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Summary

Oil has made the geology of Oman a scientific fieafar geological
research. The lithostratigraphy of the Hugf Supmwgr of Oman,
incorporates the Ara Group which is a geologicalrnfation
representing the Ediacaran-Cambrian time inter/éh@® South Oman
Salt Basin (SOSB) due to its intrasalt petroleunserees, the
production of which has been active in this region many years.
However, the Ara Group does not outcrop on theaserbind the only
means of its investigation has been made usinguwsrdrilling and
geophysical data. An outer Platform section (Bira&h a carbonate
ramp interspersed with evaporite levels and a Bsswotion consisting
of shale at the base (U) interspersed with a lsilecievel (Athel) then
closed at the top by a shale level (Thuleilat)ramognized for the Ara
Group and the evaporite levels meet from the badbd top of the
Basin. The Ara Group is currently defined as akilsiet of at least six
carbonate-evaporite rings which are each informalbeled AO to A6
and subdivided into carbonate "C" or evaporite UBlts such as A4C
and A4E while volcanic ash was reported to be Edtat A3C, which
geochronologically dated U-Pb to 542 + 0.6 Ma oarheidentical to
the biostratigraphic age of ancient calcareousktaldassilsClaudina
and possiblyNamacalathugound in A4 (542 + 0.6 Ma). But as there
iIs no direct observation of the Ara Group, thelidigl well of the
Platform was named birba (well BB-3) while thosetloé Basin are
(ALNR-1 and MM NW-7). Along with the Ara Group, has been
reported that the Sirab Formation which outcropstio surface in



Oman in the Al-Hugf region is a stratigraphic agpiiealent to the
Ara Group. Although this Formation is accessiblehat surface and
promising for evaluating the architecture of seditaey facies of
intrasalt reservoirs Oil and Gas encountered instiiesurface for the
Ara Group, given that the two geological Formaticare mainly
carbonates with a high content of dolomite whose thcies are
similar, however it is worth noting that there i® presence of
volcanic ash or even tabulaClaudina fossils and possibly of
Namacalathusecognized to date in the strata of the Sirab &tion.

Nevertheless, the geochemical analysis availabla the Ara Group
drill cores in the Platform and the Basin allowsrthto be correlated

chemostratigraphically.

Here in this thesis, the chemostratigraphy of thegawlGeochemical
Elements (Ca, Mg, Fe. Al, Mn, P in weight as wallkaO%, NaO%
in percentage) combined with REEs and Trace Elesn@rit, Ti, Zr,
V, Mo, Uauigen made it possible to compare these two Formatibns.
appears from the results obtained that the paleelogy of the Sirab
environment is largely dominated by anoxic condsicimilar to the
Ara Group, with regard to the real anomalies in .Cfe majority of
Y/Ho ratios indicate less marine influence andiemed from another
angle, loss of marine signal similar to the Ara @rowvhile REEs
concentrations in the Sirab Formation that wouldeowise have
shown more affinity with the chondrites of the drascording to their
Y/Ho ratios are indeed depleted with respect toRAAS as in the

rocks of the Birba Platform. The Manganese coneéintis present in



the carbonates of Sirab do not seem to have bedohed by
diagenesis whereas the restriction of the circutatif M** ions seems
to result from an endorheic capture of the strictfrthe paleo-relief
which would have been devoid of marine bonding @eremtly in the
south, east and west of the Al-Hugf region withareigto the results of
Y/Ho analyzes in the localities of Wadi Shital aadi Shuram,
while Infinitely small evidence of a brief marin@rmection can be
recognized through the uppermost strata of theoFicamation which
lie north of the Al-Hugf region in the locality &adi Aswad, in the
Aswad Member. The entire Formation of Sirab haslwkeded itself
into three main Member which are form bottom to thp: Ramayli
Member, Shital Member and Aswad Member and duenrte to time
litte change to the sedimentaries facies obsendughout the
Formation, internal subdivisions in unite as lowed upper Ramayli
or again lower, middle and upper Shital Member, eh&een also
admitted for this Formation. However, in relationtwthe Oman
region where Sirab Formation spreads visible oprdhere was
recognize that there is structural change betweaessing Nafum
Group which is more old in age than Sirab Formatibich overlains
it with Ramayli Member. Indeed, Buah Formation Ipgl® to the top
of Nafum Group and it is overlain in the majoritgas studies here by
Sirab Formation while this rests confortably at éd@Buah. However,
where such as palaeo-topographic high dominatiagegion of Sirab
Formation would has been actived before the setbihgSirab,
discordante angular was reported on the stratigrapbntinuity

between both Buah Formation on the bottom and St@mation to



the top whilst the rocks facies sedimentary haslits or not change.
This areas such as in locality nammed Wadi Salatjywyere seen as a
lateral variable of Ramayli Member which was call€dlutiyyat
Member.

The details of the petrographic and geochemicalyaes carried out
in this thesis make it possible to summarize thiagmaecology of
Sirab Formation in the light of that of the Ara @Gpoin the drillings of
the Platform and the Basin. Here is after this fosiemmary of the
objective pursued in this thesis; the developmargumentation and
scientific contributions to the exploration of tt&rab Formation

which are presented in the following chapters.



