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Abstract  17 

The sequence stratigraphy of the Late Jurassic (Oxfordian to 18 

Kimmeridgian) of the central Arabia is based on outcrop measured sections. 19 

The sequence stratigraphic framework is extended eastward across the 20 

Arabian Basin through surface-to-subsurface gamma-ray correlations (550 km 21 

long to the east). It provides an insight into the development of an intrashelf 22 

basin in a large epeiric tropical platform. The outcrop depositional 23 

environments range from semi-arid shoreline to carbonate inner-lagoon and 24 

back-barrier lagoon. These formed an aggraded flat-topped platform with 25 

evident syndepositional differential subsidence. The Upper Jurassic 26 

successions are composed of several transgressive third-order sequences 27 

interrupted by short emersion sequence boundaries. The Hanifa Platform 28 
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evolved from proximal argillaceous-limestone with low-faunal diversity to 29 

open-marine carbonate platforms with reef bearing and high-faunal diversity 30 

adjacent to a deep intrashelf basin in the subsurface. The Hanifa maximum 31 

flooding surfaces (MFS’s) are placed in terrigenous-free open-marine 32 

carbonate sediments. The Jubaila-Arab-D is a conformable succession 33 

marked at the base by storm-influenced inner-platform grainstones with quartz 34 

sandstone, and proximal barren lime-mudstone. The Jubaila-Arab-D MFS is 35 

placed higher in the Arab-D reservoir in a backstepping of back-barrier high-36 

energy reef facies. During sea-level highstand, the reef facies are gently 37 

prograding toward the Rimthan Arch leaving behind a restricted lagoon 38 

deposits consists of sabkhah/salina anhydrite. These composite sequences 39 

are probably controlled by climatic driven eustasy, coupled with local tectonic 40 

disruption, as they have some similarity with other Tethyan sequence 41 

stratigraphy. For the first time, this outcrop study reveals a detailed and 42 

complete stratigraphic framework that subdivided the Upper Jurassic prolific 43 

petroleum systems into genetically related sequences that are not always 44 

obvious from subsurface data. The study allows the assessment of the Upper 45 

Jurassic tectono-stratigraphic events of the central Arabian Platform. 46 

1 Introduction 47 

The Upper Jurassic outcrops are very well exposed in central Arabia along 48 

the Tuwaiq Escarpment (Fig. 1). In the subsurface, the studied interval hosts 49 

the world's most prolific hydrocarbon reservoirs, Hanifa and Arab-D, and a 50 

significant source rock interval in the Hanifa Formation (Powers, 1962; 51 

Powers et al., 1966; Powers, 1968; Murris, 1980; Droste, 1990; McGuire et 52 

al., 1993; Al-Naji, 2002).  53 
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Prior to this study, the outcrops of the Hanifa Formation, Jubaila 54 

Limestone and Arab-D Member were subdivided into several large mapping 55 

units based on lithostratigraphic and biostratigraphic correlations (Powers et 56 

al., 1966; Powers, 1986; Manivit et al., 1990). Genetically related depositional 57 

sequences were not documented in detail. The depositional environments of 58 

the most productive reservoirs in Saudi Arabia, Arab-D, are the subjects of 59 

long-standing debate, which has been proposed as either a deep basinal or 60 

shallow lagoonal depositional setting (Powers, 1962; Mitchell et al, 1988; 61 

Meyer and Price 1993; Handford et al., 2002; Lindsay et al., 2006; Al-Awwad 62 

and Collins, 2013b). The progradational direction of the Arab-D reservoir is a 63 

controversial topic as it has never been demonstrated convincingly (Mitchell et 64 

al., 1988; Meyer and Price, 1993; Handford et al., 2002; Lindsay et al., 2006; 65 

Al-Awwad and Collins, 2013b). Additionally, previous lithofacies and biofacies 66 

of the Hanifa outcrop were interpreted to be depth-dependent and, 67 

accordingly, they were distributed on a ramp platform (e.g., poor-fauna 68 

argillaceous lime-mudstone is deep and distal, grainstone is shallow and 69 

proximal); and so their vertical facies changes were attributed solely to 70 

relative sea-level variation (Hughes et al., 2008; Al-Mojel and Kerans, 2014; 71 

Fallatah and Kerans, 2018). This practice could mislead the sequence 72 

stratigraphic interpretations, especially where system tracts and facies 73 

migration are concerned. This study focuses on a new depositional model 74 

with emphasis on the influence of tectonics, eustasy and platform 75 

physiography on depositional conditions. These issues need to be addressed 76 

and brought out clearly in a new and complete sequence stratigraphic study. 77 

Our approach is to integrate, for the first time, the previous biostratigraphic 78 
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data with detailed sedimentological measured sections and subsurface 79 

gamma-ray logs. This allows assessment of the unique physiography of the 80 

Arabian Platform and the controlling factors, which promoted the development 81 

of carbonate platform and facies distribution and its stratal architecture. 82 

2 Geological Setting 83 

2.1 Tectonic and paleogeographic setting 84 

The study area was located on the eastern side of the Gondwana (Fig. 2). 85 

The Arabian Plate during the Late Jurassic faced the Neo-Tethys Ocean with 86 

a slowly subsiding intracratonic passive margin with tropical epeiric shallow-87 

marine deposits (Murris, 1980). The study area was at this time in the 88 

proximal part of the Arabian Platform, close to marginal marine siliciclastic 89 

facies belt and more than 1000 km landward from the Neo-Tethys continental 90 

margin (Ziegler, 2001). 91 

The Middle-Late Jurassic transition was probably a time of tectonic 92 

instability and tilting. Incipient breaking of the Arabian-Indian plate boundary is 93 

marked by a volcanic interruption in eastern Oman (Ziegler, 2001; Al-Mojel, 94 

2017). The tectonic instability probably extended to the Late Oxfordian-Early 95 

Kimmeridgian time. Evidence of post-deposition broad erosion and exposure 96 

south of Iraq (southern Gotnia Basin) was attributed to basement faulting and 97 

uplift (Sadooni, 1997, in Ziegler, 2001). In Yemen, active rifting commenced in 98 

the Early Kimmeridgian and lasted up to the Tithonian; marked here by a thick 99 

succession of open-marine deposits (Brannan et al., 1999; Ahlbrandt, 2002).  100 
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 2.2 Stratigraphic setting 101 

2.2.1 Hanifa Formation 102 

The basal boundary of the Hanifa Formation corresponds to a stratigraphic 103 

hiatus over the Tuwaiq Mountain Limestone and covering the lower part of the 104 

Oxfordian (mariae Zone) (Le Nindre in Kadar et al., 2015). The top boundary 105 

of the Hanifa Formation is considered as a conformable surface (Powers, 106 

1968; Manivit et al., 1990). The Hanifa Formation is subdivided into two formal 107 

members; the Hawtah (H1) and the overlying Ulayyah (H2) members (Vaslet 108 

et al., 1983; Fig. 3). The lower part of the member is attributed to the Early 109 

Oxfordian (cordatum Zone?) based on brachiopod fauna (Ornithella gr. 110 

hudlestoni DAV.) and on nautiloids (Paracenoceras sp. aff. arduennense; Ar 111 

Rawdah section in Manivit et al., 1990). The only confirmed ammonite zone in 112 

the Hanifa Formation is Middle Oxfordian (plicatilis Zone) based on ammonite 113 

fauna (Euaspidoceras catenaperarmatum and Perisphinctidae?), nautiloids 114 

(Paracenoceras aff. hexagonum) and nannoflora (Vekshinella stradneri) 115 

present in the upper part of the Hawtah Member (Manivit et al., 1990).  116 

The Ulayyah Member shows generally the first appearance of the 117 

foraminifer Alveosepta jaccardi Schrodt. No ammonites have been found in 118 

the Ulayyah Member. The lower half of the member is dated Late Oxfordian 119 

based on foraminifera (Alveosepta Jaccardi) and on brachiopods (Terebratula 120 

bisuffarcinata; Manivit et al., 1990). The upper half is dated Early 121 

Kimmeridgian based on echinoids (Monodiadema kselensis and 122 

Pseudocidaris thurmanni) and Alveosepta Jaccardi (Manivit et al., 1990). 123 
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2.2.2 Jubaila Limestone 124 

The Jubaila Limestone conformably overlies the Hanifa Formation (Manivit 125 

et al., 1990; Powers, 1968). This formation is subdivided into two informal 126 

units – the J1 and the overlying J2 (Manivit et al., 1985b; Fig. 3). This lower 127 

unit is dated Early Kimmeridgian based on nautiloids (Paracenoceras gr. 128 

hexagonum, Paracenoceras aff. wepferi) and endemic ammonites 129 

(Perisphinctes aff. Jubailensis) (Manivit et al., 1990). The Jubaila Formation is 130 

conformably overlain by the Arab Formation (Arab-D Member; Manivit et al., 131 

1990).  132 

2.2.3 Arab Formation, Arab-D Member 133 

The Arab Formation is subdivided into four members A-D, in descending 134 

order (Steineke et al., 1958). The base contact of the Arab Formation 135 

definitions is picked differently at outcrop and in the subsurface (Appendix 1). 136 

The Arab-D Member ends with collapse breccia interval below the Arab-C 137 

Member. The breccia is due to the dissolution of anhydrite between the Arab-138 

D and Arab-C Member, which have been lately defined as Arab-D Anhydrite 139 

(sensu Mitchell et al., 1988; Appendix 1). The Arab Formation lacks 140 

ammonites and is dated as Kimmeridgian to Tithonian based on microfaunal 141 

association including benthic foraminifera (Manivit et al., 1990; Hughes, 2009) 142 

and by lateral equivalence (Thierry et al., 2000).  143 

3 Methods 144 

This sequence stratigraphic study is based on 14 sedimentological 145 

sections (Fig. 1), with a total thickness of 1500 m, and 120 stained thin 146 

section samples. The sedimentological data include: mineralogy, color, 147 
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sedimentary structures, extended Dunham texture (Dunham, 1962; Embry 148 

and Klovan 1971), grain types, grain size, and fossil types and bioturbation.  149 

High-resolution stratigraphic correlations have been defined using field 150 

physical correlation and sequence stratigraphic concepts. The 151 

sedimentological-based sequences are defined in outcrop and have been 152 

extended to the main hydrocarbon fields in the subsurface in a cross-section 153 

using gamma-ray logs. 154 

  The sequence stratigraphic cross-sections are complemented with 155 

biostratigraphic data of Manivit et al. (1990). The cross-section of the Jubaila 156 

and Arab-D Member is supplemented with an additional measured section 157 

(Wadi Al Majami, 21° 04’ N) from Vaslet et al. (1985). 158 

4 Facies and depositional environment 159 

The regional facies distribution is shown in figures (4 and 5). The spatial 160 

distribution of the facies are shown in sequential depositional models (Fig. 11 161 

and 12) that illustrate the evolution of the depositional systems in response to 162 

a third-order relative sea-level changes. Eleven facies or facies associations 163 

have been recognized within the Hanifa Formation, Jubaila Limestone and 164 

Arab-D Member. The descriptions of the sedimentary facies are summarized 165 

in Table 1 and the interpretation of their depositional environments are 166 

discussed below. The facies are grouped in four depositional environments, 167 

which comprise from proximal to distal: arid shoreline, mixed carbonate-168 

siliciclastic inner-lagoon, carbonate inner-lagoon and back-barrier lagoon. 169 

The facies analyses give important indications for interpreting the 170 

mechanism of sedimentation and depositional environments. The 171 

interpretation of depositional environments are not always unequivocal, 172 
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particularly with regard to the water depth and lagoonal versus offshore 173 

setting of some facies. This is because the depositional system is complex as 174 

it evolves through time within a depositional sequence and during the whole 175 

Late Jurassic period. Therefore, the interpretation of the depositional 176 

environments went through an iterative process between facies description, 177 

vertical and lateral facies distribution and relationships by using Walther’s 178 

