980s.
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This research primarily focuses on characterizing fthenifa Formation outcrops'
equivalent reservoir units and developing thde@aensional lithofacies and petrophysical
analogs for subsurface reservoir models and developmesst plaw subsurface reservoir
zones can be discovered using these outcrop masleish mirror the Hanifa reservoir's

architecture and flow units.

1.7 Methodology

The following chart (Fyure 1.10) shows tB main methods and steppplied in this

research:
| Sedimentology | | Sequence stratigraphy | | Petrophysical analysis | I Geostatistics modeling
*Grains type and size *Nature of stratal stacking *Measuring porosity and «Univariate statistics
*Macro- and microfossils patterns permeability (core plugs and *Semivariograms
*Sedimentary structures *Distinctive features of thin-sections) *Kriging
*Surface associations sequence stratigraphic surfaces *Heterogeneity assessment *SGS
*Beds geometry and bed thickness *Geometrical features (e.g.
*Diagenetic analysis channels, sheet like, pinching-
*Other sedimentological features out)
*Lateral and vertical variations

High-resolution depositional and sequence stratigraphic models hl Reservoir zonation and rock types |

U

What is the dominant Factors controlling Ulayyah
depositional model? reservoir heterogeneity

| 3-D Geostatistical models (i.e., lithofacies and porosity and permeability)

|

| Spatial variability of reservoir rock types |

Figure 1.10: The workflow to accamplish the research objectives.
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CHAPTER 2

FACIES ANALYSIS AND DEPOSITIONAL MODEL FOR

THE OXFORDIAN HANIFA FORMATION, CENTRAL

SAUDI ARABIA

Abstract

High-resolution (centimetescale) description and analysis of eight outcrop sections
through the Oxfordiaklanifa Formation along a 535 klong N-S transect in central Saudi
Arabia are used to develop a comprehensive conceptual depositional model through time.
The cumulative vertical thickness of the studied sections reaches 461 m. Nine sedimentary
lithofaciesare interpretedwhich are grouped into four facies associations, jeuter

ramp association (FA1),)limid-ramp association (FA2), )llinnerramp grainyfacies
association (FA3), and Vlinnerramp reefal association (FA4). The outamp
associatia includes argillaceous carbonate mudstone (F1). Therang association
includes intraclast rudstone (F2), skeletal sponge spiculitic wackestone/packstone (F3),
and horizontallylaminated siltstone/claystone (F4). The grainy facies of the -ramep
asseaiation includes croskedded skeletal quartz peloidal grainstone (F5) and trough
crossbedded calcareous sandstone (F6). In contrast, the-rizumgr reefal association
includes reetrest stromatoporoid/coral framestone (F7), gralehinated foreeef

floatstone (F8), and open bawef oncoidal rudstone (F9). The lithofacies succession
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distinguishes two depositional phases,,iBhase 1 and Phase 2, corresponding
lithostratigraphically to themiddle OxfordianHawtah and uppexfordian Ulayy
Members,respectively. Phase 1 represents deposition on a homoclinal carbonate ramp,
whereas Phase 2 witnessed the transition from a-goamnated carbonate ramp to a reef
bearing one, as indicated by reefal association (FA4¢. Hanifa Formation carbonate
rampevolution reflects coral reef expansion over the soutNexmTethys passive margin

in thelate Oxfordian In the southern section of the studied transect, siliciclastic deposits

are described for the first time from the Hanifa Formation (F4 and F6).

Keywords

Homoclinal carbonate ramp; Reeéaring carbonate ramp; Siliciclastics; Reef facies

association; Oxfordian Hanifa Formation

2.1 Introduction

The geometry of a carbonate platform could be controlled partially by the biological
components of the carbonatepdsitional system, which is controlled, in turn, by climate,
water chemistry, light penetration, salinity, nutrition level, siliciclastic input, water
agitation level, and the tectonic setting of the sedimentary basin. These elements have long
been a focusf academic and industrial research because of the high number of parameters
involved and how they continuously interact (Wilson, 1975; Crevello et al., 1989; Schlager,
2005; Markello et al., 2008; Kelley et al., 2020). The two most abundant carbortaerpla
geometries in the geologic record are rimpseelf and homoclinal ramps (Ahr, 1973;
Tucker, 1985; Burchette and Wright, 1992; James and Kendall, 1992; Pomar, 2001; Ahr,
2008; Flugel, 2010). Differentiating between these two carbonate settings entanci

successions is significant because their facies belts grow in predictable patterns and
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configurations; therefore, the reservoir and source rock facies developed differently (Lucia,
1995; Ahr, 2008). Consequently, lithofacies analysis is an indispenssbp in
hydrocarbon exploration. However, a depositional model interpretation is not
straightforward, and good quality, largeale outcrops (dipriented) and/or seismic data

are typically required to establish the geometry.

The Mesozoic shallowater @rbonate succession of the Arabian Plate represents the
southern Nedl ethys' passive margin. The succession includes the world's largest and most
prolific conventional hydrocarbon reservoirs (Konert et al., 2001). The Upper Jurassic
Hanifa Formation is amconomically significant lithostratigraphic unit in the Jurassic
Shagra Group in the Middle East. It contains both potential source rocks of erighnic
basinal mudstones (Carrigan et al., 1995; Cantrell et al., 2014; Al Ibrahim et al., 2017) as
well as dallow-water norskeletal grainstone facies with good conventional hydrocarbon
reservoir characteristics (Alsharhan and Magara, 1994; Hughes et al., 2008). Therefore, the
sedimentology and stratigraphy of the Hanifa Formation need to be well understood to
work out successful exploration and development plans, either as a conventional
subsurface reservoir, source rock, or unconventional petroleum system. Conceptual
depositional models can detect fisealetemporal and spatigkedimentological
heterogeneitie Static reservoir models and-D3volumetriclithofaciespercentage
estimations may be improved by including these heterogeneities (Grammer et al., 2005;

Labourdette et al., 2008).

Many previous sedimentological studies focused on paleoenvironmentastrections
for the Late Jurassic members of the Hanifa Formatepresentinga shallowmarine

carbonate succession deposited on the western flank of the passive continental margin of
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the NeeTethys Ocean. Outcrop and subsurface investigations in c8atndi Arabia and

the Middle East oil fields, respectively, suggest that shoreline to carbonate platform
succession reflects the typical depositional setting (Powers et al., 1966; Murris, 1980; Okla,
1983; Moshrif, 1984; Okla, 1986; Droste, 1990:Hdisseni, 1997; Ziegler, 2001; Eltom

et al, 2017, EBorogy et al., 2018; Fallatah and Kerans, 2018). Furthermore,
biostratigraphical studies have contributed to the general understanding of the stratigraphy
of the formation (ElAsa'ad, 1991; Hughes, 2004; Hegtet al., 2008; Hughes, 2018; Enay
and Mangold, 2021). Moshrif (1984), Droste (1990), and Hughes et al. (2008) proposed a
rimmedshelf carbonate platform depositional model based on subsurface lithofacies and
biofacies characterizations. They interpreteel Hanifa Formation as part of a wide semi
continuous stromatoporoid bank (rim) surrounding an enclosedshélé basin where
organicrich source rocks were deposited which were covered by a younger evaporite
succession. This model contrasts with Falaand Kerans (2008), which discussed a
gently sloping carbonate ramp model. For these reasons, the present study fo¢heed on
Hanifa Formation outcrops to refine the depositional maalelsosed in previous studies.

The HanifaFormationexposuresvere aescribedover a wide area of thiurassioutcrop

belt in Saudi Arabia and interpeetin terms ofits sedmentological characteristics and

depositional environments.

2.2 Geological ®tting

2.2.1 Tectonics

The study area in central Saudi Arabia represents a shadi@yurassic epeiric sea on the
western side of the Nebethys Ocean, underlain ltige Arabian Shield basement rocks.

During the Late Precambrian, the ArRayn microplate shifted westward and collided with
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the Arabian shield, forming folds in addition te@tN-S trending Al Amar Suture Zone (Al
Husseini, 2000; Alsharhan and Nairn, 2003). The Late Proterozoic concluded with a vast
NWi SE intrusionrelated expansion (Blasband et al., 2000). Ancestral folds were faulted,
and their crests stayed high, formindssef horsts and grabens. The folds formed over

horsts later became huge hydrocarbon traps (e.g., Ghawwar Fieldugaeini, 2000).

Western Pangaea witnessed extensive continental rifting and crustal stretching and
weakening during the late Early Permidhis period split the Cimmerian continent from
Gondwana, resulting in the development of the-Nlethys Ocean at the cost of the Paleo
Tethys Ocean (ADallal, 1995; Stampfli and Borel, 200gure.2.1A). During the Early

and Middle Jurassic, the east Mediterranean passive margdieveloped in the northern
partof the Arabian Plate (Ziegler, 2001). The Late Jurassic witnessed the-Aifdieam

plate separation, characterized by a marine transgression affecting the Arabian passive
continental margir(Sharland et al., 2001; Ziegler, 20@igure.2.1B). During the late
Callovian tomiddle Oxfordianstages, the continuous subsidence produced three main
intra-shelf basins east of the Arabian Plate (Murris, 1980; Enay et al., 1987; Droste, 1990;
McGuire @ al., 1993; AlHusseini, 1997). However, multiple episodes of tectonic
instability occurred in the Jurassic, which may have been linked to subsidence resistance
and few largescale uplifts (Le Nindre et al., 2003). The instzelf basins were formed
potertially in connection with the rejuvenation of majgfS basement faults, which
resulted in a set of basins bounded by uplifted horsts. Eastward, in addition to bordering
the intrashelf basins, the horsts represented the far east Arabian Plate margi&, wher
sediments prograded eastward (toward the-Nethys basin) and westward into the intra

shelf basins (Vahrenkamp et al., 2015). However, shallesitincarbonate growth,
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Figure 2.1: Geographic and g®elogic maps of the study area. A) The Oxfordian paleogeographic map
showing the equatorial position of the Arabian Plate (drawn in red) as a continental passive margin of
the NeoTethys Ocean (from Scotese, 2013). B) Paleofacies maptloé early Late Jurassic in the
Arabian Plate showing the spatial lithological variation through this epicontinental sea. The studied
outcrop locations are marked by solid red circles (modified from Ziegler, 2001). C) Google Earth
image, showing the studied transect (yellow c¢hed line) with the locations of the measured section
(solid red circles), in addition to the available locations of previous studies.
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associated with the Callovian and Oxfordian marine transgressions may be responsible for
forming relativelydeep intrashelf basins (Gravestock et al., 2021). Wide accumulations

of shallow marine carbonates occurred on the Arabian Plate during the Jurassic, and these
sediments formed a sequence of deposits ndthedShaqra GroupVaslet et al., 1988;

Al-Husseini, 1997; Andford et al., 2002).