Table of Contents

1 First chapter: Overview of Sirab Formation in Hugf Supergroup...............ccccevvunnes 27
S R | 11 (o o [¥ o (o] o TR TP PPPPPPPPP 28
1.2  Preliminary studies of the Sirab FOrmation. ... .coooeeiieeeeeiiiiiiiiiiiiiiiee 32
1.3 Overview of HUQF SUPEIGrOUD. ....uuuuuueieicmmmmm e eeeeeeeeeeeeeeeeeevaasns e e e e e e eneanaeas 35
1.4 Comparative age of the Sirab Formation. ....cccceeecvvvviiiiiiiieeeeeeeeeeeeeeeevviennnnn 40
1.5 Location of outcrops of the Sirab Formation. ..............ccccceevvviiiieeiiiiiiiiennennnn 44
1.6  Principal characteristics of Members' lithofacies............cccccceeeviiiiiiiiennnnn 46
1.7 Location of Members through field sections in AldfU...........cccooeeiiiiiiiiiiiin, 49
1.8 Composite stratotype section and origin of namalsir..............cccoeevvvviicccceeeennn. 54

1.9 Sedimentary logs and field Sections Studi€d- . ..evveeieiiieeeeeeeeiieiiiiiiiiiiinnnnn. D5

1.10 Sedimentary logs and field deSCription. ... . . eeeeeereeiiieee e 57
1.10.1 Lithostratigraphy of section Wadi Shital ST-1 & ST=.....cccooviviiiiiiiiiiiiiiiiin, 58
1.10.2 Lithostratigraphy of section Wadi Aswad. .....ccoc.oviiiiiiiiiiiiieeeeeeeeiiiiiee 80

2 Second chapter:Samples and Methodology............covvuiicereerrieeeiiiceer e 88

P20 R [ 011 (oo [ Tox 1o o PP PPV PPPPRPRPPR 89

2.2  Field sections such to reveal chemostratigraphpgba............cccccceeeiiiieeeninennnnn. 91

2.3 Stratigraphy of outcrops analyzed. ........ oo 92

2.4 PetrographiC @nalyzZes. ...........uuuuiiiiiieiiieeeieeir e 98
2.4.1  MICrOSCOPIC ANAIYZES. .....uuuieiiiiieeee ettt a e e e 100
2.4.2  XRD IFESPONSES. ..ovuiiiitiieeitiee ettt e e e et e e e et e e e et e e eeaa e e eennnens 101

2.5 ICP-MS and ICP-MS/OES data. ..........ccuuutmmmmmeevvveieiiieeeeeeeeeee e e e e e s e essniees 103

2.6 DiagenetiC @NalYSIS.....ccuuuuuuriiiiiiiisieeeeeeiiss e s e e e e e e e e e et e e e e et 107



2.7 Analysis of Major Geochimical Elements. .....cccceevvviiiiiiiiiiiiiiiiieeeeeeeeeee, 111

2.8 Traces Elements and REES @nalyzZes........cccceueeeeeiviiiiiiiiiiiiieieeeeeeeeeeeeeeeiiiens 118
2.9  Annotation Of SAMPIES.........uueiiiiiiie e 120
3 Third chapter: PetrographiC StUY. ..........iiiiiiiiiii e 221
I A | 11 (0o [0 1o AP PP PP PPRRTTTPPPPPPP 123
3.2 Wadi Shital ST-1 & ST-2 (type section of Siral)..ee....ccooeeeeeeviiiiiiiiiicee, M2
3.2.1 Presentation of samples analyzed. ............oouuuiiiiiiiiiiiiie e, 125
3.2.2  Thin sections of Wadi Shital ST-1 & ST-2......ccmmerrrriiieiiiiiiiieeeeanieeeees 142
3.3 SUMMArY Of MICIOSCOPY. . oeeeeeiiiiiiieieitttmmmmmm e e e e e e e e e et eeeeeeeebba s s e e e e e e e e aaaaaaeeas 153
3.4 XRD @NalySiS Aata. ....cooeiieieeeiiiieieeeeeet e 156
3.5  Summary Of XRD StUAY. .....cooiiiiiiiiiiiiiit e ettt ean e e e e 182
3.6 Summary table of microscopy, XRD and field data................cccccevvvvvvvvrrinnnnnns 184
3.7 Potential environmental origin of minerals detected................ccceevvvvevivviiiinnnnns 185
3.8 Mineralogy in Wadi Shuram and Wadi Aswad sections...............cccecceeeeiinnennn. 187
4 Fourth Chapter: DiagenetiC StUAY.........coovuiiiuiemiiiiereeeniiiire e e e e e e eeeeeeeeeenaaes 198
4.1 INETOTUCTION. .ttt e e e e e e e e e e e e e e e e e e 199
4.2 Reports 05 C andE 0. ........cciiieeeeeeeee e 207
4.3 Diagenesis of Wadi Shital ST-1 & ST-2 SECHON.. ceeervvvvveiiiieeeieeeeeeeeeeeeeeiiiiiiinnns 212
4.3. 1 S EXCUISIONS. ..eiieiiiiiiiiiiee e s sttt e s e e e e e e s s et e e e e e an e e e e e s e eeeeeannnees 212
4.3.2 Concentrations of F& and MN.............ooieemmmeeeeeiiiiiiiieeee e 214
4.3.3  MN/SE TALIOS. ...eiiiiiiiiiiiiiie et 216
4.3.4  MN/SC and FEFC ratios.......coovveveveeeeeeceeeeeeee e oememere s s s eeneeeeenenenas 220

4.3.5 S0 1810 rAtiOS. oo e, 223



4.4 Diagenesis in sections of Wadi Shuram and Wadi Alswa.................ccceevvvenenns 225

4.4.1 Wadi Shuram WS9 (Depotcenter of Conophyton ReefS).........cccceeeeennn.. 225
4.4.2 WAl ASWAT. ......ouiiiiiiiiiiiiiiiiaee e e s ettt ettt e e e e e e e e e e e e s eeee e 228
4.5 Summary of Chapter fOUr. ..o 232
5 Fifth Chapter: Major Elements ChemoStratigrapy........... e eeeeeeeeeeeeeeeenennnnnnnnnnns 239
5.1 INEOQUCTION. ..t e e e e e e e e e e e e 240
5.2 Major Elements in section Wadi Shital ST-1 & ST=2.....cccceeevvieiiiiiiiiiiiiiiiiiinnns 251
5.2.1 Contribution of the EU/Eu* and Ce/Ce* ratioS. ..cccevvvveeeeiivriieeeeiiiiiieeeeeennn 251
5.2.2 Trend of REEs within the composition of carbonates..............cccccvvvinnnnnn 266
5.2.3 Contamination Of CarbONALES. ...........oviiiemmemmiiiiiiiieee e 271
5.2.4  Origin of the relative enrichment in PhoSphorus.............cccceeeeiiiiiennee, 277
5.2.5 Mineralogical type of iron in Slrab carbonates...........ccccoeeeeviiiiiiiiiiiiiinninn, 283
5.2.6  Probable source of mobilization of MN. ......ccceeo i 293
5.2.7 verage composition of carbonates compared to MUQ.............ccovvvrvnnnnns 298
5.3  Wadi Shuram WS9 and Wadi Aswad (WAL & WA2). .o 300
5.3.1 REEs and correlation of Major Elements. ....cccc oo 306
5.3.2 Contamination compared to average PAAS values. .ccc....ceeiiieeeeeeeennnenn. 312
5.3.3  Discussion on chapter fIVe. ........coooii i ieeeeeeecccee e 316
6 Sixth chapter. Traces and REES EIeMENtS...............vceeeemmmriiiiiiiiee e 325
6.1 INEOAUCTION. ...t e e e e e e e 326
6.2 Trace Elements and redox-sensitive correlation................cccccvvviviiiiiieeeennenn. 33
Discussion and data interpretation......... ... 350