Law, stratigraphical geometry (clinoform versus tabular or parallel) and 179 

paleogeographical location of the facies.  180 

4.1 Arid evaporitic shoreline and lagoon 181 

F1: Anhydrite solution collapse breccia: subaqueous salina 182 

This facies occur only at the top of the Arab-D Member (Fig. 6A and B) 183 

and is equivalent to the Arab-D Anhydrite in the subsurface (Sharief et al., 184 

1991). These units exhibit karstic collapse features and highly deformed 185 

rotated units, and are interpreted to be formed mainly in a subaqueous salina 186 

(McGuire et al., 1993; Handford et al., 2002; Lindsay et al., 2006), and to a 187 

lesser extent, in a sabkha depositional environment (Al-Awwad and Collins, 188 

2013a) prior to dissolution and collapse. 189 

F2: Red dolomite: tidal-flat to restricted lagoon 190 

These dolomitic beds are interpreted to form in response to highly 191 

evaporitic conditions in restricted tidal-flat and lagoons, associated with 192 

periods of non-deposition (Swart et al., 2005). The increase in occurrence of 193 

dolomite facies around the sequence boundaries suggests a control of low 194 

accommodation rates on the formation of the dolomites.  195 
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 4.2 Mixed carbonate-siliciclastic inner-lagoon 196 

F3: Cross-bedded quartz sandstone: shallow-marine sand-flat 197 

They are interpreted as shallow-marine sand-flat deposits. The plane and 198 

wave-ripple laminations attest to wave generated currents in an upper 199 

shoreface setting (cf. Reynolds, 1995). The intimate occurrence above the 200 

depositional-related red dolomite beds (F2) suggest that the laminated 201 

sandstones were deposited in a proximal setting, beach or shoreline 202 

environment. The interfingering of low-energy lime-mudstone facies (F6) 203 

indicates that a time of storm-generated currents are frequent and wave-base 204 

is probably relatively shallow.  205 

F4: Calcareous shale and argillaceous lime-mudstone to 206 

packstone: shale-dominated inner-lagoon 207 

This low-energy facies is interpreted to be deposited in shale dominated 208 

shallow-marine inner-platform setting. The terrigenous content is related to 209 

both the reworking of shale deposits during early-transgressive process and 210 

to a paleogeographical location close to the terrigenous influx. The associated 211 

storm-generated grainstone beds suggest that the inner platform was 212 

occasionally influenced by storm events. The predominance of Chondrites 213 

burrows and the associated low-faunal diversity (Appendix 2 and 3) imply an 214 

overall restricted low-oxygenated bottom waters (Bromley and Ekdale, 1984; 215 

Goldring et al., 2005), which could be attributed to the proximality to hinterland 216 

freshwater runoff and high-nutrient supply with resultant oxygen stratification 217 

(Bottjer et al., 1986 in Read, 1989; Rabalais et al., 1991; Lukasik et al., 2000). 218 



 10 

 F5: Nodular bioturbated peloidal wackestone/mudstone: inner 219 

lagoon 220 

The fine-grained deposits indicate low energy background condition, while 221 

the heterolithic stratification and the alternation of lime mudstone and 222 

grainstone suggest intermittent storm and current influence. As the 223 

bioturbation has largely destroyed the physical sedimentary structure, it is 224 

difficult to identify the type of current controlling the deposition. Intercalations 225 

of storm beds are probably present suggesting a low energy wave dominated 226 

environment with record of some higher amplitude storm events. 227 

Unfortunately, there are no direct sedimentological or biofacies evidence to 228 

discriminate between deep-water upper-offshore environment or shallow-229 

marine protected inner-platform setting. 230 

 4.3 Carbonate inner-platform 231 

F6: Thinly laminated barren lime-mudstone: restricted inner-232 

lagoon 233 

These barren and non-bioturbated lime-mudstones are interpreted to be 234 

deposited in a restricted poorly oxygenated inner-lagoon occasionally 235 

subjected to high-energy storm pulses. The low-angle laminations suggest 236 

episodic wave and current action at speed reaching 50 cm/sec (Schieber et 237 

al, 2007; Schieber et al., 2013; Al-Awwad and Pomar, 2015; Frébourg et al., 238 

2016). The deposition of such barren thick shallow-water lime-mudstone is 239 

probably influenced by cyanobacterial photosynthesis process as part of the 240 

Jurassic neritic lime-mud factory (Pomar and Hallock, 2008). Consistently, the 241 

microbial calcification was at optimum level during the Late Jurassic (Riding, 242 
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2000; Riding and Liang; 2005). In such a proximal nearshore setting, high 243 

nutrient input associated with terrigenous influx generally promote and 244 

increase calcareous algal production (Hallock, 2001). Subtle increase of 245 

nutrient input can result in modification of the benthic community environment 246 

(―phase shift‖ of Hallock, 2005) by limiting light penetration (Hallock, 2001) 247 

and rising the dasycline level (Alnazghah et al., 2013), causing disappearance 248 

of the shallow component community (e.g., dasyclads, oncoids, benthic 249 

forams). In the nearby sub-surface these facies have been interpreted by 250 

other workers as forming part of an internalite facies association representing 251 

a deep depositional setting (Al-Awwad and Pomar, 2015). Based on the 252 

stratigraphic position of the facies within the topmost part of the Jubaila 253 

sequence underneath the Arab evaporites, it is supposed that the facies may 254 

correspond to the regression and closing of the depositional system. The 255 

incorporation of the regional stratigraphic and paleogeographic position 256 

together with the associated sandstone suggests proximity to a detrital source 257 

and a relatively proximal setting. 258 

F7: Bioturbated peloidal lime-mudstone to packstone: highly 259 

bioturbated lagoon 260 

The facies are interpreted as low-energy protected lagoonal deposits. This 261 

low-energy environment was episodically disturbed by storm event 262 

responsible for the deposition of thin grainstone layers. The regional extent of 263 

these facies, the limited lateral facies changes and the dominant muddy 264 

carbonate texture are consistent with a shelf lagoonal depositional setting 265 

(Wilson and Jordan, 1983). The high faunal diversity, the abundant benthic 266 

forams and the associated ammonites and coral/stromatoporoids, the pale 267 
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color of this facies and the intense bioturbation suggest a well-oxygenated 268 

environment and normal-marine salinites (Wilson and Jordan, 1983; Galli, 269 

1993; Khetani and Read, 2002). The associated normal-marine fauna 270 

together with the regional stratigraphic positions suggest a distal lagoonal 271 

depositional environment.  272 

F8: Sharp-based intraclast-peloidal skeletal grainstone, oncoidal 273 

locally: storm-dominated inner-platform      274 

The erosional bed bases, graded bedding, and weak bioturbation suggest 275 

an instantaneous sediment accumulation (eventite) (Bádenas et al., 2012; Al-276 

Awwad and Pomar, 2015). The plane-parallel lamination suggests high 277 

hydrodynamic energy, while the HCS and SCS (Fig. 8E) suggest sediment 278 

transport through oscillatory storm generated flows (Duke, 1985; Myrow and 279 

Southard, 1996; Morsilli and Pomar, 2012). These eventite beds were 280 

interpreted as a result of breaking of internal waves in the nearby subsurface 281 

Khurais Field (Al-Awwad and Pomar, 2015). It is unlikely that the internalites 282 

or pycnocline can exist or propagate in such epeiric flat-topped platforms (L. 283 

Pomar, personal communication). The depth of pycnocline (density stratified 284 

fluids) at such low latitude ranges from 600-1000 m to minimum 100 m at mid 285 

latitude (Morsilli and Pomar, 2012). It is doubtful that the turbulence of internal 286 

waves can transport or influence shallow-water components that are 287 

shallower than pycnocline level (Jacquemyn et al., 2017). The propagation of 288 

internal waves requires sufficient water depth on at least gently sloping ramp 289 

depositional profile (Bádenas et al., 2012). An alternative mechanism for 290 

transporting the conglomeratic rudstones of the Jubaila is debris or 291 

hyperconcentrated density flow related to offshore downslope directed flow 292 
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(Jacquemyn et al., 2017). Erosive channelized debris flows (such as Fig. 10) 293 

require relatively steep depositional slopes (> 4°, commonly >20°; Janson et 294 

al., 2011; Mullins and Cook 1986 in Jacquemyn et al., 2017). Steep clinoform 295 

geometries are not evident either on a regional outcrops cross-section (Fig. 5) 296 

or on a subsurface dip-direction cross-section (Fig. 14). Taking into account 297 

the paleogeographic setting, the regional succession with respect to the 298 

associated nearshore facies, a storm surge or coastal set up is suggested 299 

consistent with Jacquemyn et al. (2017). Wind-forced currents, promoted by a 300 

transgressive trend and increasing accommodation space, represent a 301 

possible mechanism for onshore sediment transport in such a flat depositional 302 

profile (cf. Aigner, 1985; Galli, 1993).  303 

4.4 Barrier to back-barrier lagoon   304 

F9: Oncoidal packstone, grainstone and rudstone: oncoidal 305 

bars/shoal 306 

This facies formed in a high-energy shallow-marine sandy to pebbly bar or 307 

shoal depositional setting. The oncolites are valuable indicators for 308 

paleoenvironments as they are sensitive to turbidity- and trophic-levels, which, 309 

in turn, are controlled by climatic and relative sea-level changes (Védrine et 310 

al., 2007). Oncolites are interpreted to form preferentially in open-marine 311 

semi-arid settings (Védrine et al., 2007). The predominance of dasyclads 312 

(Clypeina), benthic forams and coral/stromatoporoid indicates shallow-marine, 313 

low-turbidity and optimum conditions for the carbonate factory.  314 



 14 

F10: Coral/stromatoporoid boundstone to floatstone: low-energy 315 

and high-energy back-barrier 316 

The circular patch-reefs and the coral/stromatoporoid biostromes are 317 

interpreted to have developed in a clear shallow and open-marine 318 

environment that was free of argillaceous matter (Védrine and Strasser, 319 

2009).  The paleogeographic and stratigraphic location of the reef biostromes 320 

and buildups suggest that these formed in a back-barrier depositional 321 

environment (Wilson and Jordan, 1983). 322 

F11: Cross-bedded coated-grain and peloidal grainstone: shoal 323 

and washover complex 324 

These facies were deposited in a high-energy depositional environment 325 

dominated by storm- and wave-generated currents. The stratigraphic position 326 

of this facies and spatial relationships with the other facies indicate a shoal 327 

and/or back-shoal washover environment (Reinson, 1979). 328 

5 Sequence stratigraphy and stratigraphic evolution 329 

The sequence stratigraphic transects are oriented N-S in an oblique 330 

direction to depositional dip (Fig. 4 and 5). The Upper Jurassic succession 331 

can be divided into two 2nd-order depositional sequences—the Hanifa 332 

sequence and Jubaila-Arab-D sequence. The basal sequence boundary of 333 

the Hanifa sequences corresponds to the Middle-Late Jurassic unconformity 334 

and is marked by sharp regionally extensive iron-stained hardgrounds 335 

associated with a slight truncation over the Tuwaiq Mountain Limestone. This 336 

unconformity corresponds to a 2nd-order sequence boundary (SB2 11 of Al-337 

Husseini et al., 2006).  338 
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The overall apparent depositional dip (proximal-distal polarity) is a 339 

northeast-southwest direction. The detrital siliciclastics increase toward the 340 

southwest, reflecting greater proximity to the terrigenous source and to the 341 

Arabian Shield (Fig. 13B; Ziegler, 2001). Relatively normal-marine facies and 342 

fauna increase toward the north and the northeast of the transects. These 343 

depositional sequences underwent evident differential subsidence and the 344 

location of the subsiding areas is different in each sequence. Therefore, 345 

subdivisions of these two depositional sequences were also based on their 346 

tectonically-related stratigraphy.  347 

5.1 Hanifa Sequence Stratigraphy  348 

The outcropping Hanifa Formation is composed of two third-order 349 

sequences (HCS1 to HCS2), each comprising multiple high-frequency 350 

sequences (HFSs). The HFSs show slight retrogradational and overall 351 

aggradational stacking patterns and lack well-developed progradational 352 

stacking patterns (Fig. 4). The lack of low-stand systems tract (LST) is 353 

attributed here to deposition in a flat-topped shelf inner-platform setting. The 354 