2.2.2 Stratigraphic Background
Steineke (1937) originally described the Hanifa Formation as the top part of the Tuwaiq
Mountain Formation in an unpublished paper. Later, Steineke and Bramkamp (1952)
defined Hanifa as an independent strafpdpic formationThe Hanifa Formation is named
after Wadi Hanifa, which is the type locality of the formation (Powers et al., 1966). The
Hanifa Formation was subdivided into the Hawtah and Ulayyah members (Vaslet et al.,
1983;Figure.2.2). The Hawtah Melwer is 57 m thickconsisting of clayey and skeletal
carbonatesand ismiddle Oxfordianin age. This age assignment was based on the
occurrence oParaceoceragff. arduennense?.macrumand P. affhexagonunmautiloids
(Tintant, 1987), as well as the aorence ofEuaspidocerascf. catena perarmatum
ammonites (Vaslet et al., 1983; Enay et al., 1987).UlagyahMember is 71 m thick and
possesses more skeletal and -skeletal grainstones and coral/stromatoporoid
boundstones than the sediments of the tdaWwlember. It is assignedate Oxfordiarage
based on the occurrence of the benthic foraminifdvaosepta jaccardiManivit et al.,
1985; Hughes, 2004, Hughes, 2018) Badacermcerasaff. sulcatumammonites (Tintant,

1987).
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Figure 2.2: Middle to Upper Jurassic lithostratigraphic succession of central Saudi Arabia (modified
from Hughes, 2004).
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2.3 Methodology

Sedimentary lithofacies are classically described based on lithology variations, textures,
sedmentary structures, fossil content, and stacking pattern. The interpretations presented
in this study are based on eight measured outcrop sections (H1, H2, H3, H5, H6, H8, Al
Ahmar, and As Sulayyil) of the Oxfordian Hanifa Formation, along a 53%kigptransect

in central Saudi Arabia (Figure. 2.1C; Appendix A). The thickness of the studied sections
ranges from 113 m to 15 m, whereas the distance between them ranges from 56 km to 321
km. The vertical stratigraphic sections were drawn using Easy Core sofiwa studied

at high resolution at a centimeter sc#ldotal of 587 samples were slabbed, polished, and

scanned using an Epson Perfection V700 scanner.

Moreover, 138 thin sections were prepared and impregnated witidydaeepoxy. The

thin sections wes photomicrographed using a polarizing microscope with an attached
Olympus UC30 digital camera. The textural classification was based on Dunham (1962)
and its amended version of Embry and Klovan (1971). The bioturbation intensity was
estimated based on ehbioturbation index proposed by Knaust (2012). Furthermore,
mudstone chips and whole muddy sample powdaewanalyzed using scanning electron
microscopy and Xay diffraction technique<arbonate, silicate, and clay minerals were
identified using an X'€t3 Malvern Pananalytical system. Sample holders with-mr20

square size were used to hold the powdered samples. For a broad variety of minerals, the

scan range was set at 10 to 90°.
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Figure 2.3: Sedimentological logs of the studied outcrops containing the described sedimentary lithofacies and
facies associations.
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2.4 Results

2.4.1 Facies Description
Facies analysis carried out in the Hanifa Formation allowed dissinigigi nine lithofacies,
labeled F1 to F9, reflecting different depositional environmdggi(e.2.3). Argillaceous
carbonate mudstone (F1): Beds thicknesses range from a few centimdemistetersF1
is interbedded with massive sponge spiculitic vesténe (F3) Kigure. 2.4A). 1t is
represented by brown massive/laminated argillaceous carbonate muéstome.2.4B).
It contains small scattered bivalves and brachiopods. Thin sections reveal scattered
monaxon and triaxon sponge spicul&sggre. 24C), and SEM analysis shows platy
detrital and elongated lathaped authigenic illitd<gure.2.4D). XRD analysis shows the
dominance of calcite (88.3%) and the existence of quartz (7.3%), kaolinite (1.9%), illite

(0.8%), muscovite (1.6%) as well as montithanite and magnetite (both 0.1%).

Intraclastic rudstone (F2): This facies interval has a thickness of 5.2 m of bedded and
channelized deposits. It comprises a basal zone ofbadilled intraclastic rudstone
(Figure.2 4E) with an erosive base (averagelbhickness of 0.5 m). The intraclasts consist

of massive carbonate mudstone and sponge spiculitic wackestone. They are rounded to
subrounded in shape, range in size from 1 to 12 cm, and show a general fining upward
trend Figure.2.4F). The bedded rudste is cut by a set of intercalated channels, filled,
similarly, with intraclasts rudston€&igure.2.4G). The intraclasts in the channelized bodies

are coarser than those in the bedded section; their diameter ranges from 5 to 25 cm. F2 is
found only at tle base of section H2, in the middle of the studied transect, stratigraphically
below F1, and in contact with the uppermost beds of the older Tuwaiq Mountain Formation

(TMF) (Figure.2.3).
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Figure 2.4: Macro and microphotographs of the midramp to outer-ramp lithofacies; F1 (A, B, C &

D), F2 (E,F & G), F3 (A, H, 1 & J) and F4 (K & L). A) High frequency interbedding between brown
argillaceous carbonate mudstone beds (F1) (red arrow) and beige massive sposigieulitic wackestone
beds (F3) (yellow arrow). B) Vertical slab of F1 argillaceous carbonate mudstone, with traces of
horizontal lamination (arrow). C) Thin section microphotograph of F1 with scattered monaxon and
triaxon sponge spicules (TS, yellow arroyv D) SEM image of F1 illustrating the existence of platy
detrital (red arrows) and filamentous and lathrshaped authigenic illite. E) Intraclasts (arrows) inthe
rudstone texture of F2. F) Finning upward pattern through F2 (intraclasts are shown between ¢
arrows). G) Interbedding between horizontallybedded intraclast rudstone with erosive base and
channelized one (red dashed line and arrows). H) Thin section microphotograph showing the sponge
spiculitic wackestone of the lower part of F3. I) F3 packstonéhin section image demonstrating the
dominance of monaxon and triaxon sponge spicules (note the preserved internal canals of the spicules
in the middle of the image) in an organierich matrix. J) Intensive bioturbation (bioturbation index =

5) with complex branching Thalassinoidesburrows in F3 (red arrow). K) Outcrop photo of fissile and
massive white claystone beds of F4. L) Horizontal lamination an&kolithos burrows in the top of
calcareous siltstone of F4.
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Sponge spiculitic wackestone/packstone (F¥)e beds are white to beige, range in
thickness from 15 to 80 cm, have a massive appearance, or are intensively bioturbated. The
depositional texture of F3 ranges from wackestone to packstone. F3 is an interbedding
between these textures, with the wackestmore commonly found in the lower part of

the lithofacies beds. F3 beds are laterally continuous within all studied outErgpee(

24A). They overly and are often interbedded with F1 and underlie-bexk$ed quartz
skeletal peloidal grainstone (F3}hin sections show the existence of monaxon siliceous
sponge spicules in the wackestoR&(re.2.4H). The packstone shows a more organic

rich matrix with monaxon and triaxon siliceous sponge spicufégule. 2.41). The
associated fossils in F3 are formifera Kurnubia palastiniensislenson 1948), bivalves,

and echinoid spines. The bioturbation of F3 beds is intense (bioturbation Hxles 4o

other sedimentary structures were presenfadufe. 2.4J). However, traces of cress
bedding are noticedni contact with F5 grainstone but are completely hindered by

bioturbation. The main observed trace fossilsTdralassinoide®urrows.

Horizontally laminated siltstone/claystone (F4): It comprises massive beds of fissile white
claystone FFigure.2.4K) and @sses upwards into a brown to green siltstone. The siltstone
is horizontally laminated and shov@kolithosichnofossilat the upper part of its beds

(Figure.2.4L). The siltstone beds stratigraphically overlie the claystone and underlie the

trough crossedded sandstone of F6.

Crossbedded skeletal quartz peloidal grainstone (F®o main sukfacies are defined
based on the bedding style and abundance of grains components; F5a and F5b. The bedding
style of F5a shows laterally continuous beds with a cohsteckness Figure. 2.5A),

whereas F5b beds show thickness heterogeneity and lenticular bdeldumg .2.5B).
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Figure 2.5: Macro and micro features of innerramp lithofacies F5 (A, B, C, D, E, F & G) and F6 (H
& 1). A) Outcrop photograph showing the lateral continuity of F5a isopachous beds. B) Outcrop
photograph showing bedding thickness éterogeneity and interfingering beds of F5b (dashed red and
yellow lines follow thin bed boundaries of F5b). Note the channelization (indicated by hammer). C)
Trough crossbedding in peloidal grainstone facies (F5). D) Herringbone crodsedding in F5
demorstrated by stromatoporoid imbricated heads (dashed lines). The yellow arrows show the
paleocurrent directions. E) Thin section displaying the first sukfacies of F5 (F5a): grainstone texture
with peloids (P), and skeletal grain dominancelurnubia palastinensis(K), Nautiloculina oolithica (N))
and intraclasts (I). F) Second subdacies of peloidal grainstone facies (F5b) is dominated by wedbrted
fine quartz grains and peloids. G) Thin section image showing transported fragments of inner lagoon
dasycladalgaePseudoclypeina distomengiarrows) in a high-energy skeletal peloidal grainstone of F5.
H) Thin section image of calcareous sandstone of F6 displaying wetlunded coarse quartz grains,
lithic peloids, and bivalves. I) Small scale trough crosbedding (yellow dashed lines) in F6.
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B e dtisioknesses range from 10 to 150 cm. F5a dominates over F5b and is found through
the whole section of Hanifa Formation, often associated with F3. Alternatively, F5b
associates the reefal and oncoidal facies (F7 &neBpectively) and is found in all studied
sections but only in the upper part of the Hanifa Formation. F5 displays planaoagial
crossbedding (Figure2.5C) andimbricaed stromatoporoid intraclagiSigure.2.5D). F5
comprises intraclasts, skelegrains, sukrounded fine quartz grains, and peloids with
variable percentages. Two main abundances of these four components are noticed (F5a and
F5b). The first type (F5a) shows more skeletal graidsir{ubia palastiniensis
Nautiloculina oolithica(Mohler, 1938), echinoid spines, bivalves) and intraclasts versus
quartz grainsKigure.2.5E). The second type (F5b) is composed of very-sailed fine

quartz grains Kigure. 25F) and contains scattered fragments of dasyclad algae
Pseudoclypeina distomengisgure.2.5G). Peloids are common grains in both-fadies

and are coarser in F5a than in F5b.