(00] 411 [ 11710 ] o T T TR TP 392



Bibliography



Table of Figure

Figure 1-1: Stratigraphic nomenclature of the Neoproterozoiad adambrian
subsurface and outcrops of Oman. The current Petiral Development Oman

(PDO) lithostratigraphic scheme for the South Om&alt Basin (SOSB)
subsurface is that summarized by Al-Siyabi (20@4}y chronostratigraphic and
biostratigraphic data from (Amthor et al., 2003h€Tl Sirab Formation is shown
superimposed on the litho - and chrono-stratigraifiythe outcrops of the Al-

Hugf and Oman mountains, Gold (2010). The infra-6aam dates come from

(Davidek et al.,, 1998). Note that the Sirab Formatioccupies the same
lithostratigraphic position than Ara Group (in subface) and the Fara
Formation (of the Oman MOUNTAINS)........uuuueuiiiiieee et e e e e e e 33

Figure 1-2:The Arab-Nubian shield. A) Location map of Arabidubian Shield.
B) Main tectonic terranes, ophiolite belts (sutyraad NW - SE Najd structures,
modified from Quick (1991), Allen (2007) and GAAL0).........ceeeeeeriiiiiiiiiiiiiiieeeee e 38.

Figure 1-3:Geolocation map of the field sections of Sirabriration such as
located in Oman and among different localities veheutcrops are exposed,
according to Gold (2010)......cuuuueruuniiiiaeee e eeeeeeeeeeeeeeiiieereeeeeeeriri e eeeeeeeeeeeeeeseeeeen 4D

Figure 1-4:Internal stratigraphic nomenclature of the Sirab riation. The
Formation is based both on the Buah Formation ef Wafun group and on the

eroded paleotopographic high of Nafun. Discordamwthyered by the Nimr group

and the Amin Formation of the Haima Supergroupenmtlly, the Formation can

be subdivided into four Members, with the Shitahier being separated from

the Ramayli or Salutiyyat Members below of it bya@, for more reference, see

(€0 (o N 020 1 0 ) TP PPPPPPUPPRRPPP 48

Figure 1-5:Regional correlation of the main sections of Sifdrmation. The
Sirab Formation can be traced laterally from notthsouth in the Al-Hugf area
at approx. 85 km, by Nicholas and Gold (2012)...........cceeiiiiiiiieieeeeieeeeeeeeeeeeeeeeeeeeees 51

Figure 1-6: Field sections exploited in this Palaeo-ecologydsgtwof Sirab
FOIMALION. ...ttt e e e e et e et e et ettt bbb e e e e e e e e e aees 56

Figure 1-7:(a) Looking southeast up-section through the BRalhdayli boundary
and the lower part of the section up to the firsbrpinent beds of the Shital
Member at Wadi Shital. The position of photografif)sand (c) are also shown.
(b) Cross-bedded grainstone in the upper few bédheoBuah Formation, with
dispersed pseudomorphed gypsum laths. (c) Partgrt-ckplaced dolomicrite
rip-up clasts (arrowed) set in a packstone-wackstothat marks the
Buah/Ramayli boundary at Wadi Shital, from Nichaasl Gold (2012)................ccevveneees 60



Figure 1-8:Example of chert replacement in lower unit of Ramdember
around B-NWa3. View of chert concretion marker be@7am. The size and shape
of the chert suggests that they are replacing smsimimatolites Domes (Gold,

Figure 1-9:Example of dissolution and collapse in lower ufiRamayli Member
around B-NW3.View of dissolution and collapse ah80 m. The base of this unit
is marked by increased brecciation overlying a thrizon and it is suggested

that evaporite have been withdrawn from betweeritioe Gold (2010).......................

Figure 1-10:Cartoon showing the cyclical rhythm of evaporatzarbonate as a

typical character for the lower Shital, from Nichsland Gold (2012), modified.........

Figure 1-11:Example within Shital Member of two typical rhytbnycles
occurring in the section B-NW4 (figure 1-5), acdagito the cartoon presented
in figure 1-9. (d/e= dissolution — evaporite and dsnophyton facies), from Gold

(0240 ) K0 ) TR 1 ¢ To o 11T o PP TPPP PSRRI

Figure 1-12:Sophia Gold looking northeast in cross section aophyton reef in
the exposed upper layers of section ST-1 and enkargn oblique cut through
one of the characteristic steep-walled conophytaturons composing the

bioherm, from Gold (2010), MOdified............ccceeiiiiiiii e

Figure 1-13:Detailed sedimentary log of the stratotype sectainthe Sirab
Formation, at Wadi Shital, ST-1 and ST-2. Secti®rAlSalso contains the type
section through the Shital Member (middle Sirabration). Coordinates refer
to the base of the section at ST-1 [UTM 5768084228] in which Transitional
zone between Buah and Ramayli Member occurred, flocholas and Gold

Figure 1-14: a Looking northeast along the Shital Member/Aswadnider

boundary at WA-1. A prominent ridge dissected bystkfissures and chert
replacement appears to pass up without faulting em overlying succession of
oncolite mounds that may dip more gently. b) Orgarh oncoids in beds at the

top of WA-1 (specifically on section WA-2), fronshidilas and Gold (2012)................