Hanifa Formation is dated Early Oxfordian to Early Kimmeridgian (Manivit et 355 

al., 1990). Therefore, the approximate duration of the Hanifa sequences is 5.3 356 

Myr, and the average duration of the Hanifa composite sequences (HCS1-357 

HCS2) is approximately 2.65 Myr.  358 

5.1.1 Hanifa Composite Sequence 1 (HCS1) 359 

5.1.1.1 HFS1 360 

This high-frequency sequence is bounded by two subaerial exposure 361 

surfaces and marked by extensive stained bored hardground surfaces. It 362 
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wedges-out in the Wadi Al Ain–Riyadh area. HFS1 consists of four cleaning 363 

upward cycles capped by coral/stromatoporoid boundstone (F10). These 364 

bioconstructed facies represent maximum transgression and highstand stage 365 

of the sequence.  366 

5.1.1.2 HFS2, HFS3 and HFS4 367 

High-frequency sequences HFS2-HFS4 are bounded by minor firmground 368 

and hardground surfaces and are characterized by an overall basal shallow-369 

marine low-energy argillaceous deposits (F4 and F5) that are barren to low 370 

faunal diversity attributed here to proximity to siliciclastic and nutrient supply 371 

(Appendix 2 and 3). These proximal siliciclastic deposits are thickened and 372 

localized mainly in highly subsiding areas in which depressions seem to be 373 

compensated and filled with terrigenous sediment during initial transgression. 374 

The maximum marine transgressions of these sequences are marked by 375 

swaley cross-stratified grainstone (F11) in the southern-end section (Wadi Al 376 

Haddar) that are coincide with biostromal coral/stromatoporoid facies (F10) in 377 

the northern section (Huraimla). During the highstand systems tract (HST) of 378 

these sequences, the high-energy deposits evolved to lower energy highly 379 

bioturbated lime-mudstones (F7).  380 

5.1.1.3 HFS5 and HFS6 381 

These high-frequency sequences are characterized, at the base, by high-382 

energy storm-generated grainstone deposits (F8) overlain by white-colored 383 

pure carbonate facies (F7 and F11). The storm-generated grainstones (F8; 384 

base HFS5) form an extensive correlatable layer within the study area. This 385 

layer was used as a lithostratigraphic marker separating the two Hanifa 386 

members—the Hawtah and Ulayyah Members (Vaslet et al., 1983). So, the 387 
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lithostratigraphic boundary between the Hanifa members is a conformable 388 

transgressive surface within HCS1. There is no clear evidence of lateral 389 

facies-variation indicating a proximal-distal polarity in the overall strike 390 

transect, which is interpreted to represent a very extensive and shallow-391 

marine inner-platform depositional setting. The lateral continuity and the 392 

tabular geometry of the storm generated meter-thick bedsets and the lack of 393 

clinoforms within the study area attest a very flat depositional profile. These 394 

extensive high-energy deposits imply significant sequence stratigraphic 395 

events in which the whole inner-platform became highly agitated. These 396 

higher-energy conditions are attributed here to an increase of accommodation 397 

space, resulting in greater propagation of waves and storms in inner-platform 398 

settings. Increased accommodation space is associated with normal-marine 399 

conditions during the Hanifa long-term transgression and backstepping trend. 400 

The synchronicity of normal-marine conditions and high-energy deposits 401 

(base HFS5) is testified by the high foraminiferal diversity (cf. Al-Mojel, 2017) 402 

including the first appearance of the Late Oxfordian benthic foraminifera 403 

Alveosepta Jacardi (Appendix 2 and 3). Remarkably, the first appearance of 404 

the Alveosepta Jacardi in the extensive grainstone deposits (base HFS5) is 405 

an important stratigraphic event. It was not recognized by a recent outcrop 406 

study (Fallatah and Kerans, 2018), which instead proposed diachronous 407 

clinoform geometries for this interval. The main MFS of HCS1 fits with the 408 

MFS of HFS5, which is locally characterized by swaley cross-stratified shoal 409 

grainstone (F11; Wadi Ghulghul) and biostromal coral/stromatoporoid (F10; 410 

As Sitarah).  411 
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HFS6 consists mainly of low-energy highly bioturbated 412 

wackestone/mudstone (F7) and local coral/stromatoporoid buildups (F10; 413 

Wadi Birk). The HFS6 is similar to the preceding cycle but the transgressive 414 

sharp-based grainstones (F8) and the swaley- and hummocky-stratified 415 

grainstones (F11) are thinner and less extensive, which is probably due to 416 

decreasing accommodation space. The HST of HFS6 is characterized by 417 

well-oxygenated highly-bioturbated (mainly Thalassinoides) 418 

mudstone/wackestone (F7) with locally coral/stromatoporoid buildups (F10). 419 

HFS6 is capped by a regional sequence boundary (top HCS1) marked by a 420 

stained bored hardground or an extensive ravinement surface. The top 421 

sequence boundary shows obvious facies shift from the clean low-energy 422 

carbonate-rich intervals to overlying brown and darker-color high-energy 423 

facies (F8). The top sequence boundary could be considered a slight 424 

tectonically-forced regional truncation surface (with probable subaerial 425 

exposure) in which the HST is notably thinning northward whereas the TST 426 

appears isopachous. The Wadi Birk–Riyadh area is slightly uplifted and 427 

eroded (less than 10 m compared with the southern area). Later on, this area 428 

seems to be slightly more subsiding at the beginning of the overlying HCS2 429 

sequence as shown by its maximum thickness and thinning toward the south. 430 

5.1.2 Hanifa Composite Sequence 2 (HCS2)  431 

The sequence is made up of seven high-frequency sequences (HFS1-432 

HFS7), each a few to ten meters thick and bounded by bored hard-grounds or 433 

transgressive ravinement surfaces. Most of these HFSs are more or less 434 

isopachous and can be correlated all along the transect. This broad tabular 435 

geometry and the facies distribution within these HFSs clearly show that the 436 
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depositional profiles were uniformly regionally horizontal in this shallow-437 

marine inner-platform environment. No clinoforms can be inferred from the 438 

geometries and facies distribution. The base of HCS2 (HFS1) is marked by an 439 

extensive transgressive bedset made up of decimeter thick storm-generated 440 

coarse-grained grainstone beds (F8), identified in all the sections except in Al 441 

Haddar to the south. Tidal influence is locally attested by bidirectional 442 

sigmoidal cross-bedding. Therefore, it is interpreted as a sandy shoreface-443 

foreshore characterized by high-energy storm-dominated ravinement 444 

processes in a transgressive context. These early-transgressive grainy 445 

bedsets (F8) are overlain by low-energy bioturbated slightly argillaceous 446 

muddy carbonate deposits (F4; HFS2). The lower part of HCS2 (HFS1 and 447 

HFS2) shows limited lateral facies variations and the shale content increases 448 

toward the south (Al Haddar) and toward the proximal domain, which supports 449 

the continental origin of the shale influx and its interpretation as a proximality 450 

indicator. In the upper part of HCS2 (HFS3-HFS7), the facies distribution is 451 

much more complex and dominated by the widespread development of 452 

coral/stromatoporoid boundstones (F10) and associated oncoidal grainstones 453 

(F9) with minor low-energy muddy intervals (F7). These facies indicate rapid 454 

facies variations at a hectometric to kilometric scale resulting in a very 455 

complex architecture of the upper part of the HCS2 and of related potential 456 

reservoir bodies in this interval. The general migration/backstepping of the 457 

corals/stromatoporoids bodies (F10) southward confirms the overall TST of 458 

HCS2. The MFS of HCS2 (MFS of HFS6) is marked by the maximum 459 

southward (landward) extent of the highly-bioturbated lagoonal peloidal 460 

mudstone/wackestone facies (F7); and in the north it is marked by the most 461 
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distal facies of the swaley cross-bedded peloidal shoal grainstones (F11). 462 

This MFS represents the main maximum transgression of the whole Hanifa 463 

sequence. Interestingly, the lateral southward facies changes (Fig. 11B; T4) 464 

from normal-marine reefs (F10) to algal microbial system (F9) is probably 465 

controlled by the proximality to terrigenous sources and an associated 466 

nutrification input. The increasing of nutrient supply could switch the 467 

carbonate production from reef to algal depositional system (cf. Fig. 9 in 468 

Hallock, 2001). The highstand systems tract (upper HFS6 and HFS7) lacks 469 

argillaceous detrital content suggesting that shorelines were pushed further 470 

updip during continuing coastal onlap of MFS and HST units. The top Hanifa 471 

sequence boundary is a disconformity marked by an extensive iron-stained 472 

hardground surface, which was considered as a third-order sequence 473 

boundary (SB3 11.3 of Al-Husseini et al., 2006), but herein is interpreted as 474 

2nd-order sequence boundary. This erosional surface is associated with 475 

abrupt facies changes as it separates coral/stromatoporoid prone facies at 476 

topmost Hanifa Formation from storm-influenced darker-color quartz-rich 477 

grainstones at the base of the Jubaila Limestone. Therefore, it is possible that 478 

the regressive systems tract of HCS2 may have been partially eroded. Our 479 

correlations show also a slight differential uplift of the southern area where 480 

truncation is most pronounced. It is abruptly overlain by the top Hanifa 481 

exposure and base-Jubaila ravinement surface with a very limited preserved 482 

highstand systems tract. 483 

5.2 Jubaila and Arab-D Sequence Stratigraphy   484 

The facies distribution of the Jubaila-Arab-D outcrops indicate conformable 485 

genetically-related successions comprising two third-order sequences (JCS1 486 
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and JCS2). The lithostratigraphic boundary between the Jubaila Limestone 487 

and the Arab Formation (sensu Manivit et al., 1991; Appendix 1) seems to be 488 

a conformable surface within JCS2 (Fig. 5). The Arab-D anhydrite, located in 489 

the upper part of the Arab-D Member, is not part of the Jubaila-Arab-D 490 

sequences because the thickness of the evaporites increases upward, which 491 

implies an increase in accommodation space attributed here to the TST of the 492 

next sequence. In the subsurface, the Arab-D reservoir has been divided into 493 

three informal time-stratigraphic zones based on porosity log correlation 494 

(Mitchell et al., 1988). These reservoir zones are extended to the outcrops 495 

sections through subsurface correlation with Khurais and Ghawar fields (Fig. 496 

14). 497 

The Jubaila-Arab-D sequences are dominated by a carbonate deposition 498 

with subordinate siliciclastics (mainly quartz sandstone, no argillaceous 499 

sediments). The Jubaila-Arab-D sequences formed in an overall low-energy 500 

wide lagoon on a flat-topped inner-platform subjected to transgressive-related 501 

storm pulses. The stacking patterns lack well developed progradational 502 

geometries and low-stand systems tract (LST) in the studied outcrop. 503 

An early Kimmeridgian age attribution for both the upper Hanifa sequence 504 

(HCS2) and lower Jubaila Limestone (JCS1), suggests that upper Jubaila and 505 

Arab-D Member (JCS2) may extend into the late Kimmeridgian. Therefore, 506 

the approximate duration of the Jubaila-Arab-D sequences could be ~ 4 Myr, 507 

with the average duration of the two composite sequences (JCS1 and JCS2) 508 

being approximately 2 Myr.  509 
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5.2.1 Jubaila and Arab-D Composite Sequence 1 (JCS1) 510 