Trough crossbedded sandstone (F6): F6 is characterized by moderately sorted coarse
calcareous sandstone. It consists of s@linded coarse quartz grainsthwiscattered
bivalve and lithic peloidsHigure.2.5H). The sandstone shows planar and trough €ross
bedding Figure.25l). F6 is associated with the laminated siltstones of F4 and is only

found in the southern sections (Al Ahmar and As Sullayil).

Coralstromatoporoid framestone (F7): The framestone is characterized by in situ colonies
of hemispherical scleractinian coraliqure.2.6A) and stromatoporoid~{gure. 2.6B).

The framestone buitdps are massive, forming laterally continuous biostromes ofaputcr
scale and reaching a thickness of 2.6 m. The dominant coral form is hemispherical heads

with diameters ranging from Ifnto 43 cm. The identified coral species Hbyastraea
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Figure 2.6: Sedimentary features of Phase 2, mid to inneramp coral/stromatoporoid reefal lithofacies
F7 (A, B, C, D, E, F, G, H, and I) and F8 (J, K, and L): A) Outcrop photo of an irsitu colony of
hemispherical scleractinian coals biostrome. B) Stromatoporoid (S) and coral head (C) together in a
matrix of oncoidal grainstone (note the laminae and pillars of the stromatoporoid head). C)
Kobyastraea lomontiangEtallon 1864) coral with distinctive astraeoid corallites arrangement D)
Stylina regularis(Fromentel, 1867) coral species with radial septa, low relief corallite walls, and cerioid
arrangement. E) Actinastrea bernensigKoby, 1880-1890) with cerioid corallite arrangement, radial
septa, and prominent separating walls. Notéhe encrusting oysters (arrow). F) Thin section showing
micro boring by bivalve through the body of the coral. G) Rock slab of F7 showing multistage
encrustation over the coral head (C) by stromatoporoid (S) and then by microbial crust (M) in oncoidal
grainstone matrix (arrow). H) Thin section of F7 matrix demonstrating skeletal sponge spiculitic
packstone. 1) Skeletal packstone matrix of F7 withCladocoropsis mirabilisJ) Outcrop image of F8
displaying horizontal beds of coral and stromatoporoid heads ahhead fragments, scattered over finer
skeletal packstone matrix displaying a floatstone texture (vertical thickness of the roadcut is 3.7 m).
K) Close-up outcrop image of F8 showing more allochthonous and less-§itu stromatoporoid heads
(arrow). L) Thin section of F8 matrix showing muddominated packstone texture with oncoids (O),
foraminifera (Redmondoides lugeor{R), Kurnubia palastiniensisK) and Nautiloculina oolithica (N)),
and echinoid spines (E).
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lomontiana(Etallon, 1864)Stylina regularigFromentel, 1867), anlctinastrea bernensis
(Koby, 18801890) Figure.2.6C, D and E, respectively). The corals are bored by bivalves
(Figure.2.6F) and encrusted by oysters, stromatoporoid, and microbial cRigtses.

26E and G). The framestone has atnx of either oncoidal peloidal grainstorfé@gure.

2.6G), skeletal spongspiculitic packstoneHigure. 2.6H), or scatteredCladocoropsis
mirabilis (sponge) within skeletal packstond-igure. 2.61). Stromatoporoietoral
floatstone (F8): it is representdy a few scattered in situ and abundant allochthonous
calcified demosponges (stromatoporoids) and coral heads, ranging in diameter from 7 to
50 cm, with a skeletal packstone matiigure.2.6J, K). The stromatoporoicoral head

debris is poorly sortedhe beds are massive, and the bedding planes are erosive, undulated,
and poorly defined. The heads are slightly bored by bivalves, unlike the packstone matrix
that is heavily burrowed and composed of sponge spicules, foraminkeraupia
palastiniensis Nautiloculina oolithica Redmondoides lugeoniSeptfontaine 1977)),
echinoid spines, peloids and scattered oncoid gr&iigsire. 2.6L). F8 overlies F3 and

underlies the F7 coratromatoporoid framestone and the F9 oncoidal rudstone.

Oncoidal rudstone @: F9 beds are 1@mto 35 cm thick, massive, and have a rudstone
texture with an erosive base and a high concentration of on€agls€.2.7A). The shape

of the oncoids is controlled by the nucleus, i.e., ellipsoidal with bivalves and more spherical
with foraminifera and aggregate (made of peloids and skeletal fragments) nucleus.
Oncoids' diameter ranges from 1 to 3.5 niigre.2.7B). Thin section petrography shows

the dominance of spongiostromate oncoids, where the cortex is laminated with sparitic

patches or laminae (lamination type 2 & 3; Fligel, 201Bgyre.2.7C). However, fewer
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Figure 2.7: Oncoidal rudstone facies (F9): A) Outcrop image of massive, highly concentrated oncolitic
rudstone bed. B) Rock slab image showing different shapes of oncoids (more spherical and ellipsoidal)
with poor sorting. C) Spongostromate oncoids with scattered sparitdilled patches (red arrow) and
laminae (yellow arrow); (lamination type 2 and 3 (Fligel, 2010)). D) Porostromate oncoids formed by
Bacinella irrigularis (lamination type 5). Some oncoids are combination type (spoigtromate and
porostromate) (red and yellow bars to the left). E) High microbial activity is noticeable in F9; note the
encrusting Girvanella (arrow). F) Association of oncoidal rudstone (F9) (arrow) and coral (C). Note
the encrusting oyster (O).
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oncoics are encrusted acinella irregularis(porostromate) (lamination type 5; Flugel,
2010; Peryt, 1981 Hgure.2.7D). Combination forms and multistage formation of oncoids
are also observedFigure. 2.7D). Few cyanobacteria(irvanella) either occur as
independent colonies or caslteletal peloidal aggregate graifsgure.2.7E). Associated
grains include monaxon sponge spicules, foraminifeair(ubia palastiniensis
Nautiloculina oolithicg, echinoid spines, peloids, intraclasts, gastropods, and micrite
enveloped grains that are highly cemented by sparite. F9 shows interbedding with cross
bedded peloidal grainstones (F5b) and is associated with thestmalatoporoid

framestone (F7) as a matrix between coral hemisphereigisré.2.7F).

2.4.2 Facies Interpretation
F1: The fine texture and massive appearance of F1 support-ankengy depositional
environment. However, the horizontal lamination could result from lower plane bedform
conditions resulting from the gravitational settlement of fine sedimentsiat water
(Ashley, 1990). Fine quartz and clays indicate the input of a fine siliciclastic suspended
load, which was transported and deposited in a relatively deeper environment. The Late
Jurassic siliceous sponge spicules indicate deep and open madit®nsr{Gammon and

James, 2001; Hughes, 2004). Consequently, F1 is considered a degproptdeposit.

F2: The intraclast size and the rudstone texture of F2 beds with erosional surfaces indicate
high-energy currents that ripped up early lithified cdasthe cuandfill structures,

associated with coarser intraclasts, mark relatively higher energy conditions. The nature of
the intraclasts (sponge spiculitic wackestone and massive mudstone) indicates a relatively

deep marine environment. In additiontk@ normal grading, these criteria point towards
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stormgenerated currents that deposited-maichp gravel sheets and channel fills (Wignall

and Twitchett, 1999; Handford et al., 2002).

F3: Low energy sedimentation is proposed for the wackestones of Hadigsbased on

its texture, massive bedding, and the existence of the sponge spicules (Hughes et al., 2008;
Fligel, 2010). Because no bioherms were detected in the examined sections in F3, the
siliceous sponge spicules imply the presence of entirely glieggted sponge colonies.
Furthermore, since sponges are fifieeders, they suggest low sedimentation rates
required to develop sponge colonies (Krauter, 1998). Moreover, the association with
mudstone beds of F1 confirms the deep marine conditionsstehmidramp setting. The
superimposition with packstones of F3 supports intermittent relatively shallower and
higherenergy conditions. Still, sedimentation remains below the fairweather besee
because of the absence of sedimentary structures agnbdiic faunal assemblage. The

high biodiversity in micrefossils and the intensive bioturbation indicate open marine
conditions (Taylor and Goldring, 1993) and suggest a gradual change from distal to

proximal, midramp setting (wackestone to packstondue respectively).

F4: The fine texture of the claystone and the horizontal lamination of F4 indicate overall
low energy conditions, with net deposition out of suspension. The coarsening upward
pattern from claystone to siltstone, the existencgkaoiihosichndossilin the upper part

of the siltstone beds, and the association of the overlying troughlddgedcalcareous
sandstone strongly suggest siliciclastic deposition below fairweatherhemecin a mid

ramp settingMacEachern and Pemberton,929 Pemberton et al., 2012; Wesolowski et

al., 2018).
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F5: The planar and trough crelssdding of both lithofacies F5a and F5b, in addition to the
grainstone texture, with bedding constrained by erosive bases, indicate constant high
energy conditions assated with waves. To intergreF5a lithofacies, firstly, the
imbricated stomatoporoid intraclasts suggesthighenergybidirectional flow (Gough,
2021). The absence of stratigraphically adjacent reef facies beds (F7) to F5a and the
imbricated stromatopora intraclasts are interpreted by shallow marine patch reefs, eroded
by waves and tidal currents. F5a overlies F3, andkidetal packstone intraclastkow
evidence of erosion of the relatively deeper facies. The laterally continuous bedding of F5a,
with constant thickness, indicates the continuity of high energy conditions over a wide area.
Therefore, the grainstone of F5a is interpreted to be deposited atilgheatbonate sand
bodies in an inneramp setting (Burchette et al., 1990; Meyer and PA&83; Bauer et

al., 2002, Flugel, 2010).