Figure 1-15Detailed sedimentary log of section Wadi Aswad \Wikluding the
short stratotype section of the Aswad Member (ugpiesb Formation). UTM
coordinates refer to the base of the Aswad Menfee, figure 1-3 for localisation

areas, from GOld (2010).......cccoeiiiiieeeeeeeerr e e re e e e

Figure 1-16:Characteristics of Aswad Member at Wadi Shital SB@uth of
Sirab. The parastratotype section of the Aswad Mensioutheast of the road
from Sirab to Wadi Shital ST-2, has an estimatedindoheight of 6 m, from

...... 64

Nicholas and Gold (2012)........cooiiiiiiiiiii e e e e 84



Figure 1-17:a) The Aswad Member coagulated thrombolite in datates and

fine packstones which are interstratified with khmncolite horizons in the area
southeast of ST-1. b) Large flat block of throntieoliolled up, coated and draped

with microbial slides, forming a giant oncoid cloge ST-2. C) Vertical
development of thrombolitic clots from thin, waiomatolitic stratifications at

the base of an ST-2 bed, as highlighted by thegianporosity of the framework

as the clots grow from the bottom up, from Nichalasl Gold (2012)..............cevvvvvvenneennn. 85

Figure 1-18:Large domes of stromatolytic thrombolite in the eipghital (Shital
Member) of the Wadi Shuram WS-1 section. These ddaneecovered with a
single bed of thin oncolite, from Gold (201Q)..........ceeiiiiiiiieieiieieeeeeeeeer 87

Figure 2-1:Stratigraphy logs and location of samples analyasdpart of this
L1 1S £ PUUURR 94

Figure 2-2:Isotope curve of the carbon composites for thalSkormation. The
"sandstone marker" can appear at different posgiomthin the central Shital
Member. The vertical scale is approximate, witheatimated total thickness for
the Sirab Formation of around 300 m, from Gold @QPIFigure 2-2 is used to
illustrate more at lesg"*C isotope curve which occurs at upper Shital in$frab

Formation as seen to the resume of samples INdIGUL.................cceeieiiiiiniiiiiiiiiiiieiiiies 97
Figure 3-1:Rocks from Buah-Ramayli (transition ZoNe)...........cevvvvvvviiiiiinieeeeeeeeeeeenn 126
Figure 3-2:Rocks from lower Ramayli Member..............oooviiiiii e 129
Figure 3-3:Rocks from lower Shital.............cooooiiiiiiiiiii e e 132
Figure 3-4:.Rocks from Red sandstone (£ middle part of Shital)..............ccoevvvvvveiriinnnnns 134
Figure 3-5:R0CKS from UppPer SNital..........cooooiiiiiiiiiiieeeii e eeeeeeeees 136
Figure 3-6:Rocks from Aswad MemDer...........oooiiiiiiiiiiiii e 138

Figure 3-7:The rocks of Aswad Member outcropishin facies well preserved in
Wadi Aswad WA?2 (stratotype section of Aswad Member)..........cccccceeeeiiiiiiiieeeeeee, 140

Figure 3-8:Photographs of thin sections (a, b, ¢, d, e andlyfusing an electron
microscope NIKON ECLIPSE LV 100 (Scale L80............ccoevveriiiviiiiiiiie e, 142

Figure 3-9:Photographs of thin sections (a, b, ¢, d, e andlyfusing an electron
microscope NIKON ECLIPSE LV 100 (Scale LB0. ..., 144

Figure 3-10:Photographs of thin sections (a, b, ¢ and d) byhgisan electron
microscope NIKON ECLIPSE LV 100 (Scale LB0. ..., 146



Figure 3-11:Photograph of the thin section of the sample (a ahdising an
electron microscope NIKON DS-R12 (Scale of ph@®08;um)............ooovvveiiiiiiiiiiiiiinnnnnnn. 148

Figure 3-12:Photographs of thin sections (a, b, ¢, d, e arlwyfusing an electron
microscope NIKON ECLIPSE LV 100 (Scale L80.............coevvvriiiiiiiiiiiee e, 149

Figure 3-13:Photographs of thin sections (a, b, ¢ and d) bywgisan electron
microscope NIKON ECLIPSE LV 100 (Scale L80............ccoovvvriiiiiiiiiiiiee e, 151

Figure 3-14XRD response of STB 4. Diagrams are taken alongthad Y axes
to show the dominant mineral tendency for carbamatplus a circular
representation of Dolomite in the sample (phototpsap, b and C).....vvvvveciiiieiiiieeeeenne, 157

Figure 3-15XRD response of STB 6. Diagrams are taken alongthad Y axes
to show the dominant mineral tendency for carbamatplus a circular
representation of Dolomite in the sample (photodpsap, b and C).....vvvvveciiiieiiieeecinnn, 158

Figure 3-16XRD response of STB 8. Diagrams are taken alongthad Y axes
to show the dominant mineral tendency for carbamatplus a circular
representation of Dolomite in the sample (photodisap, b and C)......eveveiiiiiiiiiniiiinnnnee, 159

Figure 3-17:XRD response of STB 14. Diagrams are taken aloegXthand Y
axes to show the dominant mineral tendency for a@akes, plus a circular
representation of Dolomite in the sample (photodisap, b and C)......evvveiiiiiiiiiiiiiinee, 160

Figure 3-18:XRD response of STB 16. Diagrams are taken aloegXthand Y
axes to show the dominant mineral tendency for a@akes, plus a circular
representation of Dolomite in the sample (phototisap, b and C)......evvveiiiiiiiiiniiininee, 161

Figure 3-19:XRD response of STB 18. Diagrams are taken aloegXtrand Y
axes to show the dominant mineral tendency for aaabes, plus a circular
representation of Dolomite in the sample (phototpsap, b and C).....vvvvveciiiieiiieeeieenn, 162

Figure 3-20:XRD response of STB 19. Diagrams are taken aloegXtrand Y
axes to show the dominant mineral tendency for aaabes, plus a circular
representation of Dolomite in the sample (phototpsap, b and C).....vvvvveciiiieiiieeeieenn, 163