JCS1 consists of two high-frequency sequences (HFS1 and HFS2). HFS1 511 

shows wedging geometry and increasing thickness toward the central part of 512 

the studied area (Wadi Al Ain). This is attributed to a progressive 513 

synsedimentary differential subsidence increasing eastward (Fig. 5). The base 514 

of the HFS1 is characterized by storm transgressive grainstones and 515 

floatstone/rudstone (F8) with rip-up clasts and around 30% sandstone quartz. 516 

They are interbedded with barren thinly laminated lime-mudstone (F6) and 517 

weakly bioturbated nodular wackestone with low foraminiferal species 518 

diversity (Nautiloculina oolithica and Lenticulina sp.) corresponding to a 519 

proximal restricted lagoon facies association. The storm beds formed 520 

aggraded, extensive, and correlatable units, which imply a near-horizontal 521 

bathymetric profile after the top Hanifa exposure. The depositional profile 522 

remained very flat during the synsedimentary deformation as suggested by 523 

the lack of lateral facies variations. Coral/stromatoporoid facies are notably 524 

absent in the HFS1. The MFS of HFS1 is placed within thickest storm 525 

grainstone bed in the most proximal section (Al Haddar). This is because 526 

development of wave and storm dynamic and propagation require a higher 527 

accommodation space in such a wide lagoon. The HST of HFS1 is marked by 528 

a progressive upward thinning of the storm grainstone beds (F8) that grade 529 

upward to highly bioturbated lagoonal mudstone/wackestone (F7) which is 530 

rich in benthic foraminifera. During the highstand, waves and storms became 531 

fetch-limited due to either the unique physiography of the Arabian Platform 532 

and the great distance of the studied area from the ocean or due to the 533 

establishment of shoals and reefs in outer barriers (e.g., shelf margin). The 534 
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lagoonal muddy facies (F7) are aggrading and still in connection to the ocean 535 

and open-marine influence as indicated by strong bioturbation and the 536 

migration of the pelagic fauna (ammonite and nautiloids) into this proximal 537 

setting. Through the HST, the intensity of the bioturbation of the lagoonal 538 

facies (F7) decreases progressively upward, culminating in barren thinly 539 

laminated lime-mudstone (F6; Appendix 4), which imply an increase in 540 

restriction and protection upward. The restriction is probably caused by a 541 

short-term regression and seaward stepping of nutrient input. The top 542 

sequence boundary of the HFS1 is not clearly defined but it can be placed at 543 

the maximum northward extent of restricted lagoon facies (F6). 544 

HFS2 is tabular and exhibits no lateral thickness variations. The TST is 545 

marked by a progressive upward thickening of the storm grainstone beds (F8) 546 

and increased abundance of the bioturbated wackestone/packstone facies 547 

(F7), which imply more marine influence and decrease of the nutrient supply. 548 

The bioturbated wackestone/packstone facies (F7) shows a slight 549 

retrogradational stacking-pattern toward the proximal domain to the south. 550 

The storm grainstones (F8) are quartz-rich and dominated with oncoid and 551 

coated-grains floatstone/rudstone. Very rare reworked clasts of 552 

coral/stromatoporoids were noticed in these grainstone beds. Through the 553 

transgression trend, the upward change from barren restricted lime-mudstone 554 

(F6) to more algal microbial system is related to the decrease in nutrient 555 

influence (cf. Hallock, 2001). The lagoonal facies tract remained partially 556 

restricted and was not fully marine as indicated by low faunal diversity and 557 

poorly developed reefal facies (F10). The MFS of HFS2 is picked at the 558 

maximum back-step of bioturbated lagoonal facies (F7) toward the proximal 559 
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domain found to the south. In the TST of HFS2, there is a clear synchronicity 560 

between depositional energy, faunal diversity and bioturbation. The very-low 561 

energy facies (F6) is barren and not bioturbated but when it grades to 562 

wackestone/packstone (F7) storms and faunal diversity become apparent 563 

(Appendix 4). On this flat-topped platform, depositional energy and the degree 564 

of protection seem to be related to the paleogeography or physiography of the 565 

Arabian Platform rather than a water depth relationship. The HST is marked 566 

by an upward thinning and decrease in storm grainstone facies. The vertical 567 

facies proportion of the storm grainstones through HFS2 suggest that storms 568 

are cyclic and transgressive in origin. The top sequence boundary (top JCS1) 569 

is probably a subaerial exposure marked by regionally extensive red dolomite 570 

beds (F2) with local silicified evaporite nodules (Wadi Al Haddar), which are 571 

attributed to a restricted tidal or salina recharge process. This sequence 572 

boundary (top JCS1) has been recognized by numerous previous studies 573 

(Powers, 1962; Mitchell et al, 1988; Meyer and Price 1993; Handford et al., 574 

2002; Lindsay et al., 2006; Al-Awwad and Collins, 2013b).  575 

5.2.2 Jubaila and Arab-D Composite Sequence 2 (JCS2) 576 

The JCS2 consists of three high-frequency sequences (HFS1-HFS3). 577 

HFS1 thins slightly to the north as a result of syndepositional differential 578 

subsidence. The TST shows a progressive upward decrease in quartz 579 

content. The MFS is marked in the distal domain (Wadi Malham) by high-580 

energy grainstones (F8) with erosional base and associated with 581 

coral/stromatoporoid buildups (F10) and reworked clasts (Fig. 10). In this 582 

inner-platform setting, the coral/stromatoporoid system is widely influenced by 583 

wave and storm dynamic. The waves and storms are really the dominant 584 
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factor during maximum marine transgression of the Jubaila deposition. In 585 

several previous interpretation, these reef buildups have been considered to 586 

represent highstand prograding fringing reefs (Lindsay et al., 2006; Al-Awwad 587 

and Collins, 2013b). The reef facies (F10) have to be interpreted as back-588 

barrier backstepping units and not classic prograding units, as indicated by 589 

disappearance of these facies in the proximal domain of the transects (Wadi 590 

Al-Haddar). The HST of HFS1 is marked by progressive finning upward and 591 

minor regression and seaward stepping of the barren lime-mudstone (F6).  592 

HFS2 thins slightly to the north. During the TST, the quartz content 593 

decreased upward and the depositional system becomes high-energy 594 

dominant with an open-marine fauna of coral/stromatoporoid and rudist 595 

floatstones/rudstones (F10; Wadi Malham, Al-Hawtah). The MFS of HFS2 is 596 

placed in the maximum landward extension of the coral/stromatoporoid and 597 

rudist floatstone/rudstone (F10) to the south indicating a well-circulated 598 

normal-marine back-barrier lagoon. Through the HST of HFS2, the 599 

coral/stromatoporoid facies (F10) grades progressively upward to oncoid and 600 

coated-grains floatstone/rudstone (F8) accompanied by an increase in quartz 601 

content and thickening of quartz-rich red dolomite beds (F2; Wadi Malham). 602 

This vertical change from a reef dominated depositional system to a more 603 

algal microbial system is attributed to increased nutrient influence (cf. Hallock, 604 

2001) through the regression trend. The top sequence boundary of HFS2 is 605 

marked by a quartz-rich red dolomite bed (F2; Wadi Malham). 606 

The HFS3 has tabular geometry and no lateral thickness variations, and is 607 

characterized by barren lime-mudstone (F6) and bioturbated wackestone 608 

facies (F7), while normal-marine coral/stromatoporoid facies (F10) are notably 609 
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absent. The HST is marked by a slight northward progradation of restricted 610 

low-energy lime-mudstone (F6). The top sequence boundary (top JCS2 and 611 

whole Jubaila-Arab-D cycle) is marked by an erosional ravinement surface 612 

overlain by dolomitized grainstones (F8) with reworked silicified evaporite 613 

nodules (Wadi Malham) and local hummocky cross-stratification (Al Hawtah). 614 

The grainstones are overlain by anhydrite dissolution residue and rotated rafts 615 

of stromatolitic dolomite. 616 

6 Discussion 617 

6.1 Evolution of depositional systems 618 

6.1.1 Hanifa Formation 619 

The Hanifa Formation has been previously interpreted as two composite 620 

sequences—the Hawtah sequence and Ulayyah sequence (Sharland et al., 621 

2001; Mattner and Al-Husseini 2002; Al-Husseini et al., 2006; Hughes et al., 622 

2008; Hughes 2009; Le Nindre in Kadar et al., 2015). The first sequence, 623 

defined herein (HCS1), is broadly equivalent to the Hawtah sequence, while 624 

HCS2 would be equivalent to Ulayyah sequence.  625 

 The main MFS of the HCS1 is placed here within the Late Oxfordian 626 

backstepping of high-energy deposits, coincident with the highest faunal 627 

diversity (Appendix 2 and 3). Conversely, other workers placed the MFS of 628 

the Hawtah sequences in the Middle Oxfordian (plicatilis Zone) (MFS J50 of 629 

Sharland et al., 2001; Mattner and Al-Husseini, 2002; Le Nindre in Kadar et 630 

al., 2015). Alternatively, Hughes et al. (2008) placed the MFS’s in argillaceous 631 

limestone with the highest gamma-ray signals (Appendix 2). They interpreted 632 

the argillaceous limestone interval as deep-lagoon environment based on 633 
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associations of micro- and nanofossils. Similarly, Al-Mojel and Kerans (2014) 634 

and Fallatah and Kerans (2018) placed the Hanifa MFS in an argillaceous 635 

limestone interval interpreted as offshore deposits based on lithology, 636 

stressed low-oxygenation conditions and low bioturbation levels. The elevated 637 

argillaceous content at the base of the sequences is interpreted here not as a 638 

sign of deepening given the shallow flat inner-platform setting, but rather as 639 

an indicator of an initial transgression over nearshore siliciclastics. The MFS 640 

is placed higher in a regionally extensive limestone with cleaning gamma-ray 641 

trend as it shows onlapping with widespread corals/stromatoporoids facies 642 

and the invasion of ammonites onto the shelf. In this scenario siliciclastics 643 

backstep updip during the MFS and HST. In contrast to classical 644 

interpretation, MFS and HST are characterized by a cleaning-upward gamma-645 

ray trend.  646 

6.1.2 Jubaila-Arab-D 647 

The sequence stratigraphy of the Jubaila Limestone and Arab-D reservoir 648 

has been the subjected of many-detailed outcrop and subsurface studies 649 

(e.g., Powers, 1962; Mitchell et al., 1988; Le Nindre et al., 1990; Meyer and 650 

Price, 1993; Handford et al., 2002; Lindsey et al., 2006; Al-Awwad and 651 

Collins, 2013a, 2013b; Al-Awwad and Pomar, 2015; Jacquemyn et al., 2017). 652 

The sedimentological description in most of these previous studies was 653 

limited to the so-called ―Arab-D reservoir,‖ which corresponds to the upper 654 

part of the Jubaila Limestone and Arab-D Member (HFS2 of JCS1 to JCS2).  655 

The previous studies are lacking a wider regional sequence stratigraphic 656 

cross-section documenting lateral facies changes of the Jubaila Limestone 657 

and base Arab-D reservoir. These lateral facies changes are less evident in 658 
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the subsurface and specifically across the Ghawar field, 300 km west of 659 