Concerning=5b, the associated reefal facies (F7) possibly playedthef anantecedent
relatively high topography that formed subaqueous shoals (Rankey and Reeder, 2012,
Harris et al., 2019). As the shoalisbstrate, the reef high's spatial heterogeneity resulted

in spatial hydrodynamic variability anglave currents' focus amarrow zones (Cruz and
Eberli, 2019). Consequently, the morphology and size difference of the shoal bodies
resulted in sets of amalgated beds of variable thickness. The shoal banks developed due
to the continuous wave action, which results in very well sorted quartz grains and peloids.
The quartz grains are indicators of a nearby siliciclastic source. The dasyclad algae
fragmentsindicate a shallow lagoonal source from back shoals (Hughes et al., 2008).
contrast, when the quartz peloidal grainstone of F5b lithofacies is compared with the

skeletal peloidal grainstone (F5a), the beds of F5a are similar in terms of thickness but are

44



laterally more continuous and display more uniform bed thicknesses (i.e., sand sheets)

(Figure.25A, B).

F6: The calcareous sandstone with tractuerent structures (trough cressdding), the
high degree of roundness, and the coarse size of F6 quartz grdinate a mulki
directional flow above the fairweather wabase. Based on these criteria and the
associated underlying claystoesitstone facies (F4), F6 is interpreted as a proximal inner

ramp deposit (Walker and Plint, 1992; Dumas et al., 2005).

F7: The in situ massive hemispherical scleractinian coral and stromatoporoid heads in F7
indicate areet r est envi ronment with moderate to
al., 2005; Playton et al., 2010). The encrusting oysters with theirkeeshdls confirm

the high energy conditions. The existence of stromatoporoids ssggé&simely shallow

warm water and a higanergy abrasive environment; favorable conditions for the Jurassic
stromatoporoids. Moreover, the-egistence of corals and stromabopids in F7 indicates
oligotrophic normal marine water (Leinfelder et al., 2005). Generally, the Jurassic
scleractinian corals started to recover after the PAmassic extinction and were in a
young stage of a relationship with photosymbiotism. Theeefanlike recent corals, Late
Jurassic corals were adapted to mesotrophic conditions (Leinfelder et al., 2002; Leinfelder
et al., 2005). However, in the studied sections, encrugsinganella shows that the
southern Nedlethys Oxfordian corals of the Hiéa Formation could havéarboured
photosymbiorgto survive the oligotrophic conditions in the shallow photic zone. The reefs
and associated shoal environments pass laterally into each other since they exchange the
stratigraphic position as the shallowtsties in the shallowing upward cycles of the Hanifa

Formation. The framestone of F7 was deposited in a shallow typical marine environment
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intheinner amp zone (KarabiyikoYlu et al ., 2005) .
domal coral heads, is laterally continuous and found in all studied sections, except in the
Al-Ahmar and AsSulayyil areas (southward) where siliciclastics dominate, they could
represent reef patches in different locations and time intervals. A more detailed time
correlation is needed to prove tleef continuity through the upp@xfordian outcrops in

central Saudi Arabia.

F8: Since some of the stromatoporoid heads show in situtlymmygition among the coral
stromatoporoid debris, these heads grew for a short time before becoming abraded by
waves and suffocated by their debris (Leinfelder, 1992; Leinfelder et al., 2002). The
allochthonous corals and stromatoporoids inditdagdransportation of intreformational

gravels and boulders of collapsed reef framework by falling or sliding in an uppeeére
environment (Riding et al., 1991; Hine et al., 1992; Ross, 1992; Drzewiecki and Simo,
2002; Playton et al., 2010). The randorolyented intraclasts, the petrographic similarity
between F3 and the matrix of the floatstone (skeletal packstone), and the associated
lithofacies all indicate a gravelominated foreeef environment in intermediate

conditions between the inner and ramp(Playton et al., 2010).

F9: The rudstone texture of F9, the grainstone texture of the encasing sediment, and the
intraclasts are high depositional energy indicators (Dahanayake, 1983; Flugel, 2010).
Ellipsoidal to spherical morphology of the laminated odcurface shows a high degree

of rolling on the sea bottom and hence a relatively high wave or current energy (Védrine
et al., 2007; Fligel, 2010). Thgacinella irrigularis micro-encruster on oncoids reflects
relatively lower energy deposits with a loadixground sedimentation rate because of their

slow growth (Dahanayake, 1977; Peryte, 1983, Leinfelder et al.,, 1993). Moreover,
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Bacinella irrigularis encrustation characterizes shallow marine environments with clear,
oxygenated, normaalinity water and ajotrophic conditions (Leinfelder et al., 1993;
Dupraz and Strasser, 1999; Immenhauser et al., 2005). The low energy conditions probably
led to the development of thiwalled cyanobacteria colonie&ifvanelld), porostromate
oncoid, or nordeposition. Thenultistage nature of many oncoidsdure.2.7D) indicates

an oscillation in the hydrodynamism with intermittent high energy. The high abundance
and diversity of fossil content support an open marine interpretation. The stratigraphic
location of F9 regardig F7 shows that F9 likely corresponds to a shallow open lagoon

deposit in an open back reef environment.

2.4.3 Facies Associations and Platform Evolution
The diverse sedimentological criteria of the Oxfordian Hanifa Formation studied outcrops
have led to the mognition of four lithofacies associations: outamp association (FA1),
mid-ramp association (FA2), inneamp association (FA3), and inAgmp association
(reetrelated association) (FA4). The vertical distribution of the lithofacies allowed to
distinguish two main depositional phases, composed of different facies associations. These
phasesstratigraphically correspond to the Hawtahiddle Oxfordian and Ulayyah late
Oxfordian) Members, respectively. The lithofacies of Phase 1 are comprised of FFB,F2,
and F5a, whereas Phase 2 is formed of F1, F3, F4, F5 (a, b), F6, F7, F8, and F9. The gradual
vertical change in facies, the bedding geometry, the absence efkalmtal/skeletal
shallow marine, higlenergy barrier, and landward restricted facies asttaristic of
carbonate rimmed shelf settings support a homoclinal carbonate ramp depositional model
for both Phase 1 and Phase 2. However, theredatied facies association (FA4) in Phase

2 shows criteria of only partial restriction in the baekf zore and without slopeelated
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facies criteria in the foreeef zone, which indicates the dominance of the ramp depositional

model, i.e, a reefbearing carbonate ramp.

A homoclinal carbonate ramp system with neighboring depositional environments and
faciesbelts was typical of Phase 1, with gradual lateral facies variations. The lower part of
Phase 1 is dominated by outamp depositional conditions (FA1). This part is better
examined in sections H2 and H3, located in the center and north of the trandect
includes road cuts. The deepest facies of Phase 1 consists of arraafeiargillaceous
carbonate mudstone of F1 that congaitticiclastic suspended load. The associated storm
related intraclast rudstone (F2) represents aramab facies (FA2) and ignly found in
section H2. Carbonate mudstone of (FA1l) gradually interbeds with the migmp
skeletal sponge spiculitic wackestone and packstone of F3 (FA2) in a shallowing upward
pattern. The shallowest facies of Phase 1, which dominates its uppe&opaist of cross
bedded skeletal peloidal grainstone (F5a) that gradually interbeds with and overly F3 and

representshallow highenergy innerramp sand sheets (FA3).

The main feature that distinguishes the two depositional phases of the Hanifa Farmatio
lithostratigraphically, is the presence of the neséted facies association (FA4) in Phase

2 and the siliciclastic facies southward. The general absence of the coral reefs in southern
Neo-Tethys during theniddle Oxfordians attributed to many facts. The heavy tropical
rainfall could accelerate the influx of terrigenous mud, resulting in a scarcity of reefs in the
low latitude zone (Parrish et al., 1982; Valdes and Sellwood, 1992). In the studied sections,
the siliciclastic mud is evident in the tearamp carbonate mudstone (F1). However, the
absence of counterpart shallow marine siliciclastic lithofacies in Phase 1 makes the tropical

heavy rainfall scenario inapplicable to the Arabian Plate. The ramp platform configuration
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could be another reasothat causes reef destruction and reefal debris exportation
(Leinfelder et al., 2002). Thenly index that could support this scenario is the
stromatoporoid imbricated intraclasts in the peloidal grainstone .(Reyertheless, no
coral heads were found hes the stromatoporoid intraclasts. Finally, the poor
development of coral reefs in Phase 1 could be due to thdneasxd tropical water during
the middle Oxfordian(Moore et al., 1992a; Moore et al., 1992b; Sellwood et al., 2000;
Leinfelder et al., 2005corresponding to a time of Oxfordian thermal maximum around the

Neo-Tethys margins (Cecca et al., 2005).

The late OxfordianPhase 2 outer and mrdmp facies associations (FA1 and FAZ2,
respectively) resemble those of Phase 1. They dominate the lowef pdrase 2 and
gradually exhibit reduced representation upwdddring Phase 2, the inner ramp is
characterized by the onset of cesalomatoporoid biostrome (F7) and their related facies

(F8 and F9). The inngamp is distinguished Hwterally contineus beds of crodsedded

skeletal peloidal sand sheets (F5a) and lenticular beds of quartz peloidal grainstone shoals
(F5b). Southward, the michmp and inneramp zones are represented by lower shoreface
claystone/siltstone and upper shoreface troughsdredded sandstone, respectivélie
presence of the coral reef could be attributed to the warm conditions dhehgte
Oxfordian which, howeverwas relatively cooler than theiddle Oxfordian(Cecca et al.,

2005). However, coral reefs are absentlseard due to the high siliciclastic influx.