Figure 3-21:XRD response of STB 21. Diagrams are taken aloegXthand Y
axes to show the dominant mineral tendency for a@akes, plus a circular
representation of Dolomite in the sample (phototpsap, b and )X .....ccovvveeiiiiiiiiiiiiiiiiiii, 164

Figure 3-22:XRD response of STB 23. Diagrams are taken aloegXthand Y
axes to show the dominant mineral tendency for a@akes, plus a circular
representation of Dolomite in the sample (photodisap, b and C).....eevveeiiiiiiiiiniiiiine, 165



Figure 3-23:XRD response of STB 26. Diagrams are taken aloegXtrand Y
axes to show the dominant mineral tendency for aaabes, plus a circular
representation of Dolomite in the sample (photodpsap, b and C).....vvvvveciiiiiiiiiiiiinnnn,

Figure 3-24:XRD response of STB 27. Diagrams are taken aloegXtrand Y
axes to show the dominant mineral tendency for aaabes, plus a circular
representation of Dolomite in the sample (photodpsap, b and C)....vvvvvveciiiieiiieeeiienne,

Figure 3-25:XRD response of STF 67.5. Diagrams are taken atbagX and Y
axes to show the dominant mineral tendency for a@akes, plus a circular
representation of Dolomite in the sample (photodisap, b and C).....eevveeiiiiiiiiiniiiiininee,

Figure 3-26:XRD response of STF 68.4. Diagrams are taken atbagX and Y
axes to show the dominant mineral tendency for a@akes, plus a circular
representation of Dolomite in the sample (phototisap, b and C).....eevvveiiiiiiiiiniiiinnnnee,

Figure 3-27:XRD response of STF 69. Diagrams are taken aloegXhand Y
axes to show the dominant mineral tendency for a@akes, plus a circular
representation of Dolomite in the sample (phototisap, b and C).....evvvveiiiieiiiiniiiiinnnee,

Figure 3-28:XRD response of STF 70. Diagrams are taken aloegXhand Y
axes to show the dominant mineral tendency for aaabes, plus a circular
representation of Dolomite in the sample (photodpsap, b and C)....ovvvvveciiieeieiieeiennn,

Figure 3-29:XRD response of STF 71. Diagrams are taken aloegXhand Y
axes to show the dominant mineral tendency for aaabes, plus a circular
representation of Dolomite in the sample (photodpsap, b and C)....vvvvvveeiiiieieeeeeiieen,

Figure 3-30:XRD response of STF 185. Diagrams are taken albegxt and Y
axes to show the dominant mineral tendency for aaabes, plus a circular
representation of Dolomite in the sample (photodpsap, b and C).....vvvvveciiieeieieeeiienn,

Figure 3-31:XRD response of STF 202.9 Diagrams are taken albag< and Y
axes to show the dominant mineral tendency for a@akes, plus a circular
representation of Dolomite in the sample (phototisap, b and C).....eevvveiiiiiiiiiniiiininnee,

Figure 3-32:XRD response of STF 204.3 Diagrams are taken albag< and Y
axes to show the dominant mineral tendency for a@akes, plus a circular
representation of Dolomite in the sample (phototisap, b and C)......evvveiiiiiiiiiniiiiinnnee,

Figure 3-33:XRD response of STF 205.7 Diagrams are taken albagK and Y
axes to show the dominant mineral tendency for aaabes, plus a circular
representation of Dolomite in the sample (photodpsap, b and C).....vvvvveciiiieiiieeeiienn,



Figure 3-34:XRD response of STB 21. Diagrams are taken aloegXtrand Y
axes to show the dominant mineral tendency for aaabes, plus a circular
representation of Dolomite in the sample (photodpsap, b and C).....vvvvveciiiieeiieeeiennn, 177

Figure 3-35:XRD response of ST2-1.6. Diagrams are taken albegxX and Y
axes to show the dominant mineral tendency for aaabes, plus a circular
representation of Dolomite in the sample (photodpsap, b and C)....vvvvvveceiiieieiieeceenn, 178

Figure 3-36:XRD response of ST2-2.9. Diagrams are taken albegX and Y
axes to show the dominant mineral tendency for aakes, plus a circular
representation of Dolomite in the sample (photoisap, b and C).....eevveeiiiiiiininiiiinnnne, 179

Figure 3-37:XRD response of ST2- 2.15. Diagrams are taken albagX and Y
axes to show the dominant mineral tendency for a@akes, plus a circular
representation of Dolomite in the sample (photodisap, b and C)......evvveiiiiiiiiiniiiiinnnee, 180

Figure 3-38:XRD response of ST2- 4.5 Diagrams are taken albegxt and Y
axes to show the dominant mineral tendency for a@akes, plus a circular
representation of Dolomite in the sample (phototisap, b and C).....eevvveiiiiiiininiiiiinnnee, 181

Figure 3-39:a) upper Shital outcrop plots (samples) from thediV@huram

section (WS9), b) Outcrop plots (samples) covetitegupper Shital and Aswad

Member in the stratotype section of Wadi Aswad (\&Ad WA?2). See figure 2-1

in chapter 2 where the sections analysed in thesith appear. 88b Dolomitic
Limestones and 1d Argillaceous Limestones (stargjarare the Georem
benchmarks (http://georem.mpch-mainz.gwdg.de) isembmpariSon..............cccoeeeeeeeee. 188

Figure 3-40:CaO (%), MgO (%) and Y/Ho on SiQ@»%) to determine the level of
contamination of carbonates by silica as well as dpproximation of the ramp of
carbonates in a marine or terrigenous environmétove here, captions are for
samples of upper Shital in section of Wadi ShUPAIBY)........cccceevveeiiiiiiiiiiiiieeeiins 191