Riyadh (Mitchell et al., 1988). In some of these previous studies, the barren 660 

lime-mudstones (F6) are interpreted as having been deposited in a distal 661 

ramp depositional setting (e.g., Handford et al., 2002; Lindsay et al. 2006; Al-662 

Awwad and Collins, 2013b; Al-Awwad and Pomar, 2015). Alternatively, 663 

Powers (1962) and Mitchell et al. (1988) considered the barren lime-664 

mudstones (F6) of Zone 3 and lower Zone 2 as representing deposition in a 665 

restricted, very shallow and quiet water environment. 666 

The reasoning behind previous interpretation of the lime mudstone (F6) as 667 

distal facies is that low energy and poor light penetration are interpreted to be 668 

associated with a deepwater setting (Al-Awwad and Collins, 2013b). These 669 

two conditions (low-energy and poor light-penetration) could also prevail in a 670 

sheltered or protected shallow-marine carbonate system on this exceptional 671 

extensive platform (Fig. 13B). High coastal nutrient input from surface run-off 672 

could limit light penetration (Hallock, 2001) and cause restricted low-673 

oxygenated conditions controlled by density stratification that prevented 674 

vertical circulation of bottom water (Bottjer et al., 1986; Rabalais et al., 1991; 675 

Lukasik et al., 2000). These factors could result in a distinct change in the 676 

environment of benthic communities, a ―phase shift‖ according to Hallock 677 

(2005). This would explain the disappearance of some of the biological 678 

community (e.g., dasyclads, oncoids, benthic forams). Having the barren lime-679 

mudstones (F6) deposited in a proximal nearshore setting with high coastal-680 

nutrient input is consistent with the associated high-content of quartz 681 

sandstone in outcrop and in the subsurface (Fig. 14; Zone3, Lindsay et al., 682 

2006). The updip equivalents of these restricted lime-mudstones (F6) are the 683 
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coastal quartz sandstones and conglomerates (Fig. 5; Wadi Al Majami, Vaslet 684 

et al., 1985). Other evidence supporting the interpretation adopted herein is 685 

that similar barren lime-mudstones (F6) occur higher in the Arab-D reservoir 686 

directly underneath the intertidal facies (Zone1) and anhydrites, in both 687 

outcrop (Fig. 5) and subsurface (Al-Awwad and Collins, 2013b). Modern 688 

example of continental shelf that undergoes eutrophication and hypoxic 689 

bottom-waters can be found near the discharge of the Atchafalaya and 690 

Mississippian Rivers in the northern Gulf of Mexico (Turner and Rabalais, 691 

1994; Rabalais et al., 2002). This inner-continental shelf represents the 692 

largest oxygen-depleted zone in the Western Atlantic (Rabaiais et al., 1991; 693 

Boesch and Rabalais, 1991, in Turner and Rabalais, 1994). Several modern 694 

analogs were presented by Hallock and Schlager (1986) that show negative 695 

influence of nutrients on carbonate platforms. 696 

Interpreting lime mudstones as basinal or outer-ramp deposits has lead 697 

the previous authors to propose a slope-related depositional model that has 698 

led to a shallowing upward paradigm for the interpretation of the Jubaila-Arab-699 

D sequence (Meyer and Price, 1993; Handford et al., 2002; Al-Awwad and 700 

Collins, 2013b; Al-Awwad and Pomar, 2015). These interpretations contradict 701 

the extensive correlatable layer-cake stratigraphic architecture observed in 702 

the outcrop and in the subsurface (Fig. 13; HFS2 of JCS1; Figure 15 of 703 

Mitchell et al., 1988; Meyer and Price 1993).  The layer-cake sequence 704 

stratigraphic framework of the Jubaila-Arab-D presented here (Fig. 5 and 13) 705 

are consistent with the interpretation of Wilson (1975), Murris (1980) and 706 

Mitchell et al. (1988) showing similar tabular geometries. An inclined 707 

topography (the clinoform ramp model) requires progradation toward the 708 
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thickest part of Jubaila-Arab-D sequence to fill the accommodation space (Al-709 

Awwad and Collins, 2013b). This interpretation contradicts the evidence for 710 

syndepositional differential subsidence playing a significant role in the 711 

thickness variations of the Jubaila Limestone (e.g., HFS1 of JCS1).  712 

6.1.3 Evolution of carbonate system in a transgressive inner-platform 713 

The studied outcrops are located on the proximal part of a very wide 714 

epeiric platform, more than 1000 km from the platform margin (Fig. 13B). 715 

There are no really deep-marine facies associations observed in the studied 716 

interval. The depositional system is characterized by an association of low-717 

energy muddy deposits, sometimes slightly argillaceous, and high-energy 718 

grainstone with occasional sandstones. The sedimentary structures of these 719 

high-energy deposits suggest an origin of storm-related currents. Following a 720 

ramp depositional model, the storm deposits were previously interpreted as 721 

having formed in upper offshore deposits (e.g., Lindsey et al., 2006; Al-722 

Awwad and Collins, 2013a, 2013b; Al-Awwad and Pomar, 2015; Jacquemyn 723 

et al., 2017). The sediments do not show the classical characteristics of such 724 

environments, such as fine-grained sediments with well-developed HCS 725 

structures. Offshore lower-shoreface storm deposits tend to be narrow and 726 

localized belts and more often show prograded lenticular grainstone bodies. 727 

Instead, these storm-generated grainstones are extensive, regionally 728 

continuous and correlatable suggesting an overall synchronous deposition in 729 

a flat-topped inner-platform setting. Most of the high-energy depositional units 730 

have a sharp-based contact with the underlying muddy deposits. A gradual 731 

coarsening-up evolution, which should exist in a prograding system, has 732 

never been observed in the studied sections. The sharp-based surfaces are 733 
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interpreted as ravinement surfaces related to transgressive processes and not 734 

to sea level drops or associated forced-regressive processes. The 735 

transgressive ravinement surfaces are extensive and considered as timelines. 736 

Considering the overall context, the low-energy deposits are unlikely to be 737 

deeper offshore facies but rather inner-platform lagoonal facies. 738 

The Hanifa and Jubaila stratigraphic transects exhibit a very tabular 739 

geometry and wide lateral continuity. The only clinoforms that have been 740 

identified by seismic reflections in the subsurface are located more to the east 741 

(Fig. 13; Keho et al., 2009) and are related to the development of an intrashelf 742 

basin (see discussion below). In this type of platform-intrashelf basin system, 743 

the deeper environments are in contrast to the barren lime-mudstone (F6) 744 

characterized by organic-rich lime-mudstones (cf. Droste, 1990; McGuire et 745 

al., 1993; Al-Naji, 2002; McGuire, 2003) that have not been observed in the 746 

outcrop area (Fig. 13). 747 

6.1.4 Insights into the development of the Late Jurassic intrashelf Arabian 748 

Basin 749 

Surface-to-subsurface correlations (Fig. 13 and 14) provide insight into the 750 

development and evolution of the Upper Jurassic intrashelf Arabian Basin. 751 

Paleogeographically, the intrashelf Arabian Basin is more than 500 km 752 

landward from the Neo-Tethys continental margin (Fig. 13B; Murris, 1980; 753 

Ziegler, 2001). To the north, the intrashelf basin is bounded by broad Rimthan 754 

Arch which is characterized by shallow-marine peritidal deposits and exposed 755 

islands (Mattner and Al-Husseini 2002; Ziegler, 2001). To the east the 756 

intrashelf basin is bounded by the Qatar Arch (Murris, 1980), while it is limited 757 

to the west (Khurais to outcrop) by a flat-topped carbonate platform with a 758 
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margin located near Khurais field (Fig. 13). A basinal intrashelf source rock is 759 

characterized by laminated dark organic-rich lime-mudstone facies (McGuire 760 

et al., 1993; Al-Naji, 2002). The Hanifa reservoir facies are characterized by 761 

oolitic and peloidal shoal grainstones and some coral/stromatoporoid 762 

floatstone located, in the cross-section (Fig. 13), only in the southern Rimthan 763 

Arch and in the Khurais Field. Within the central Arabian Basin (North Ghawar 764 

and Qatif), the Hanifa Formation comprises a non-reservoir thick lime-765 

mudstone interval (McGuire et al., 1993; Al-Naji, 2002). The shoal grainstones 766 

in the southern Rimthan Arch formed on a gentle ramp that dips southward at 767 

< 0.5° (McGuire et al., 1993; Al-Naji, 2002). The shoal grainstones in the 768 

Khurais Field are aggrading and characterized by limited migrations (Keho et 769 

al., 2009). These high-energy reservoir facies seem to correlate with the 770 

outcropping high-energy open-marine carbonate facies of HCS1 and HCS2. 771 

They most likely formed during maximum accommodation space that allowed 772 

open-marine conditions and wave energy to propagate inboard in such 773 

extensive protected flat platform. In addition, the high rate of accommodation 774 

space resulted in a differential aggradational style on the platform as 775 

carbonate production is not able to fill up the created space everywhere (cf. 776 

Ayres et al., 1982; Razin et al., 2010, 2017). High carbonate productions that 777 

follow the rapid accommodation rate were localized in certain places forming 778 

aggrading stacking patterns, as in Khurais and in the southern Rimthan Arch. 779 

While sedimentation in the central Arabian Basin lagged behind causing the 780 

creation of intrashelf basin with about ~70 m water depth (estimated by 781 

reconstructing depositional profile from one of the Hanifa cycles in Fig. 13). 782 

Accordingly, in this interpretation the formation of the deep intrashelf basin 783 
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and the subsequent infill with source rock is synchronous with the 784 

transgressive high-energy shallow-marine deposits. The high productive and 785 

high-energy areas do not seem to prograde much to fill the intrashelf basin 786 

during HST. During the highstand sea-level phase, depth of wave-base 787 

seems to decrease due to waved dissipation and distraction promoted by the 788 

remoteness of the basin from the ocean and probably by the growth of 789 

carbonate outershelf barriers. Therefore, protected and perhaps restricted 790 

lagoonal carbonate mud would drape and infill the topographic low during 791 

HST, which is consistent with seismically mapped draping geometries at scale 792 

of the basin by (Keho et al., 2009).  793 

The Jubaila-Arab-D sequence seems to be flat-topped homogeneously 794 

aggrading platform succession with no deep intrashelf basin. The Jubaila 795 

Limestone overlies the Hanifa Formation with lowstand deposits (Hanford et 796 

al., 2002) that appear to be localized west of the Khurais field. The top Hanifa 797 

disconformity (from Khurais toward outcrop) seems to be an onlapping 798 

surface. The shallow carbonate platform aggraded and kept up as a response 799 

to this continuous and slight syndepositional differential subsidence (cf. 800 

Wilson and Jordan, 1983), resulting in lateral thickness variations as well as 801 

slight lateral facies changes. The syndepositional differential subsidence 802 

decreased upward and more uniform subsidence prevailed in the Arab-D 803 

reservoir in which JCS2 shows tabular geometries (Fig. 14).  804 

6.1.5 Progradation direction of the Arab-D 805 

Figure 14 shows a sedimentological-based regional sequence 806 

stratigraphic correlation of the Arab-D across the Arabian Basin. The Arab-D 807 

in the southern Rimthan Arch (JCS2) is characterized by an overall high-808 
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energy shoal facies overlain by domed coral-stromatoporoid rudstone facies. 809 