2.5 Discussion

2.5.1 Regional Depositional Model
The lithofacies analysis and reconstruction of the depositional environment of the

Oxfordian Hanifa Formation was the scope of many research activities in various parts of
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the Arabian Plate, either in outcrop or in the subsurf&ogufe.2.1C). In their study
addressing the middle andte Oxfordiansedimentary record in Wadi Nisah, south of
Riyadh city, Eltom et al. (2017) distinguished four facies associations of slwibanate

ramp surrounding the Arabian intshelf basin facies. Fallatah and Kerans (2018) extended
the studied area along an oblique transect and reached Wadi Birk, ~ 142 km south of
Riyadh city. They also proposed a gently sloping carbonate ramp tiepaismodel with

open marine conditions for the Hanifa Formation. Elzain et al. (208Qlyzed the
lithofacies of thdate OxfordianUlayyah Member succession in the Jebel Abakkayn area,
north of Riyadh, in the northwestern part of the Jurassic outelboptSaudi Arabia. They
presented ten lithofacies spread over three main facies belts, corresponding t0 outer
middle- and inneframp zones.

On the other hand, BBorogy et al. (2018) targeted the Hanifa Formation in three outcrops
north of the capitaRiyadh. They recognized 14 lithofacies reflecting five associations: off
shoal, foreshoal, shoal, baekhoal, and tidal flat. They proposed a rimmed carbonate
platform setting with a welleveloped lagoon. AMojel et al. (2020) swied the
lithofacies ofthe Upper Jurassic formations in the Arabian Plate based on fourteen
outcrops. They correlated their studied sections with the subsurface using a-ggmma
log. They proposed muddominated platform (inner lagoon) with oncoidal and peloidal
shoals thatigade subsurfacely into a back barrier and an open marinbeaghg platform

for the Hanifa Formation

Droste (1990) used subsurface cores from Qatar to demonstrate the existence of an
intrashelf basin. He interpreted organich wackestone and mudstomne the Hanifa

Formation as intrashelf basinal deposits, surrounded by shallow platform bioclastic
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packstones and grainstones. Hughes et al. (2008) studied the biocomponents of the Ulayyah
Member in detail, using cores from 41 wells in central and eaSeudi Arabia igure.

2.1C). They proposed a rimmed shelf carbonate depositional model for the Hanifa
Formation, with a wellleveloped lagoon. McGuire et al. (1993) and McGuire (2003) used
32 cores with 142 well logs and 200 wells, respectively, to stueypperOxfordian
Hanifa reservoir (Ulayyah Member) in the Berri field, 100 km north of Dhahran city
(Figure.2.1C). They proposed a depositional model corresponding to a mid to deep outer
ramp setting that grades into shallower t@dd inneframp skeledl peloidal grainstones,
conglomerates, and small reefs:@uwaidi et al. (2000) studied the subsurface Oxfordian
succession in U.A.E, equivalent to the Hanifa Formation, using regional seismic lines, well
logs, cores, and strontium isotope dating. Thamntified an outer shelf of organich
fine-grained carbonates, which grade into slope and shelf edge bioclastic packstone and
grainstone and then into an inner shelf protected zone.

According to the current study, thmiddle OxfordianHawtah Member (Plsz 1)
corresponds to a homoclinal ramp, from inner to outer seffilgyie.2.8A), with a lack

of large barrier reef belts. However, the stromatoporoid intraclast imbrication in the
skeletal peloidal grainstone lithofacies (F5&jg(re. 25D) proves theexistence of
biogenic buildups in Phase 1 at least as small patch reefs, in addition to therteghy
conditions that kept destroying them. Moreover, the herringbone-beakkng of F5a
indicates shallow sedimentation conditions (intertidal zone) (&02921) but without
evidence of exposure.

During thelate Oxfordian(Phase 2), the Ulayyah Member illustrates the evolution into a

reetbearing ramp model with a reefal facies association (FA4: F7, F8, and F9) developed
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model.
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in the inneframp zone Kigure.2.8B). Nevertheless, where reefal lithofacies are absent,
Phase 2 resembles Phase 1, with a difference in the relative contrilatitinsfacies. In
Phase?, evidence of a lagoon in the basthoal zone is reflected by the scattered dasyclad
algaePseudoclypeina distomengiagments in the associated quartz peloidal grainstones
of F5b. The high energy criteria of F5b lithofacies cades that the algae fragments are
transportedand the lagoon environment was not fully protected. Moreover, the oncoidal
rudstone lithofacies (F9), with encrustiBgcinella irrigularis algae, confirms an open
lagoon's clear, oxygenated and normal sigliwiater conditions in the bagkef zone.

The vertical facies succession of the Hanifa Formation shows an overall shallowing upward
pattern. In the lower part of each member (Hawtah and Ulayyah), thReampllithofacies
overly the outeramp carbonate naistone. This cyclicity continues upward with a gradual
decrease in the outeamps lithofacies thickness and the gradual appearance of the inner

ramp lithofacies that cap the cycles.

2.5.2 Regional Controls on Oxfordian Ramps
It is clear that the majorityf@utcrop studies came up witdarbonate ramp models (Eltom
et al., 2017; Fallatah and Kerans, 2018; Elzain et al., 2020), whereas rshelethodels
were favored in subsurface studies (Droste, 199&8a\aidi et al., 2000; Hughes et al.,
2008). This model ngiht be justified by the location of the study area in each research
related to the regional basin geometry. The outcrop studies mainly cover the gently sloping
palecepeiric sea to the west, making a proper template for a homoclinal ramp to develop.
Howeva, this study proved thdaint rimmed shelf criteria (reef front and baeef) were
noticed whenever reef facies were found in tipper Oxfordian Ulayyah Member. A

comprehensive conceptual model is proposed with the enroliment of the basin's structural
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Figure 2.9: Three-dimensional conceptual depositional model representing tHate Oxfordian Hanifa
Formation in Arabian Plate. It covers the outcrop belt in the west and the subsurface section in the
east (note the existence of palebighs (horsts) in the subsurface). For legend, refer to Figur2.8.
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evolution Figure.2.9). Toward the east, subsurface research on the Hanifa Formation
(Droste, 1990; AlSuwaidi et al., 2000; Hughes et al., 2008:Mjel et al., 2020) mainly
focusedon the major anticlines that make the giant oilfiddslthe intrashelf basins in
between. These structures were formed due to the PEnagsic reactivation of basement
horsts (Wender et al., 1998; Alsharhan and N&f93; Carruba et al., 2006) and the
triggering of subsurface salt diapirs (Edgell, 1996). They formed and controlled the
subsequent succession characteristics and kinds of deposition (Edgell, 1992; Konert et al.,
2001; Pollastro, 2003). The pataghs (lorsts) have a general-8ltrend (Perotti et al.,

2011; Stewart, 2016; Stewart et al., 20&gure.2.10A, B), where they created favorable
conditions (i.e., light, waves, substrate, and shallow oxygenated water) foredpelf
lithofacies to exist. This ajor palechighs (NS) trendgoes well with the Oxfordian sub
surface maps of the Hanifa Formation rimmed shelf depositional model (Murris, 1980;
Droste, 1990; AlSuwaidi et al., 2000; Hughes et al., 2008:Mdjel et al., 2020). The
detailed subsurface wioof McGuire et al. (1993) and McGuire (2003), which proposed a
homoclinal carbonate ramp, does not contradict this general setting because his subsurface

profile had a NS trend parallel to the primary structures.

2.5.3 Siliciclastic Lithofacies
For the firsttime, a welldevelopedate Oxfordianshallow marine siliciclastic facies belt
(F4 and F6) is documented in the southern section of the Jurassic outcrops: i.e., in the Al
Ahmar and AsSulayyil areas. The late Early Jurassic was a period of thermal upliftin
the southern borders of the Arabian plate, synchronized with the initiation of the Indian
Ocean (Sharland et al., 2001; Ziegler, 2001). This uplifting event created a siliciclastic

sediment source in the western and southern areas. Siliciclastidsdesve®und
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Figure 2.10: Hanifa Formation subsurface interpretation. A) A composite general BN regional
seismic section crossing the Arabian Plate and showing the whole Phanerozoic succession lying
unconformably over the Proterozoic basement. The red line marks the basement top, and the basement
faults are in yellow. A black line marks the PermeTriassic boundary time-line, and the light blue
interval indicates the studied interval. Note the paledighs (arrows), which were reactivated in the
Permo-Triassic period (modified after Stewart et al.,, 2016). B) Interpreted depth of NS trend
Proterozoic basement highs (arrows) using aeromagnetic data. The top of those pakéghs controlled

the subsurface distibution oil reservoir intervals of late Oxfordian shallow marine
coral/stromatoporoid reefs and shoals of peloidal grainstone lithofacies and the orgamich source
rock in the intra-shelf basins between the highs (modified after Stewart, 2016).
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assocated with carbonates in the late Early Jurassic Marrat Formation (Stewart et al., 2016;
Farouk et al., 2018), the Middle Jurassic Dhruma Formatioéiad, 1995; Stewart et

al., 2016; AfHussaini et al., 2019), and the Upper Jurassic Jubaila Formatidnojal et

al., 2020). The Oxfordian Stage witnessed the Indiebian Plate separation and the
continuous development of the Yemen riftirdated uplifting (Davis et al., 2019). In
addition to the dominant warmumid climate (Cecca et al., 2005), thifting provided
siliciclastic input fromthesouthwestern direction. Consequently, a new potential reservoir
zone could be added to the Hanifa reservoir system in the Ulayyah Member, represented
by a coarse moderatepprted upper shoreface calcareouadstone. However, this
potential reservoir is restricted to the southern section of the Jurassic belt and thus could

be considered an exploration target in the RukKidli Basin.