Figure 3-41:Al,05 (%) versus Si@(%) ratios as well as R®3; (%) versus Si©

(%) to determine the terrigenous components masgeut in mixed carbonates of

the Sirab Formation. Here, captions are for sampmlethe upper Shital in section

Of Wadi ShUram (WS Q). e e e e e e e e e e e e e e e e eaan 192

Figure 3-42:Ca0O (%), MgO (%) and Y/Ho on SiQ») to determine the level of
contamination of carbonates by silica as well ag thpproximation of the
carbonate ramp in the marine or terrigenous envinemt. Here, captions are for
samples of stratotype section of Wadi Aswad (uppéal and Aswad Member)............ 194

Figure 3-43:Al,0;5 versus Si@ratios as well as F©; versus SiQto determine

the terrigenous components most present in mixgooates of the Sirab
Formation. Here, captions are for samples of stigbe section of Wadi Aswad

(upper Shital and Aswad MeMDBEL)...........uiiiiiiiie e 195



Figure 3-44: Cartoon to illustrate a possible carbonate contaation by
terrigenous materials as well as the position & tamp according to the sea

water, caption from Zhao and Zheng (2016), modified............ccccevvvvvvrriiiiiciieneeee

Figure 4-1:0C isotope curves of the field sections used in shigly (Wadi
Shuram WS9, Wadi Shital ST-1 and Wadi Aswad WAg#)the chart color of the

Sirab Formation Member in Chapter 2 (figure 2:1).......ccceeeiiieeiieiiieeieeeeeeieeeeees

Figure 4-2:6"°0 isotope curves of the field sections used in shisly (Wadi

Shuram WS9, Wadi Shital ST-1 & ST-2, Wadi Aswad)WAL...........ccccevvvvvvvvvrvnnnnnns

Figure 4-3:Sr (ppb) curves plotted against depths for outdeyels of the Sirab
Formation in Wadi Shital ST- & ST-2 section. Thiodogs that accompany each
level of lithology were discussed in chapter 2uffeg2-1) of this thesis and are

repeated here for the sake of clarity and logithia flow of ideas...........ccccccvvveennnn.

Figure 4-4:Mn/Sr plots for outcrops belonging to the sectibWadi Shital ST-1

and ST-2 (composite stratotype section of the St@mation)................oovvvviieeennnn.

Figure 4-5:Graphs of Mn/Sr ratios as a function®fC for outcrops belonging to
the section of Wadi Shital ST-1 and ST-2 (compaiaotype section of the

(= 1o J o110 g F= i o] o) TR USSP

Figure 4-6:Cross-plots of Mn and Fe concentrations VeBUE. ..........c.ccccoveveenenn.e.

Figure 4-7:Correlation of carbon and oxygen for the sectidt\@adi Shital ST-1

and ST-2 (composite stratotype section of the St@mation)................ooevvciiiennnnn.

Figure 4-8:Sr/Mg diagrams; Mn/Sry*0/MgO as well a0 /5*°C to analyze
sediment diagenesis in the Wadi Shuram (WS9) sefbio the upper Shital

outcrops (the depotcenter showing facies of ContgphiReefs)............ooevvvvviieiiinnnnnn.

Figure 4-9:Sr/Mg, Mn/Sr,0"%0/MgO as well a$/*?0/6**C diagrams to analyze
the diagenesis in the sediments of the Wadi Asweatioa for the outcrops

belonging to Wadi ASWad (WAL).......ooeeiiiiiiiiiiiieee et

Figure 4-10:Sr Sr/Mg and Mn/Sr diagrams to analyze sediment diagisnin

Wadi Aswad for outcrops belonging to Wadi AswatiG@§WA2)..............cccceeeeeennn.

Figure 4-11:Eu/Eu*, Y/Ho, Ce/Ce* diagrams plotted against theatggraphic
height for the different outcrop levels of the Sitgpe section (Wadi Shital ST-1

=L 0 IR 1 T PRSP

Figure 5-1:Graph of Major Elements P, Mn, Fe and Al compare®'tC and

50, for samples from the type section of Sirab atiV@ital ST-1 and ST-2............

...... 220

...... 225

..... 235



Figure 5-2:Graph showing the distribution relationship YREEs with respect to

the concentration of Mg contents in the sediments well as the
chemostratigraphic relationship of the concentraoof Mg contents in the
sediments with respect to the water-sediment mterf(Y/Ho). Type section of

Sirab in Wadi Shital ST-1 and STa2....ccoooiiiiiiiiiiiiiii e 246

Figure 5-3:Graph of the concentrations of the Major Elemerdspared to their
homologous concentrations in Mg in the type seatibB&irab (Wadi Shital ST-1
21010 S ) T PRPRPR 248

Figure 5-4:Graphs of major elements (Fe, Al, Mn and P) on H&/EBr the
determination of Eu anomalies with respect to ma&@mments in the stratotype
composite section of Sirab (Wadi Shital ST-1 an@)BT..........ccccoeeiiiiiiiiiiiieeee, 255

Figure 5-5:Plots of major elements (Fe, Al, Mn and P) on @&/@r the
determination of anomalies of Ce versus Major El#mein the composite
stratotype section of Sirab (Wadi Shital ST-1 & Ta...uueeiiiiiiiiiieeeees 257

Figure 5-6:Eh-pH stability diagram of ferric iron, ferrous inp hematite, siderite,

pyrite and magnetite. This diagram shows that hém# the stable mineral in
moderately to strong oxidizing environments. Fonenals such as pyrite, siderite

and magnetite, which are stable in a reducing mexithe stability fields strongly

depend on the pH, but also on the concentrationsC&®> and &, from
Krauskopf (1979), Berner (1971) and Tucker (1991).......ccceeeeeeiiiiiiiiieiiiii e 263

Figure 5-7:Major Elements graphs (Al/Fe) on Eu/Eu* as wellGa/Ce* for the
determination of Ce anomalies with respect to Magt@ments in the composite
stratotype section of Sirab (Wadi Shital ST-1 aMeRP.........cccoeeeeiiiiiiiiiiiiiiiiiii e 264

Figure 5-8:Graph of LREEs, HREEs, Mg/Ca, Al /[Fe and P/Al pesffor the type
section of Sirab (also called composite stratotgpetion of Sirab at Wadi Shital
Y = 1[0 IS A PP RPRPPPRPPPPPPRN 267