The shoal facies migrated inboard to the south on a very low-angle (<1°) ramp 810 

profile with 0-12 m water depth. Depositional cycles were capped by exposure 811 

surfaces evidenced by dense dolomite and anhydrite beds with crinkly 812 

lamination, mud crack and desiccation features. Meteoric cements (pendant 813 

and meniscus) were noticed below the cycle boundaries. In the central 814 

Arabian Basin (Khurais and North Ghawar), the facies of the Arab-D (Zone 4 815 

and 3) is characterized by micritic to very fine-grained sediments capped by 816 

firmgrounds and hardgrounds interbedded with storm-derived rudstone and 817 

floatstone (Fig. 14; Al-Awwad and Collins, 2013a; Lindsay et al., 2006). Arab-818 

D (Zone 2) is characterized by domed, encrusted and branched 819 

coral/stromatoporoid packstone and floatstone with some ooid grainstone 820 

overlain by dasyclad, encrusting algae wackestone/packstone and 821 

Cladocoropsis rudstone and floatstone (Al-Awwad and Collins, 2013a; 822 

Lindsay et al., 2006). The succession of the Arab-D is partitioned by 823 

occasional sheet-like dolomite beds with fabric- and nonfabric-preserving 824 

texture. The dolomites have been interpreted as have formed 825 

syndepositionally, from hypersaline fluids derived from overlying salina 826 

(Lindsay et al., 2006). The regionally extensive dolomite appears to be 827 

stratigraphically related to tidal recharge/infiltration and seepage-refluxion 828 

processes (Adams and Rhodes 1960; McKenzie et al., 1980; Enos, 1983; 829 

Lannace and Frisia, 1994). The long-term climate changes, with increasing 830 

cooling and aridity, during Late Jurassic have an influence on the dolomite 831 

distributions. The formation of these extensive sheet-like dolomites across the 832 

Arabian Basin seems to be controlled by low accommodation rates. The 833 
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rationale behind this Arab-D sequence stratigraphic framework (Fig. 14) is 834 

that the sheet-like dolomites represent essentially synchronous stratigraphic 835 

events in which inner-platform and intrashelf basin being restricted and highly 836 

evaporated during relative sea-level fall (late-HST/LST). The dolomites occur 837 

preferentially around sequence boundaries and are rare or absent in 838 

maximum flooding intervals with a backstepping of normal-marine high-energy 839 

facies (e.g., coral/stromatoporoid).  840 

The long-term evolution of the Jubaila and Arab-D depositional system can 841 

be divided into sequential depositional model with 5 time steps (Fig. 15). 842 

During early transgression, the platform probably lacked a barrier system and 843 

was subjected to transgressive high-energy storm pulses, which brought 844 

relative normal-marine conditions and pelagic fauna into the proximal inner 845 

platform (Fig. 15A). This resulted in intercalation of extensive restricted barren 846 

lagoonal lime-mudstone and storm-grainstone beds (JCS1; Fig. 15B). During 847 

maximum marine transgression (MFS of JCS2), a backstepping of normal-848 

marine and higher energy conditions are responsible for development of shoal 849 

grainstones across paleohighs and extensive back-barrier reef facies (Fig. 850 

15C). During the HST of JCS2, reef facies prograded out from the intrashelf 851 

basin toward the Rimthan Arch leaving behind an aggradational extensive 852 

clear lagoon with dasyclad, encrusting algae and Cladocoropsis wackestone 853 

to packstone facies (Fig. 15D). During late HST (topmost JCS2), the platform 854 

was limited to no accommodation space during which time the inner-platform 855 

(outcrop) was probably exposed and restricted tidal flats developed within the 856 

intrashelf basin (Fig. 15E). 857 
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6.2 Controlling factors of the Oxfordian and Kimmeridgian 858 

stratigraphy  859 

 6.2.1 Tectonics and subsidence rates 860 

The onset of the Oxfordian is marked by a shift in depocenter location and 861 

reversed dip-direction compared with the preceding Early and Middle Jurassic 862 

successions (early-Toarcian to middle-Callovian; Al-Mojel, 2017). The 863 

Oxfordian depocenter axis shifted to the south (As Sitarah section). This 864 

changes in basin configuration is probable related to a significant tectonic 865 

uplift and truncational event at the post-Tuwaiq unconformity throughout 866 

eastern Arabia (Iran, Abu Dhabi and Interior Oman; Gollesstaneh, 1965; Al-867 

Suwaidi and Aziz, 2002; Rousseau et al., 2006). This erosional surface is 868 

responsible for the truncation of 200 m of carbonate deposits in eastern 869 

Interior Oman (Rousseau et al., 2006). This end-Tuwaiq truncation has also 870 

been noticed in the central Arabian Platform in the Rub' al-Khali Basin and in 871 

the northern part of the Ghawar field in what is called the ―pre-Hanifa 872 

unconformity‖ (Powers, 1968). This tectonic instability is probably related to 873 

the incipient breaking of the Arabian-Indian plate boundary (Ziegler, 2001). 874 

There is another shift in depocenter and a reversal of onlap direction during 875 

the Late Oxfordian Early Kimmeridgian sequences (between HCS1 and 876 

HCS2). This reverse in polarity has been documented in the subsurface and 877 

is supported by seismically based stratigraphic sections and in a gamma-ray 878 

cross-section (Langdon and Malecek, 1987). Therefore, this sequence 879 

boundary is a critical surface that has to be considered for reservoir studies 880 

and regional exploration. Oxfordian tectonic interruptions were noticed in 881 

other Tethyan regions. For example, the Jura Platform in the northern margin 882 
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of the Tethys Ocean had discontinuous subsidence history and wobbling 883 

blocks movement during the Oxfordian (Strasser et al., 2015). 884 

Syndepositional tectonic activities have been documented in Tunisia (Walley, 885 

1985) and in NW Tethys in central Europe (Dardeau et al., 1988; Lhamyani, 886 

1985; Pittet and Strasser, 1998; Allenbach, 2001; Chevalier et al., 2001; 887 

Védrine and Strasser, 2009; Strasser et al., 2015). In particular, Late 888 

Oxfordian (late bifurcatus Zone) inversion in the Swiss Jura Mountains 889 

(Allenbach, 2001, 2002) could be synchronous with the tectonic event noticed 890 

herein (between HCS1 and HCS2).  891 

Figure (13) demonstrates the evolution of the Arabian Intrashelf basin. The 892 

Hanifa sequence is almost isopachous in the intrashelf basin, suggesting 893 

negligible differential subsidence. Differential subsidence is unlikely to be the 894 

main control on the development of the deep source-rock intrashelf basin, 895 

which is instead influenced by the changing ratio of carbonate production and 896 

accommodation space (see discussion above). Significant syndepositional 897 

differential subsidence occurs during the lower half of the Jubaila-Arab-D 898 

sequence with an abrupt thinning toward the Rimthan Arch. This is consistent 899 

with an overall eastward thinning of the Upper Jurassic stratigraphy toward 900 

the shelf margin as recorded by (Murris, 1980; Abu-Ali and Littke, 2005). 901 

Limited subsidence of the shelf margin and Rimthan Arch is probably the main 902 

reason for the lower Jubaila sequence being restricted and protected from 903 

open marine influence.  904 

6.2.2 Eustatic control 905 

The basal sequence boundary of the Hanifa sequence corresponds to an 906 

extensive regional unconformity with an Early Oxfordian (mariae Zone) hiatus 907 
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(Le Nindre in Kadar et al., 2015). This sequence boundary is one of the 908 

regional emersion and disconformity surfaces in the Jurassic of the central 909 

Arabia that is marked by major negative 18O excursions reported below 910 

sequence boundaries (Al-Mojel et al., 2018). This unconformity most likely 911 

resulted from a substantial eustatic sea-level fall (Haq, 2018) superimposed 912 

on local tectonic uplift and easterly uplift of the Arabian Platform (Ziegler, 913 

2001). This Middle-Late Jurassic global sea-level fall could be glacio-eustatic 914 

in origin as it corresponds to a Late Callovian (lamberti Zone) maximum 915 

cooling event (Hallam, 1988; Dromart et al., 2003a, 2003b; Nunn et al., 2009; 916 

Nunn and Price, 2010; Donnadieu et al., 2011; Pellenard et al., 2014). This 917 

drop in sea level has been recorded in the relative sea-level curve of the 918 

Arabian Platform with around 40 m sea-level fall (Haq and Al-Qahtani, 2005).  919 

The main MFS of the Hawtah sequence (HCS1) is dated from the Late 920 

Oxfordian based on the first occurrence of the foraminifer Alveosepta 921 

jaccardi and placed within a remarkably constant carbonate grainstone 922 

package. The appearance of the A. jaccardi may extend slightly below the 923 

widespread grainstone (Hawtah-Ulayyah boundary) as it appears to be the 924 

case in two outcrop sections (in Manivit et al., 1990). Although A. jaccardi is 925 

generally given a Late Oxfordian-Kimmeridgian range, some occurrences are 926 

considered as Middle Oxfordian (Bassoulet and Poisson, 1975, Hardenbol et 927 

al., 1998). Note that the late Middle Oxfordian transversarium Zone, which is 928 

not demonstrated in the Hanifa, would represent the transition 929 

between Euaspidoceras beds and the A. jaccardi beds (Fig. 16). The MFS 930 

J50 of the Arabian Platform would be better placed in the Late Oxfordian 931 

instead of the Middle or Early Oxfordian as in previous studies (Sharland et 932 
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al., 2001; Mattner and Al-Husseini, 2002; Hughes et al., 2008; Le Nindre in 933 

Kadar et al., 2015). This Late Oxfordian MFS J50 coincides with a positive 934 


13C peak, which has been interpreted as a sign of important marine 935 

productivity level favored by a high sea-level (Al-Mojel et al., 2018). The Late 936 

Oxfordian MFS is consistent with the Gulf of Mexico major marine 937 

transgression (Mancini et al., 2004) and with the Central North Sea 938 

(Carruthers et al., 1996). The major MFS in the Western Europe occurs in the 939 

Early Oxfordian (Hardenbol et al., 1998). This discrepancy in the global MFS 940 

suggests a local tectonic overprint on the eustatic signal of the Oxfordian. As 941 

argued here, a major sequence boundary and disconformity between HCS1 942 

and HCS2 is most likely to be Late Oxfordian in age. This sequence boundary 943 

could correlate with the Western Europe 2nd-order regression and sequence 944 

boundary between OX6 and OX7 (Fig. 16; Hardenbol et al., 1998; Strasser et 945 

al., 2000; Védrine and Strasser, 2009) and corresponds to JOx6 sequence 946 

boundary of Haq (2018).  947 

The MFS of the Ulayyah sequence (HCS2) would correspond to the Early 948 

Kimmeridgian MFS J60 of Sharland et al. (2001). The precise placing of MFS 949 

J60 is debated and it has been suggested that the MFS J60 can be in the 950 

Lower Kimmeridgian either in Upper Hanifa (Ulayyah Member) or lower 951 

Jubaila (J1 unit; R. B. Davis in Kaddar et al., 2015). In this study we place the 952 