2.6 Conclusions

The Oxfordian depositional system of the southern Tethysrwastigated through a high
resolution sedimentological study of eight outcrops of the Oxfordian Hanifa Formation
along a 535 knrlong curved transect through the Jurassic outcrop belt in Central Saudi
Arabia. This study supports the finding that the cartohamoclinal ramp depositional
model can be used for both Hawtah and Ulayyah members of the Oxfordian Hanifa
Formation outcrops. Nine sedimentary lithofacies-F®) are defined and grouped into

four associations (FAEA4) based on the dominagtain type, sedimentary structures,
ichnofacies, depositional texture, bedding architecture, and lithofacies relationship. These
lithofacies are interpreted to have been deposited in-cango, midramp, and inneramp
depositional zones. Stratigraphically, twdided depositional systems (Phase PRase

2) are equivalent to thaiddle OxfordiarHawtah and uppedxfordian Ulayyé Members,
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respectively. The two phases correspond to homoclinal ramp systems but with the
development of large patch reefs in the sequmase. Reefelated carbonate sand shoals
were established with associated front and baek domains, marking faint carbonate
shelf criteria that may resemble the development of shelf morphologies in subsurface distal
zones of the Hanifa system towatte east. However, the outcrop depositional system of
Phase 2 is still defined as a rfaring homoclinal ramp. Although the globatribution

of coral reefs during theniddle Oxfordian the conditions for coral regfrowth in the
Hawtah Member were @@ unfavorable, possibly due to the overheated tropical water in
the southern Ned ethys.Mainly sourced from the south, inAREamp coarse calcareous
sandstones and midamp horizontally laminated siltstone and massive claystone are
described for the fat time from the Hanifa Formation, in the southern section of the
Jurassic outcrop belt of Saudi Arabia. The siliciclastic lithofacies add a potentially new

upperOxfordian reservoir, especially in the Rub-Kali Basin.
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CHAPTER 3

Sequence and Chemost#itigraphy of the Oxfordian Hanifa

Formation, central Saudi Arabia

Abstract

Sequence stratigraphy is considered one of the most powerful hydrocarbon exploration and
development tools. A continuous pattern characterizes the well logs of the Jurassic
successin and the Oxfordian Hanifa Formation in central Saudi Arabia, particularly due
to its muddy nature. This continuous pattern makes identifying and correlating stratigraphic

formations and members difficult, especially in the absence of biostratigrapdic dat

A high-resolution sequence and chemostratigraphic frameworks are presented based on the
Oxfordian Hanifa Formation outcrops in central Saudi Arabia. The studied outcrops extend
over a 535 km long transect and represent a total cumulative thickne38 of df the
stratigraphic sections of the Oxfordian outcrop belt in central Saudi Arabia. A total of
sixteen fourthorder sequences (seq-séq. 16) were interpreted using sequence
stratigraphic principles and by observing lithofacies changes and bousdifares
between sedimentary packages of eight outcrops. Moreover, the strata stacking patterns of
the fifth-order sequences are used to capture the foudér sequences by applying a
Fischer plot. The plot shows facies partitioning and an overall pai@ilar to the global

sea level curve. The dominant depositional sequence types show shallowing upward

patterns, starting with an outer ramp argillaceous carbonate mudstone (transgressive
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systems tracts (TST)) that changes into-raitl inneframp lithofcies (highstand systems
tracts (HST)). Shallowing upward siliciclastic sequences are described for the first time
within the Hanifa Formation southward outcrops. The correlation between interpreted
sequences was also refined by elemental chemostratigr&ply chemostratigraphic
divisions (C1, C2, C3, and C4) were interpreted following the vertical variation of the
major elements Si, Al, Ca, Mn, and Fe. Chemostratigraphic correlation of the studied
outcrops with a well in east Saudi Arabia enables subseigubdivision at high resolution.
Based on the predominance of the ouséed midramp lithofacies, a westward extension

of the Arabian Intrashelf Basin is suggested in the northern section of the examined
transect. Due to the interpreted deep depositi@onditions, the coral/stromatoporoid
reefal lithofacies are poorly developedrthward. However, they dominate the HST
southward rather than the infamp grainstone until they represent the border with the
younger Jubaila Formation in Wadi Mawan (H6he siliciclastic sequences dominate the
southern end of the investigated transcript, which results in the disappearance of the reefal
lithofacies association. The study provides a means for using strata stacking patterns to
study the Hanifa Formation geences, and the elemental chemostratigraphy for regional

correlation.

3.1 Introduction

Stratigraphic sequences are packages of sedimentary rocks bounded by stratigraphic
surfaceswith distinctive strata stacking patterns (Catuneanu, 2019). The stratal gtackin

patterns arise from the interaction of sedimentation and accommodation space creation
rates. In sedimentary successions, the change in these patterns is used to identify the

sequence stratigraphic surfaces. The definition of stratigraphic sequencebteand t

60



bounding surfaces allows for reconstructing the depositional history within sedimentary
basins since they are considered times that describe certain events (Catuneanu, 2006;
Embry, 2009; Catuneanu et al., 2011). The sequence stratigraphicgatiestof a basin

fill is an effective tool in hydrocarbon exploration and development. It allows lithofacies
prediction and the definition of sedimentary bodies' architecture and their correlation
(Catuneanu, 2006; Slatt, 2006; Zecchen and Catuneanu). 28@®ever, integrating
multiple data sets with various resolutions is required to observe the entire spectrum of
stratigraphic complexity as it evolves at different scales. In this context, a
chemostratigraphic approach could complement a sequence raphtigapproach.
Chemostratigraphy is a geochemical correlation method that uses inorganic geochemical
data. It offers many potential variables (chemical elements) that go beyond the boundary

of lithology, age, and depositional environment (Craige, 2018).

One of the most significant hydrocarbon reserves in the world relates to the Jurassic
succession of the Arabian Plate, particularly in Saudi Arabia, where several production
zones are found. The Oxfordian Hanifa Formation is economically important, cogtaini
conventional hydrocarbon reservoir in its upper section and an unconventional reservoir

and source rock in its lower part (Murris, 1980; Alsharhan and Magara, 1994; Cantrell et

al., 2014). This research aims to document the vertical and laterahtitb®fvariation of

the Hanifa Formation outcrops to study its sequence development to create a regional
correlation framework. An integrative objective is to use inorganic geochemical data to

build an elemental chemostratigraphic framework, to supporntethienal correlation of
interpreted seguences. Due to the--raycontin

neutron, density, and sonic logs), chemostratigraphy could be a particularly effective tool
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for correlating the Middle and Late Jurassic successibmnvthe Arabian Plate. This
correlation role is particularly in the absence of core material from which cuts may be used

to get geochemical data (Craige, 2015).

3.2 Regional Geological $tting

The breakup of Pangea and the formation of the-Nathys duringthe Late Permian
affected the northern part of the Arabian Plate. This breakup accelerated during the Jurassic
(Sharland et al., 2001). Thermal subsidence may have been the primary process in the
north, with sediment load becoming a more significant faotthe south (Sharland et al.,

2001; Ziegler, 2001). As a result of major subsidence processesshetféasins started

to form during the Toarcian and later during the Callovianraittile Oxfordian east of

the Arabian Plate (Murris, 1980; Enay ét 4987; Droste, 1990; AHusseini, 1997).

During the Late Jurassic, a complete separation occurred between the Arabiiadian

Plate, associated with major marine transgressions (Ziegler, 2001).

The Hanifa Formation forms the basal part of the Latassic succession of the Arabian
Plate (Manivit et al., 1990)F{gure. 3.1). It overlies the Callovian Tuwaiqg Mountain
Formation (TMF), paraconformably with a Lower Oxfordian hiatus (Le Nindre in Kadar

et al., 2015). The Kimmeridgian Jubaila Formation cdpe Hanifa Formation
disconformably (Powers et al., 1966). The Hanifa Formation comprisesnithde
OxfordianHawtah and thé&ate OxfordianUlayyah Members (Vaslet et al., 1983; Hughes,
2004). On average, about 60m thick, Hawtah Member comprises clagegkaletal
carbonates, whereas on the average of 70 m thick, the Ulayyah Member comprises more

grainy beds with calcareous algae, corals, and stromatoporoids (Hughes et al., 2008).
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According to the geological time scale of Gradstein et al. (2012), th&@aluof the Hanifa
Formation reaches 5.5 million years (My). In contrast, it reaches 4.86 My based on the
Arabian Plate Orbital Stratigraphic framework (APOS)-fAlsseini and Mathews, 2005;
Al-Husseini et al., 2006). The estimated duration time suggeststhe Hawtah and

Ulayyah Members correlate to thiotder sequences (Hughes et al., 2008).

Globally, the Jurassic period witnessed a general rise in sea level that reached a climax
during the KimmeridgiaiTithonian interval. However, multiple seceondder sedevel

highs were recorded, including an Oxfordidimmeridgian one (Hag, 2018).
Furthermore, a major sdavel fall associated with thetie Callovian cooling phase is
recorded in the Arabian Plate. The sea level fall extended and resultedHarlgn
Oxfordian hiatus (Tremolada et al., 2006; Cantrell et al., 2014). However, the global
Oxfordian sea level rise coincided with an increased subsidence rate and the formation of
intrashelf basins (Droste, 1990). This marine transgression resultedidealeposition

of shallow and deep marine carbonategire.3.2). A maximum flooding surface (MFS

J50) of themiddle Oxfordianage is proposed in the upper section of the Hawtah Member

of the Hanifa Formation (Sharland et al., 2001).
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3.3 Materials and Methods

The current research iastigatesight outrops of the Oxfordian Hanifa Formation in
central Saudi Arabidjgure.3.2), with a total cumulative thickness of 430 m. The outcrops

are distributed over a-8 transect over a total distance of 535 km. The thickest section
(110.5 m) is named H2, whickes west of Riyadh city through the Riyattakkah road

cut. The lithofacies analysis of the studied succession was done by Bashri et al. (2022, in
press; (Table 1yepresentinghe database for the sequence stratigraphic interpretation. The
buildup of thesequence stratigraphic framework and the identification of stratigraphic
bounding surfaces is done following the stratigraphic concepts described by Catuneanu et
al. (2011). Sequence identification is based on lithofacies variation and their recurrence
through sedimentary cycles, their transitional pattern (gradual or abrupt), and the change
of the strata stacking patterns that marks the key surfaces. Since no low stand systems tract
(LST) could be interpreted in the studied sections of the Hanifa Formaemuence
boundaries (SB) coincide with transgressive surfaces (TS). The sequence boundaries
associate the abrupt change from shallow to relatively deep depositional setting with a
change in the strata stacking pattern from a thinning to a thickeningrdmaccession,
marking the transgressive systems tract (TE&gh sequence's maximum flooding surface