Figure 5-9:Binary diagrams comparing fractionation of REEshwitcarbonates
with Major elements Fe, Al, Mn and P for the satiod Wadi Shital ST-1 and ST-
PO T TP PPPPPPPP 270

Figure 5-10:Group of diagrams symbolizing the relation Al (ppagainst Cr,
Mo, U, V, Ni and Cu for the Sirab Formation, thréugs composite stratotype
section of Wadi-Shital ST-1 & ST=2u...uiiiiiii e e e e e e e e e e e eeaannaanes 274

Figure 5-11:ICP-MS P/Th and P/LREEs concentration to deterntiveedetrital
relationship of P enrichment in the typical sectmfrSirab at Wadi Shital ST-1 &
ST o et e e e e e e e e e e e e e e —— e e e e e e e e e e e e e e ban e 280



Figure 5-12:CP-MS P/HREEs concentration to analyze the authigénk of P

enrichment in the typical section of Sirab at WaHital ST-1 & ST-2.............ccccvvunnnn.

Figure 5-13:Graphs of the theoretical estimate of the minerglag Fe type
FeO3 or FeO, preferentially abundant in the type settid Sirab at Wadi Shital

O I =10 [0 IR IR

Figure 5-14:Graph of estimation of environmental weatheringeraf rocks in
Wadi Shital ST-1 & ST-2 section based on Fe praterdFeO; or FeO), Wadi

SNItAl ST-1 & ST-2. . et e e rnnnee s

Figure 5-15Fe (FeO; and FeO) composition curve in the typical sectbsirab

IN WAl Shital ST =L & ST o2 i

Figure 5-16Mn and dolomite (Mg/Ca) correlation to determing¢hé manganese
(Major Element Mn) concentrations are due to theboaate composition in the

typical Sirab section (Wadi Shital ST-1 & ST=2)....ccuuuuuiiiiiiiieiieeeeeeeeeeeeeeeeeeeeeeeeeees

Figure 5-17Spider diagram showing the distribution patterrMi# Q-normalized
chondrite major and minor geochemical element cotredions for
Infracambrian sediments of the Sirab Formation &l as in AGV-2 andesite and

marine dolomite Of DeVONIAN @gE..........ccoeiiiiiiiiiiiiiiee e eeee e

Figure 5-18:Graph showing the distribution relation ®REEs compared to the
concentration of Mg contents in the sediments dsasgthe chemonstratigraphic
relation of the concentrations of Mg contents ie gediments compared to the
water-sediment interface (Y/Ho). Sections Wadi &mnuwS9; Wadi Aswad WAL

AS Well 8S Wadi ASWA WA ... .o

Figure 5-19:Major Element plots (Fe, Al, Mn and P) on Eu/Eu* fthe
determination of Eu anomalies compared to conceioima in percentage of
Major Elements (section Wadi Shuram WS9, Wadi AdwAd and Wadi Aswad

Figure 5-20:Major Element plots (Fe, Al, Mn and P) on Ce/Ce* tbe
determination of Ce anomalies compared to concéptia in percentage of
Major Elements (section Wadi Shuram WS9, Wadi AdwAd and Wadi Aswad

Figure 5-21:Binary diagrams comparing the fractionation of Ragarth in
carbonates with the Major Elements Fe (%), Al (%) (%) and P (%). Section

OF Wadi SUIAM VW S . ..ot aeeen

Figure 5-22:Binary diagrams comparing the fractionation of raearths in
carbonates with the major elements Fe (%), Al (%),(%) and P (%). Section of

WAl ASWAH W A L. ... e e

..... 282



Figure 5-23:Binary diagrams comparing the fractionation of raearths in
carbonates with the major elements Fe (%), Al (%1),(%) and P (%). Section of

WAl ASWA W 2. ..o e e ee e

Figure 5-24Conservative mixing lines between sections WadiadhiVvS9, Wadi
Aswad WAL as well as Wadi Aswad WA2 on Y/Ho versu3h, andXREE+Y
data. Calcite cement value it is what used by Natiicet al., (2004) and PAAS

value it is what used by Taylor and McLennan (1985)...........ccouvviiiiiiiiiiinnieeeeeeeenn.

Figure 6-1:different profiles of REEs according to the depaeainp and basin
environments known throughout the world. On theda,dPASS normalised REY
for different types of environement are from datstévin, Graham et al. (2016),
Ara Group platform and basin are from Schroder &&wbtzinger (2007) and
Precambrian freshwater Procoki are from TCD lab 18D also exeperimented by

AV F= TaTo Lo g T 0240 22 0 ) USSP

Figure 6-2:.REE + Y spectral signature of Wadi Shital ST-1%&Zcarbonates...........

Figure 6-3:Ce* Trues anomalies in Sirab Formation (sectionsdiAShital ST-1

& ST-2, Wadi Shuram WS9, Wadi Aswad WAL and Wadad\8VA2).........cccccc.euveee.

Figure 6-4: Gemostratigraphic correlation of redox sensitivereénts Th, Ti of
type section of Sirab Formation (Wadi Shital ST-B&2) analysed in this study
with Ara Group Platform BB-3 and Ara Group basinM®-1 and MM NW-7,

data form Schroder and Grotzinger (2007)...........uuuueruiiiiiieieieeeeeeeeeeeieeeeeeeeeeeeennnnns

Figure 6-5:Evolution of the redox chemistry deduced from stabinerals with
respect to Th for the Zr/Th correlation; Ti/Th, ceding of redox chemistry of
seawater versus Mo/Th, and analysis of maintainthg state of dysoxic
conditions versus V/Th, in the main field sectiénSoab Formation at Wadi

S 1 | RS I A= 1 [0 S IR

Figure 6-6:Correlation of redox-sensitive trace elements idolg U authigen
(Uauty) , V and Mo within carbonates of the type sectbrhe Sirab Formation
(Wadi Shital ST-1 & ST-2) with carbonates of thea @roup Platform (BB -3).