MFS J60 in the upper Hanifa (HCS2) instead of the Lower Jubaila, which is 953 

characterized by a lowstand and restricted lagoonal deposits (Fig. 13; cf. 954 

Handford et al., 2002). This lower Kimmeridgian MFS J60 could be 955 

synchronous with the precisely dated ammonite-bearing ―coal horizon‖ of the 956 

northern Gotnia Basin, which yields Orthosphinctes desmoides (mid platynota 957 
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Zone, desmoides Subzone; cf. Howarth, 1992) and with a correlative horizon 958 

yielding abundant specimens of the ammonite Ardescia enayi (mid platynota 959 

Zone, desmoides Subzone) within the basal rift successions of southern 960 

Yemen (Toland, unpublished). Interestingly, the link between long-term 961 

transgression and reef expansion is characteristic of the Upper Jurassic 962 

elsewhere also, as noticed by Pittet and Strasser (1998) (e.g., Leinfelder 963 

1993, 1994; Keupp et al., 1993). The Lower Jubaila restricted lagoonal 964 

deposits are considered herein as initial transgression, whereas topmost 965 

upper Jubaila (JCS2; Arab-D) records the maximum marine transgression 966 

with high-faunal diversity and backstepping of reef facies. This Jubaila-Arab-D 967 

MFS would correspond to the Upper Kimmeridgian MFS J70 (Sharland et al., 968 

2001; Le Nindre in Kadar et al., 2015). This is consistent with Kadar et al. 969 

(2015) interpretation that placed MFS J70 in a clean limestone within the 970 

topmost Jubaila, just underneath the Gotnia Anhydrite in Kuwait. This Jubaila-971 

Arab-D long-term transgression is in concordance with a global rise in eustasy 972 

(Haq, 2018) and the 2nd-order TST and MFS in the central Swiss Jura as well 973 

as in most of the Western European basins, which is placed in the Late 974 

Kimmeridgian (eudoxus Zone) (Hardenbol, 1998; Colombié and Strasser, 975 

2005). These Swiss Jura large-scale sequences are correlatable in most of 976 

Western European basins, suggesting a strong eustatic influence on the 977 

Kimmeridgian sequences (Colombié and Strasser, 2005). 978 

7 Conclusion 979 

The Upper Jurassic outcrops formed on a broad slowly subsiding epeiric 980 

tropical platform. The depositional environment ranges from semi-arid 981 

shoreline to carbonate inner- and back-barrier lagoon, representing an 982 
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aggraded flat-topped platform. Syndepositional differential subsidence 983 

influenced lateral thickness variation and to a lesser extent facies distribution. 984 

The Upper Jurassic successions consist of two 2nd-order sequences (Hanifa 985 

and Jubaila-Arab-D) superimposed by several 3rd-order composite sequences 986 

interrupted momentarily by short emersion sequence boundaries. The Hanifa 987 

Platform is mud-dominated and evolved from proximal argillaceous-limestone 988 

with low-faunal diversity to back-barrier open-marine carbonate platforms with 989 

reef bearing and high-faunal diversity. The deep intrashelf basin in the 990 

adjacent subsurface is associated with local low-angle clinoforms formed as a 991 

response to differential carbonate sedimentation during maximum marine 992 

transgression. The Hanifa Formation has two main MFS’s placed in 993 

terrigenous-free carbonate sediments at the Late Oxfordian and Early 994 

Kimmeridgian. The Jubaila-Arab-D is consisting of two composite sequences 995 

that show long-term transgression marked at the base by storm-influenced 996 

inner-platform deposits and proximal barren lime-mudstone. The maximum 997 

marine transgression is placed in the Arab-D reservoir (Upper Kimmeridgian) 998 

in a backstepping of back-barrier high-energy reef facies. During the 999 

highstand, the reef facies gently prograded toward the Rimthan Arch leaving 1000 

behind restricted lagoon and sabkhah/salina anhydrite. These Upper Jurassic 1001 

sequences are probably controlled by eustatic factors, coupled with local 1002 

tectonic disruption, as they have some similarity with other Tethyan sequence 1003 

stratigraphy. 1004 
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 1400 

Figure captions 1401 

Figure 1: Geological map of the study area showing the Jurassic 1402 

outcrops and measured sections, modified from Fischer et al. (2001). The 1403 

measured sections are: (1) Huraymila/Wadi Malham, (2) Khashm 1404 

Qaddiyah, (3) Wadi Al-Ain, (4) Wadi Al Hawtah/Al Hawtah city, (5) Wadi 1405 

Birk, (6) Wadi Gulghul, (7) As Sitarah, (8) Wadi Al-Haddar. The faults are 1406 

mapped in the 1:250,00-scale quadrangles of Wadi al Mulayh (Manivit et 1407 

al., 1985a), Wadi Ar Rayn (Vaslet et al., 1983), Darma (Manivit et al., 1408 

1985b) and Shaqra (Vaslet et al., 1988). 1409 

 1410 

Figure 2: Paleogeographic map of the Late Jurassic showing the study 1411 

area located in the southern margin of the Neo-Tethys Ocean 1412 

corresponding to an extensive wide shallow-marine continental shelf close 1413 

to western hinterland. (Scotese, 2003).  1414 

 1415 

Figure 3: Lithostratigraphy and sequence stratigraphy of the Late 1416 

Jurassic in Jabal Tuwaiq.The biostratigraphical scheme is from Manivit et 1417 

al. (1990) and Fischer et al. (2001). The Middle Jurassic Late Callovian age 1418 

is dated out of the study area (Mu'ayshibah 25° 34’ N) in argillaceous 1419 

limestone facies at the base of T3 unit of the Tuwaiq Mountain Limestone 1420 

(El-Asa’ad, 1992). See Fig. 4 and Fig. 15 for detailed legends.  1421 

 1422 

Figure 4: High-resolution sequence stratigraphic cross-section of the 1423 

Hanifa Formation.  1424 

 1425 

Figure 5: High-resolution sequence stratigraphic cross-section of the 1426 

Jubaila Limestone and Arab-D Member. For symbol legend see Fig. 4 and 1427 

15.  1428 

 1429 

Figure 6: Arid evaporitic shoreline and lagoon facies association, A)  F1 1430 

Anhydrite solution collapse breccia overlain by highly deformed and rotated 1431 

units, B) F1 Collapse breccia including cm- to dm-sized clasts of limestone 1432 

and dolomite, between Arab-D and Arab-C Mb, C) F2 Grayish red dolomite 1433 
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with silicified evaporite nodules (red arrows), D) F2 Mud-supported very-fine 1434 

to fine rhombic dolomite crystals with weakly fabric preserving texture. 1435 

 1436 

Figure 7: Mixed carbonate-siliciclastic inner-lagoon facies association. 1437 

A) F3 Large-scale cross-bedded and wave-ripple laminated (arrow) 1438 

sandstone, B) F4 Calcareous shale, C) F4 Argillaceous 1439 

mudstone/wackestone rich with sponge spicules,, D) F5 Slightly 1440 

argillaceous nodular horizontal bioturbated peloidal wackestone/lime-1441 

mudstone, E) Photomicrographs of F5 with benthic foraminifera (Kurnubia 1442 

jurassica; k arrows) and sponge spicules (s arrows), 1443 

 1444 

Figure 8: Carbonate inner-platform facies association. A) F6 Thinly 1445 

laminated lime-mudstone with hummocky-cross stratification, B) 1446 

Photomicrographs of F6 shows thin lamination (red dash lines) with silt 1447 

quartz grains (yellow arrows), C) F7 Bioturbated peloidal lime-mudstone to 1448 

packstone overlain by F6 non-bioturbated thinly laminated lime-mudstone, 1449 

C) Photomicrographs of F7 with benthic foraminifera (Kurnubia jurassica, k 1450 

arrow; Alveosepta Jaccardi, a arrow) and quartz grains (q arrows), E) F8 1451 

Sharp-based Intraclast peloidal skeletal grainstone shows hummocky-, 1452 

swaley- and plane-laminated sedimentary structures, F) Photomicrographs 1453 

of F8 with dasyclad (Clypeina; d arrow), G) Interbedding of cross-bedded 1454 

grainstone (F7) and thinly laminated lime-mudstone (F6) with soft-sediment 1455 

deformation (Note: oblique view). 1456 

 1457 

Figure 9: Barrier to back-barrier lagoon facies association. A) F9 1458 

Oncoidal grainstone and rudstone, B) Photomicrographs of F9 shows type 1459 

3 oncoid with sub-elliptical shapes and wavy lamination (yellow arrow), C) 1460 

F10 Coral/stromatoporoid buildup, lime-mudstone/wackestone and 1461 

floatstone, Hanifa Formation (Note: hammer for scale), D) F10 Biostromal 1462 

rudist packstone to grainstone and floatstone, Jubaila Limestone, Wadi 1463 

Malham (The first record of the Jurassic rudists in Saudi Arabia 1464 

Plesiodiceras sp. identified by S. Schneider, personal communication), E) 1465 

F11 Slightly bioturbated, swaley cross stratification (SCS) and trough cross-1466 

bedded medium peloidal grainstone (shoal), Hanifa Formation, F) 1467 

Photomicrographs of F11 shows well-sorted cross-bedded (red dash lines) 1468 

peloidal coated-grain grainstone, G) F11 Well-sorted very-fine to fine 1469 

peloidal grainstone shows hummocky cross-stratification (HCS) (back-1470 

barrier washover), Hanifa Formation 1471 

 1472 

Figure 10: Outcrop photo shows the relationship between the erosional-1473 

based storm-generated grainstones (F8) and the shallow-marine facies 1474 

coral/stromatoporoid boundstone (10), Jubaila Limestone, Wadi Malham 1475 

(HFS1 of JCS2). 1476 
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 1477 

Figure 11: Ideal depositional sequence models of the Hanifa composite 1478 

sequences from West (proximal) to East (distal) showing spatial facies 1479 

distributions and platform evolution in series of times (T0 to T5). Derived 1480 

from the outcrop oblique-strike section in Figure 4.  1481 

 1482 

Figure 12: Ideal depositional sequence models of the Jubaila-Arab-D 1483 

composite sequences from west (proximal) to east (distal) showing spatial 1484 

facies distributions and platform evolution in series of times (T0 to T9). 1485 

Derived from the outcrop oblique-strike section in Figure 5. 1486 

 1487 

Figure 13: A) West-east sequence stratigraphic correlation from surface 1488 

to subsurface using gamma-ray logs. Khashm Ad Dhibi and Khashm Al-1489 

Qaddiyah is a composite gamma-ray logs of shallow cores penetrating the 1490 

Middle and Late Jurassic. B) Paleofacies maps of Ziegler (2001).  1491 

 1492 

Figure 14: Surface-to-subsurface high-resolution sequence stratigraphic 1493 

correlation of the Jubaila-Arab-D sequence.  1494 

  1495 

 1496 

Figure 15: Depositional sequence model and long-term facies evolution 1497 

of the Jubaila-Arab-D sequence of the Arabian Basin.  1498 

 1499 

Figure 16: Late Jurassic geological history shows a comparison 1500 

between the central Arabia sequences (defined herein) and the European 1501 

standard sequences.  1502 

 1503 
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Table 1: Summary of sedimentary facies description.

Cm- to dm-sized angular clasts and round molds, made up of 
limestone, dolomite and rare remnant of anhydrite clasts joined by 
very fine dolomitic matrix. Unit thickness 4 to 5 m (Fig. 6A and B). 

Stratigraphic 
Position

Silt-size pelletal grains, concoidal soft parting (Fig. 7B, and C), thinly 
laminated structure, Chondrites burrows, common sponge spicules 
(Fig. 7C), echinoderms, brachiopods and bivalves (Pholadomya; 
Manivit et al, 1990). Unit thickness 0.5 to 9 m.

Silt-size pelletal grains and very fine to medium-grained peloids, 
heterolithic stratification of cm-thick of mudstone-wackestone and 
packstone-grainstone, wave lamination, bioturbation (Planolites), 
Chondrites burrows, encrusted and rare biohermal coral/stro-
matoporoid, echinoderms, brachiopods, benthic foraminifera (Kurnu-
bia Jurassica, Lenticulina sp., Nautiloculina oolithica), sponge 
spicules. Unit thickness 1 to 11 m (Fig. 7D and  E).