(MES)is interpreted conceptually in the middle of the relatively deepest lithofacies beds.
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Table 3.1: Summary of interpreted sedimentary facies of the Oxfordian Hanifa Formation (Bashri et

al., 2022; in press)

Keystone wvugs, low angle

Multi-directional

Lithofacies Description Depositional Facies association Depositional environment
process
Fine suspended-
F1: Argillaceous load (carbonate
carbonate mudstone Massive/laminated with less
carbonate mud with illite silic{cla?{ic) Outer ramp (FA1) Oftshore/basinal
content. Scattered | gravitational carbonate
brachiopods and bivalve and | settling, associated
sponge spicules with benthic
organisms
Bedded and channelized | Storm currents
massive  rudstone  with | depositing  gravel
F2: Intraclast rudstone | mudstone  and  sponge | sheets and channel- Storm bed carbonate
spiculitic wackestone | fill
intraclasts
Monaxon, triaxon  and
tetraxon sponge spicules, | Benthic skeletal
Kurnubia palastiniensis, | bed-load deposition
F3: Skelietal. sponge bivalves,. echinoderm spines | in low—m.o.derate Mid ramp (FA2) Carbonate lower shoreface
spiculitic and peloids. Wackestone and | energy conditions
wackestone/packstone | packstone texture.
Occasional intensive
bioturbation.
Calm conditions
Massive white claystone to | resulted in
F4: Horizontally horizontally-laminated green | gravitational Siliciclastic lower
laminated siltstone with skolithos trace | settling of shoreface
siltstone/claystone fossils. suspended-load of
silty quartz grains
and clay sediments
Uni-, bi-, and multi-
Trough and herringbone | directional
cross bedding, grains | subaqueous dunes
F5: Cross-bedded imbrication, grainstone | of skeletal, quartz
quartz peloidal texture, the domination of | and peloid grains.
grainstone peloids with either skeletal | Deposition of Carbonate upper shoreface
or quartz grains associated | widely extended
with  different  bedding | sand  sheets, in Inner ramp (FA 3)
geometries addition to shoals
by strong waves

F6: Trough cross- trough  cross  bedding, | siliciclastic sand Siliciclastic upper
bedded sandstone calcareous coarse sandstone, | dunes in  high shoreface
well-rounded quartz grains, | energy waves
bivalves and peloids conditions
Coral and stromatoporoid | Falling, slumping
F7: Floatstone heads floating on skeletal | and sliding of reef- Gravel-dominated  fore-
packstone matrix, absence of | related fragments reef
sedimentary structures
Unstratified in situ | In situ coral and
scleractinian corals | stromatoporoid
F8: Stromatoporoid hemispheroids and | growth in a high
/Coral framestone stromatoporoid, the matrix is | energy wave zone, Reef crest
of skeletal sponge spiculitic | with associated
wacke/packstone or oncoidal | symbiotic Inner. ramp (Reef
. X : association) (FA4)
peloidal grainstone community
Ellipsoidal and more | Microbial
rounded oncoids with | encrustation, waves
skeletal and intraclasts | abrasion in
F9: Oncoidal rudstone | nucleus, dominant | intermittent  high Open reef-flat/back-reef
spongiostromate with less | energy open marine
porostromate oncoids and | conditions
combination type in
rudstone texture
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Although the disagreement over ithefficiency, Fischer plots remain a valuable graphical

tool to show how accommodation space has changed over time (Fischer, 1964; Read and
Goldhammer, 1988; Sadler et al., 1993). A Fischer plot was constructed for section H2
since this road cut represerthe thickest and the best exposure of the Hanifa Formation
among the studied sections. The plot is constructed as a cumulative deviation from the
mean cycle thickness versus the number of cycles (with 113 cycles for the current study)
(Sadler et al., 199). The fifth-order interpreted sequences are used in the Fischer plot to
identify fourth-order sequences. Conceptually, the rising limbs of the plot are formed by
thick cycle packages that deviate positively from the mean cycle thickness. In contrast, the
falling limbs of the plots are formed by thin cycle packages that deviate negatively from

the average cycle thickness, reflecting a iergn decrease in accommodation space.

From five sections (H3, H2, H5, H1, and H8), 349 fresh rock samples, withiealert
sampling resolution of 0.5 to 1 m, were ground using a granite grinder and analyzed using
an M4 TORNADO Micro Xray Fluorescence. The analyzer uses the spot mode for
detection, with multiple spots for each sample. Three points were chosen on a smooth
surface of 30g of each sample with a detection time of 120 seconds for each spot. The
weight % of 22 elements was measured in each spot and averaged automatically. Even
though 22 elements were included in the dataset, the chemostratigraphic correlation
scleme is based on the vertical variation of five major elements, namely Si, Al, Ca, Mn,
and Fe. Microsoft Excel software was used to plot the chemostratigraphic data, whereas
Adobe lllustrator CS softwardrew the stratigraphic sections and correlation sasem
Finally, a subsurface geochemical log of one well was adopted from the published work of

Craigie (2015) for correlatior-{gure.3.2).
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3.4 Resultsand Discussion

3.4.1 Sequence Stratigraphy
The interpreted transect extends in an obliqu& Mirection, mainly pailel to the
depositional strike. The sequence stratigraphic architecture of the Hanifa Formation is
represented by a secendder sequence that is split into two thodler sequences (Hughes
et al., 2008). In the current study, the composite sectionaoiféd Formation outcrops
reaches an average thickness of 135 m, with 55m for the Hawtah Member (the lower third
order sequence) and 80 m for the Ulayyah Member (the uppetotidied sequence). The
depositional environment of the studied outcrops is daimihy a homoclinal carbonate
ramp in the lower thirebrder sequence that changes to a coral/stromatoporoideaghg
homoclinal ramp in the upper thiatder sequence (Tab&l) (Bashri et al., 2022; in

press).

3.4.2 Depositional Sequences Architecture
Six characteristic depositional cycle architectures have been identified based on the vertical
variation of Hanifa Formation lithofaciegigure. 3.3A-F). All sequence types show a
general coarsening and shallowing upward pattern. The first type is foundnothig
lowermost part of the Hanifa Formatidhis composed of an intraclast rudstone storm bed
(F2) that shows a fining upward in size of intraclasts and has been cut by channels at the
top with an intraclast rudstone filFigure.3.3A). The second cye type Figure.3.3B) is
the most abundarih the Hanifa Formation.tIshowsa dominance of an outer ramp
argillaceous carbonate mudstone lithofacies (F1) at the base and a cap efaanmid
massive sponge spiculitic wackestone (F3). Type 2 sequencéeargte dominates the

TST of the thirdorder sequence$he third type resembles the previous typthe cycle
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Figure 3.3: Outcrop observations used in the sequence stratigraphic interpretation. ¢&) Depositional sequences
architecture of the Hanifa Formation. A) Type 1 depositional sequence composed of storm beds of finning upward
bedded and channelized intraclast rudstone (F2Jt unconformably overlies the late Callovian Tuwaiq Mountain
Formation and represents the intensive initial transgression events of the Hanifa Formation. B) Depositional
sequences of type 2, showing a base of an outamp argillaceous carbonate mudstone (F1), capped by a mid
ramp sponge spiculitic wackestone (F3). C) Type 3 segjuce architecture showing a change from outef(F1) to
mid- (F3) to inner-ramp lithofacies with a cap of crosshedded peloidal grainstone (F5). D) Depositional sequence
of type 4, capped by reef crest coral/stromatoporoid framestone (F7), overlying foreef reefdebris floatstone
(F8), and mid-ramp sponge spiculitic wackestone of F3. E) Type 5 sequence architecture with a cap of irnemp
oncolitic rudstone (F9). F) Type 6 siliciclasticdominated sequences to the south (Al Ahmar and As Sulayyil
sections)showing a change from migram claystone and siltstone (F4) to an inneramp trough cross-bedded
coarse calcareous sandstone (F6). G) strata stacking pattern of depositional cycles of type 2. Note the flipping from
thickening to thinning upward pattern, reflecting a corresponding decrease in the accommodation space. H) Two
fourth -order sequences of type 3, with a general thinning upward pattern marking the approach of the third
order sequence boundary. I) Transgressive outeramp carbonate mudstone onlappinghe mid-ramp wackestone
capped cycles. J) Th third-order sequence boundary between the Oxfordian Hanifa and the Kimmeridgian
Jubaila Formation is captured by the strata stacking patterns change. K) The Hanifdubaila boundary in the Al
Ahmar section, shaving the sharp contact between calcareous siliciclastic lithofacies of Hanifa and a mixed
siliciclastic-carbonate system of Jubaila.
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base and is capped by an inner ramp ebeskled quartz skeletal peloidal grainstone
lithofacies (F5) Figure. 33C). Depsitional cycles of type 3 are more common in the upper

sections of the lower and upper thoter sequences of the Hanifa Formation.

The depositional architectures of types 2, 3, 4, and 5 are similar to those described by
Fallatah and Kerans (2018). Tfoarth depositional architecture type is only found in the
upper thirdorder sequence (Ulayyah Member). It is composed oframtp massive
sponge spiculitic wackestone beds (F3) at the base, which are overlain by ammmper
coral/stromatoporoid forereahd reef crest lithofacies (F7 and F8, respectively; (Figure.
3.3D). The fifth cycle type is found only within the upper thimdler sequence of the
Hanifa Formation. It is represented by argillaceous carbonate mudstone (F1) at the base
that shallows upwa into midramp sponge spiculitic wackestone (F3) and imaenp

back reef oncolitic rudstone (F9) (Figure. 3.3Ehe final depositional cycle type is found
only in the upper thirgbrder sequence and in the southern section of the studied transect
(Al Ahmar and As Sullayil sectionsligure.3.1). It shows a transition from migmp
siliciclastic claystone and siltstone (F4) to a cap of an +mar@p trough crosbedded

coarse calcareous sandstone (F&gyre.3.3F).

3.4.3 Strata Stacking Patterns
Besides thdithofacies variation, the strata stacking pattefiggre. 3.3G, H) and its
representation by the Fischer pléidure.3.4) are used for sequence identification. The

observed strata stacking patterns of the studied sections are in the resolutionaridifth
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Figure 3.4: Fischerplot and a high-resolution sequence stratigraphic interpretation of the Hanifa fifth

, fourth -, and third-order sequences in the reference section H2, showing a completieldle Oxfordian
(the Hawtah Member) and incompletelate Oxfordian (the Ulayyah Member) shallowing sequences
with the absence of the boundary with the Jubaila Formation upward. Note the facies partitioning
(preferred occurrence of lithofacies on Fischer plot: a geeral similarity between the Fischer plot and
global sea level curve where the outeand mi-ramp facies dominate (blue arrows), a serrated behavior
where the innerramp dominate (yellow arrows), and a disagreement where reefal facies dominate
(orange arrow).
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fourth-order sequences. The depositional cycles ofst¥mnd 2 show a base of an upward
thickening pattern, with gradual domination of the argillaceous carbonate mudstone
lithofacies (F1), which soon got capped by the-naichp sponge spiculitic wkestone (F3)
(Figure.3.3G). This change in lithofacies abundance is associated with the flipping of strata
stacking pattern from thickening to thinning upward. A similar pattern is observed in the
upper section of both thirdrder sequences of the HanFarmation, but with different
internal depositional architecture; types 3, 4, 5, andrigufe. 3.3H). The fifthorder
repetition of these binary strata stacking patterns marks the Jfouéh sequence

boundaries.

On the Fischer plofHigure.3.4), the eftward drift is associated with the overall thickening
upward strata stacking pattern and indicates a-teng increase in the created
accommodation space. On the other hand, the-highdl side drift in the plot indicates an
overall fall in accommodatiospace creation rate, where thinnuqgvard patterns prevail.

The general pattern of the created Fischer plot of the Hanifa Fommaatches the high
frequency nddle andlate Oxfordianglobal sea level curve of Hag (201&idure.3.4).
However, due tothe difference in sedimentation mode and rate between different
lithofacies, a facies partitioning pattern has emerged, i.e., certain parts of the Fischer plot
are characterized by certain lithofacies (Tucker and Garland, 2010). Where the global sea
level curve strongly matches the Fischer plot, then the depositional cycles are dominated
by both types 1 and 2, where the deposition via accumulation of benthic heterotrophs in
addition to the gravitational settling of suspended load processes prevail. Type 3
depositional architecture shows a more serrated pattern that could be interpreted by erosion

via high energy depositional currents or by less accommodation space creation rate at the
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HST of the 3rd order sequences. Finally, the reefal facies associatiws felaeer strata
stacking pattern resporste the created accommodation space; they show a sharp negative

departure from mean cycle thickness, either for slow growth rate or intensive erosion.

3.4.4 Sequence Stratigraphic Interpretation
The RiyadhMakkah road cu(H2) has been used as a reference section, showing a set of
high-frequency sequences. The field observations, strata stacking patterns, bounding
surfaces, and lithofacies associations allowed the construction of aesigation
sequence stratigraphicafnework based on the studied sections. Two -thrider
sequences were interpreted, reflecting a shift between-pouéd-, and inneframp

conditions.

The first thirdorder sequence is only observed in sections H2 and H3 northward. This
sequence correspds to themiddle OxfordianHawtah Member and comprises seven
fourth-order sequences (segséq. 7) Figure.3.4). The oldest fourttorder sequence has

a lower sequence boundary (SB) thatahat the unconformity with thate Callovian
Tuwaiq Mountain Fanation. This sequence is composed entirely of storm beds of
intraclast rudstone (F2), representing an intense marine transgression event. The cyclicity
and the channelization indicate that the initial transgression occurred in more than one
phase. Seq. 3, and 4 are dominated by depositional sequences of type 2, where the TST

extends till the mid part of the argillaceous carbonate mudstone.

In contrast, the midamp sponge spiculitic wackestone dominates the HST. The MFS of

seq. 3 represents the MSF o thirdorder sequence and coincides with the regional MFS
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of J50 (Sharland et al., 2001). The HST of the first tonder is dominated by fourbrder

sequences of type 3, with a general thinning upward pattern

The second thirdrder sequence in the Hs&ction is composed of seven fouditder
sequences dominated by depositional sequences of type 3 (seq. 8 and seq. 14), type 4 (seq.
10, 11, 12, and 13), and type 5 (seg. 9). A sharp lithofacies change is observed from thick
crossbedded peloidal grainsterbeds (F5), that dominate the HST of the first toirder
sequence, to an outemmp thick carbonate mudstone (F1). This change marks the
transgression of the second thodler sequence and the boundary withlalbe Oxfordian

Ulayyah Member. The MFS dhe second thirerder sequence lies in the middle of seq.

10.

The bedding planes of all studied sections are flat and horizontal. They show no distinctive
clinoform geometries, except in section H3, northward, where transgressive bed sets show
onlappingon the lower sequencdsigure.3.3l). Although the lithofacies analysis shows a

high degree of shallowness, a total absence of subaerial exposure indicators is noticeable
in all orders of sequences. The boundary between the Hanifa and the Kimmeritgién Ju
Formations is marked lithostratigraphically by the absence of the-iamgr reef
lithofacies association. However, thieange in strata stacking patterns could still capture
the boundaryeven with the absence of reefal lithofacies and the domirzingge 3
sequences in both formatiorsidure.3.3J). In the southward Al Ahmar and As Sullayil
sections, the boundary between Hanifa and Jubaila corresponds to a flip from calcareous
siliciclastic lithofacies to a mixed siliciclast@arbonate system ah characterizes the

Jubaila FormationHigure.3.3K).
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3.4.5 Chemostratigraphy

3.4.5.1 Elements Used in Chemostratigraphic Units Definition

Geochemical analysis was carried out for 22 elements in this study, but only five major
elements were used to build a clostnatigraphic framework (Si, Al, Ca, Mn, and Fe). The
rest of the elements show no pattern by reaching a false zero value that shows that the
element mainly has very low abundance, often below the tool detection limit. The
coexistence of Si, Al, and Fe sagiated with a decrease in Ca abundance indicates
siliciclastic input, specifically clay minerals. In contrast, the independent increase in Si
shows detrital quartz phases (Craigie, 2016). The Manganese profile shows a distinctive
pattern and is chosenrfoorrelation with subsurface data from Craigie (2016) for the same
stratigraphic interval. Mn concentrations are often high around theaawrixic boundary;

in suboxic conditions. Strong Mn leaching caused by reducing conditions enriches the
bottom sea war with dissolved Mfi. However, after mixing with oxygenated water,
Mn?* oxidation may occur through autocyclic reactions and/or microbial metabolism
(Calvert and Pedersen, 1993; Wirth et al., 2013; Craigie, 2015). Thus, mixing anoxic water
along the subixic zone is often linked with increased Mn oxi/hydroxides precipitation.
However, the sediment content of Mn could be of detrital origin associated with siliciclastic
elemental affinities (Jarvis et al., 2001) or be an early or late diagenetic produdddo

et al., 2016)

3.4.5.2 Chemostratigraphy VS Litho and Sequence Stratigraphy

The present chemostratigraphic framework is built based on the changes in the profiles of

detrital input elemental affinities in addition to Mn. The chemostratigraphic ohttse
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reference section H2 and their correlation with subsurface data of Craigie (2015) are
illustrated inFigure(3.5). In his research, Craigie (2015) studied the chemostratigraphy of
Middle and Upper Jurassic Formations in five wells and used a Hearorder for
chemostratigraphic units comprised of zones, subzones, and divisions. He classified the
Hanifa Formation as the subzones-E¥3and the lower part of C#la within the
chemostratigraphic zone C3. In the current study, the chemostratigrajgsi¢Ct C2,

C3, and C4; ascending stratigraphic order) are considered divisions in those subsurface
subzones. The general trend of the interpreted chemostratigraphic divisions is observed
subsurfacelyKigure.3.5). C1 yields lower Mn than in C2, with ade sharp peak in the
middle of the division of Si, Al, and Fe associating a drop in Ca, which indicates an increase
in clay minerals abundance and coincides with the-idér MFS J50. The lower part of

C1 shows an increase of Mn associated with theease of Si, Al, and Fe and the drop of

Ca that indicates a detrital source. C2 division shows a slight increase in Mn than C1, with
more oscillation in Al, Si, and Fe against Ca content. The slight increase of Mn at the top
of C2 is of a detrital sourc&his division characterizes the HST of the first trorder

sequence

TheC3 division is distinguished at the base by a gradual increase in Mn, coupled with clay
minerals affinities (high Si, Al, and Fe with a drop in Ca contents). This elemental behavio
characterizes the boundary between Hawtah and Ulayyah Members, i.e., the boundary
between the two thirdrder sequences of the Hanifa Formation. This SB is transgressive,
and the Mn peak indicates a relatively deepaxib zone approach. Toward the w@ipC3,

low concentrations of all elements, except Ca, with fewer variations are noticeable. Only

the basal part of C4 is observed in section H2. It shows the highest values of Mn with sharp
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“n |Subsurface Mn chemical log (Craigie. 2015)

MFS J50

Figure 3.5: Chemostratigraphic divisions(C1, C2, C3, and C4)of the Hanifa Formation in section H2,
based on the vertical variation of the weight % of the major elements Si, Al, Ca, Mn, and Fe. The MFS
J50 (Sharland et al., 2001)@incides with a major drop in carbonate production (Ca) and a siliciclastic
clay deposition (increase in Si, Al, and Fe). The adopted subsurface Mrglrom chemostratigraphic
subzae C33 of Craigie (2015) is on the righthand side. Although the differene in thickness, the
general trends are still correlatable with how chemostratigraphic divisions could be interpreted
subsurfacely and the lithostratigraphic units; the sharp increment in the Mn log between C2 and C3
marks the Hawtah/Ulayyah boundary.
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Figure 3.6: Chemostratigraphic divisions of the H3 section to the north. Lithofacies of H3 are muddier
in texture; however, the chemostratigraphic divisions C2, C3, and the base of C3 are still correlatab

Figure 3.7: Chemostratigraphic divisions of section H1 in Wadi Nisah show the presence of C3 and C4
only (the Ulayyah Member).
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