Silt-sized pellets, very fine-grained quartz, paleontologically-barren 
and non-bioturbated, thin horizontal to low angle undulose lamination, 
rare HCS (Fig. 8A and B), wispy laminations, dewatering and soft-sedi-
ment deformations structures (Fig. 8G). Unit thickness 0.2 to 10 m 
thick.

Creamy white, silt to very-fine pellets, medium-grained peloids, 
mudstone to packstone texture, argillaceous wispy solution seams, 
rare nodular structures, intense bioturbation, branched vertical burrows 
(Thalassinoides), ammonites, nautiloids, echinoderms, brachiopods, 
bivalves, common benthic foraminifera (Alveosepta jacardi; Kurnubia 
jurassica, Redmondoides lugeoni) and lesser sponge spicules, 
extensive tabular units up to 0.5 to 10 m thick (Fig. 8C and D).

Coarse to very-coarse coated-grains and skeletal fragments, granule- to 
pebble-sized oncoids (type 2 and type 3; sensu Védrine et al., 2007), 
decimeter-scale cross-bedding and vertical burrows, but can also be 
structureless, reworked coral/stromatoporoid heads and some 
calci-sponges (Cladocoropsis), dasyclads (Clypeina), benthic foramin-
ifera (Miliolid, Kurnubia jurassica, Redmondoides lugeoni). Lenticular but 
locally extended units up to 0.25 to 2 m thick (Fig. 9A and B).

Medium peloids, coarse skeletal fragments, cobble-sized coral/stro-
matoporoid and rudists (Fig. 9D), boundstone, grainstone and floatstone 
texture, massive and sometimes highly bioturbated, occasional microbial 
laminated fabric, Cladocoropsis and benthic foraminifera (Alveosepta 
jacardi, Kurnubia jurassica, Redmondoides lugeoni). Patch-reefs up to 
15 m in diameter and 4 m in thickness (in Hanifa Fm.; Fig. 9C) and up to 
4 m in diameter and 2 m in thickness in the upper Jubaila Limestone (Fig. 
10). Unit thickness 1.5 to 8 m thick.

Very-fine to fine peloids, medium coated-grain grainstones, fragments of 
echinoderms, brachiopods and gastropods, trough cross-bedding, 
hummocky cross-stratification (HCS) and swaley cross stratification 
(SCS), plane lamination, occasional intense bioturbation, tabular and 
channelized units up to 0.4 to 7 m thick (Fig. 9E, F and G).

Fine to medium peloids, coarse to very-coarse coated-grains and 
granule to cobble sized rip-up clasts and skeletal debris, grainstones and 
rudstone/floatstones texture, 5 to 10% quartz silt (Hanifa Fm.), 50% 
quartz sand (Jubaila Lst.), plane-parallel lamination, HCS and SCS, 
wave ripple cross-bedding, bidirectional tidal cross-bedding, weak 
bioturbation, locally soft-sediment deformation, sharp bed bases with 
tool marks, graded-bedding, gradational bed-tops, bored encrusted 
hardground, current and/or wave ripple marks and trails, reworked 
bioclasts of echinoderms, brachiopods, gastropods (Nerinea sp.), 
dasyclads (Clypeina), benthic foraminifera (Lenticulina sp., Kurnubia 
jurassica, Nautiloculina oolithica), closely packed fitted-fabrics, 
extensive and tabular at outcrop scale (x100 m), slightly erosive, gentle 
channelized geometries, decimeter-thick individual beds, meter-thick 
staked sets (Fig. 8E and F).

Medium to very coarse-grained sandstone, skeletal fragments, 
carbonate cement, plane-laminations, 2D mega-ripple cross-bed-
ding, wave-ripple laminations, bioturbation. Unit thickness 0.2 to 2 m 
(Fig. 7A).

Mud- and grain-supported texture, fabric preserving very-fine to fine 
rhombic crystals, medium to coarse peloids and sandstone quartz, 
structureless, rare bioturbation traces, rare cross-bedding, silicified 
evaporite nodules, crinkly laminated structure. Unit thickness 0.3 to 
2.5 m (Fig. 6C and D).

F4: Calcareous 
shale and argilla-
ceous lime-mud-
stone to 
packstone: 
shale-dominated 
inner-lagoon

F5: Nodular
bioturbated 
peloidal wacke-
stone/mudstone: 
inner lagoon

F6: Thinly 
laminated barren 
lime-mudstone: 
restricted 
inner-lagoon

F7: Bioturbated 
peloidal 
lime-mudstone to 
packstone

F8: Sharp-based 
intraclast-
peloidal skeletal 
grainstone, 
oncoidal locally: 
storm-dominated 
inner-platform

F9: Oncoidal 
packstone, 
grainstone and 
rudstone: 
oncoidal 
bars/shoal

F10: Coral/stro-
matoporoid 
boundstone to 
floatstone: 
low-energy and 
high-energy 
back-barrier

F11: Cross-
bedded 
coated-grain and 
peloidal 
grainstone: shoal 
and washover 
complex

F3: Cross-bedded 
quartz sandstone: 
shallow-marine 
sand-flat

F2: Red dolomite: 
tidal-flat to 
restricted lagoon

F1: Anhydrite 
solution collapse 
breccia: 
subaqueous salina
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Table 1 Summary of sedimentary facies description. 

Facies Description 
F1: Anhydrite solution 
collapse breccia:  
subaqueous salina 

Cm- to dm-sized angular clasts and round molds, 
made up of limestone, dolomite and rare remnant of 
anhydrite clasts joined by very fine dolomitic matrix. 
Unit thickness 4 to 5 m (Fig. 6A and B). 

F2: Red dolomite: 
tidal-flat to restricted 
lagoon 

Mud- and grain-supported texture, fabric preserving 
very-fine to fine rhombic crystals, medium to coarse 
peloids and sandstone quartz, structureless, rare 
bioturbation traces, rare cross-bedding, silicified 
evaporite nodules, crinkly laminated structure. Unit 
thickness 0.3 to 2.5 m (Fig. 6C and D). 

F3: Cross-bedded 
quartz sandstone: 
shallow-marine sand-
flat 

Medium to very coarse-grained sandstone, skeletal 
fragments, carbonate cement, plane-laminations, 2D 
mega-ripple cross-bedding, wave-ripple laminations, 
bioturbation. Unit thickness 0.2 to 2 m (Fig. 7A). 

F4: Calcareous shale 
and argillaceous lime-
mudstone to 
packstone: shale-
dominated inner-
lagoon 

Silt-size pelletal grains, concoidal soft parting (Fig. 7B, 
and C), thinly laminated structure, Chondrites burrows, 
common sponge spicules (Fig. 7C), echinoderms, 
brachiopods and bivalves (Pholadomya; Manivit et al, 
1990). Unit thickness 0.5 to 9 m. 

F5: Nodular 
bioturbated peloidal 
wackestone/mudstone: 
inner lagoon 

Silt-size pelletal grains and very fine to medium-
grained peloids, heterolithic stratification of cm-thick of 
mudstone-wackestone and packstone-grainstone, 
wave lamination, bioturbation (Planolites), Chondrites 
burrows, encrusted and rare biohermal 
coral/stromatoporoid, echinoderms, brachiopods, 
benthic foraminifera (Kurnubia Jurassica, Lenticulina 
sp., Nautiloculina oolithica), sponge spicules. Unit 
thickness 1 to 11 m (Fig. 7D and  E). 

F6: Thinly laminated 
barren lime-mudstone: 
restricted inner-lagoon 

Silt-sized pellets, very fine-grained quartz, 
paleontologically-barren and non-bioturbated, thin 
horizontal to low angle undulose lamination, rare HCS 
(Fig. 8A and B), wispy laminations, dewatering and 
soft-sediment deformations structures (Fig. 8G). Unit 
thickness 0.2 to 10 m thick. 

F7: Bioturbated 
peloidal lime-
mudstone to 
packstone 

Creamy white, silt to very-fine pellets, medium-grained 
peloids, mudstone to packstone texture, argillaceous 
wispy solution seams, rare nodular structures, intense 
bioturbation, branched vertical burrows 
(Thalassinoides), ammonites, nautiloids, echinoderms, 
brachiopods, bivalves, common benthic foraminifera 
(Alveosepta jacardi; Kurnubia jurassica, 
Redmondoides lugeoni) and lesser sponge spicules, 
extensive tabular units up to 0.5 to 10 m thick (Fig. 8C 
and D). 



F8: Sharp-based 
intraclasts peloidal 
skeletal grainstone, 
oncoidal locally: storm-
dominated inner-
platform 

Fine to medium peloids, coarse to very-coarse coated-
grains and granule to cobble sized rip-up clasts and 
skeletal debris, grainstones and rudstone/floatstone 
texture, 5 to 10% quartz silt (Hanifa Fm.), 50% quartz 
sand (Jubaila Lst.), plane-parallel lamination, HCS and 
SCS, wave ripple cross-bedding, bidirectional tidal 
cross-bedding, weak bioturbation, locally soft-sediment 
deformation, sharp bed bases with tool marks, graded-
bedding, gradational bed-tops, bored encrusted 
hardground, current and/or wave ripple marks and 
trails, reworked bioclasts of echinoderms, brachiopods, 
gastropods (Nerinea sp.), dasyclads (Clypeina), 
benthic foraminifera (Lenticulina sp., Kurnubia 
jurassica, Nautiloculina oolithica), closely packed fitted-
fabrics, extensive and tabular at outcrop scale (x100 
m), slightly erosive, gentle channelized geometries, 
decimeter-thick individual beds, meter-thick staked 
sets (Fig. 8E and F). 
 

F9: Oncoidal 
packstone, grainstone 
and rudstone: oncoidal 
bars/shoal 

Coarse to very-coarse coated-grains and skeletal 
fragments, granule- to pebble-sized oncoids (type 2 
and type 3; sensu Védrine et al., 2007), decimeter-
scale cross-bedding and vertical burrows, but can also 
be structureless, reworked coral/stromatoporoid heads 
and some calci-sponges (Cladocoropsis), dasyclads 
(Clypeina), benthic foraminifera (Miliolid, Kurnubia 
jurassica, Redmondoides lugeoni). Lenticular but 
locally extended units up to 0.25 to 2 m thick (Fig. 9A 
and B). 

F10: 
Coral/stromatoporoid 
boundstone to 
floatstone: low-energy 
and high-energy back-
barrier 

Medium peloids, coarse skeletal fragments, cobble-
sized coral/stromatoporoid and rudists (Fig. 9D), 
boundstone, grainstone and floatstone texture, 
massive and sometimes highly bioturbated, occasional 
microbial laminated fabric, Cladocoropsis and benthic 
foraminifera (Alveosepta jacardi, Kurnubia jurassica, 
Redmondoides lugeoni). Patch-reefs up to 15 m in 
diameter and 4 m in thickness (in Hanifa Fm.; Fig. 9C) 
and up to 4 m in diameter and 2 m in thickness in the 
upper Jubaila Limestone (Fig. 10). Unit thickness 1.5 
to 8 m thick. 

F11: Cross-bedded 
coated-grain and 
peloidal grainstone: 
shoal and washover 
complex 

Very-fine to fine peloids, medium coated-grain 
grainstones, fragments of echinoderms, brachiopods 
and gastropods, trough cross-bedding, hummocky 
cross-stratification (HCS) and swaley cross 
stratification (SCS), plane lamination, occasional 
intense bioturbation, tabular and channelized units up 
to 0.4 to 7 m thick (Fig. 9E, F and G). 

 