The data of the Ara Group come from Schroder anatZnger (2007).........cccevvvvvnnnees

Figure 6-7:Redox sensitivity correlation ofalshigenand The....ooooiiiiiiiie

Figure 7-1 The Arabian Peninsula, with Precambrian terranesdjn, Hiyaz,
Asir, Nabitah, Afif and Ar Ryan) in the Arabian &HOi zone with the
Neoproterozoic-Cambrian slide fault system. Thendawies of the microplates
are those from Stoeser and Camp (1985). Other degafrom Looserveld et al.
(1996) ..ttt ————————————— 352

..... 335

..... 342

... 4B



Figure 7-2:conceptual cartoon model for depositional sequex®) settings and
facies of Ramayli Member, during the Ediacaran-Caarb (EC). The cartoon
represents more at les the general deposition @Mlember throughout Al-Hugf
region. The cartoon is not strict palaeo-geograpbioss-section as such, or
drawn to scale, but is an attempt to summariseftloges observations from a
variety of localities for a particular time interjasuch as reported by Nicholas
and Gold (2012). In this figure, Lagoonal and sabkiacies of the Ramayli
Member prograding over the underlying Buah Formatianer and mid ramp
grainstones and ooid shoals to fill all availablecammodation space during
highstand. The bases of section refer to sectiomsral the Buah dome and ST-1,
See as Well fIQUIe 1-5. ... 355

Figure 7-3:conceptual cartoon model for depositional sequeix®) settings and
facies of Lower Shital Member fault controlled tsgnession to Evaporite unit 2,
during the Ediacaran-Cambrian (EC). Initiation ofgional, basin-bounding
fault-controlled subsidence causing differentialc@mmodation space between
individual fault blocks, Incremental fault movemant/or Milankovitch cyclicity
causes repetition of cyclical peritidal carbonateporite couplets, from
Nicholas and Gold (2012)..........ceeeeiiiiiiceeeee e e e e e e e e e e e e e e eeeaeeeeernnne 364

Figure 7-4:Conceptual cartoon model for depositional sequefiz®) settings
and facies of upper Shital Member subsidence ialieed depocentres, during
the Ediacaran-Cambrian (EC). Upper Shital more neatklifferential subsidence
creates depocentres with more accommodation spbaeiag microbial build-
ups to develop; initially conophyton reefs, foll@ngy stromatolitic thrombolites,
Fom Nicholas and Gold (2012).........c.ooiiiieeeemeeeieiicer e e e ee e 367

Figure 7-5: ©@nceptual cartoon model for depositional sequeri28)(settings
and facies of Aswad Member more uniform floodingose ramp, during the
Ediacaran-Cambrian (EC). More uniform regional faeabntrolled subsidence
gradually floods across the area accompanied byodijon of the Aswad
Member. Connexion with open-marine conditions pie@aross north and
probably north east part of the Al-Hugf region, earaging laterally extensive,
parallel-bedded, thrombolite ‘fields’, punctuatedy loccasional build-up of
thrombolite  patch-reef  framestones, from Nicholas nd a Gold

Figure 7-6: Simplified sketch of a hollow structural form withivhich the
"Graben" might have extended; with filing of thamp with carbonates.
lllustration of the Sirab Formation. This is a ceptual model built with the aim
of imagining the reason for the high manganese emst of the Sirab
FOIMALION. ... e e e e e e e e e e e 376

Figure 7-7:Sketch showing sea level rise (eustatic) along witbsidence in the
Al-Hugf region in which the field sections of th#aB Formation currently



Figure 7-8 Model of the carbonates of the ramp less influenmgderrigenous
detritus with high LREEs potential and those stignigfluenced by fractions
LREES (relative to Precambrian age)..........cccceeeeeiiieeeeeeveiiciieee e 853

Figure 7-9 comparative Ara Group Platform and Basin carbonabeks with
Sirab Formation carbonates ROCKS............ooeee i 389



Table of Tables

Table 1-1:The main lithofacies characteristics identified hint carbonates of
Sirab FOrmation in @aCh MeEMDAE. ... ..o 46

Table 2-1: Summary of diagenesis analysis in the type seatiomthe Sirab
Formation (Wadi Shital ST-1 & ST-2)...ccceeiiiiiiiiiiiiiee e 109

Table 2-2: Summary of diagenesis analysis within sections afliVGhuram
(WS9), Wadi Aswad (WA1) and Wadi Aswad (WA2).........coeeeeeeiiiiiieeeei e 110

Table 2-3: Summary of the analysis of the concentration gbM&alements in the
type of section of the Sirab Formation (Wadi SHEAF. & ST-2)u...coeiiiiiiiiiiiiiiiiiiiiiiiiies 116

Table 2-4: 8mmary of Major Element concentration analysiseot®ns of Wadi
Shuram WS9, Wadi Aswad WAL and Wadi Aswad WAZ2............ccoorrrriieiiiiiiniiinnnes 117

Table 2-5: 8mmary of analysis of Trace Elements and REEs otrat®n in
Sirab type section (Wadi Shital ST-1 and ST-2), \8adram WS9, Wadi Aswad
WAL and Wadi ASWad WAZ.........ooiiie e e et e et e e e e e e e e eeaaaaas ai

Table 2-6:Summary table of field annotations for samples fittie composite
stratotype section of the Sirab Formation at Walite® ST-1 & ST-2, modified
from data of Nicholas and Gold (2012)............uuuuuueuiiiiiieieeee e 120

Table 2-7: 8ammary table of field annotations for samples fisgutions of Wadi
Shuram (WS9) and Wadi Aswad (WAl &WA?2), modifieoh fdata of Nicholas
=1 a0 7o o N (22 0 022 USSP 121

Table 3-1:Main minerals found in sediments of the Sirab fdramathrough the
composite stratotype section of Wadi-Shital ST-d §i-2. Summary of XRD,
microscopy and field data deSCrPLIONS........uuiiiie e e 184

Table 3-2:First order accessory minerals in Wadi-Shital S®1ST-2 (Sirab
Formation), their environmental occurrences andirth@ssible authigenic or
NON-AULNIGENIC CONTIOL......uuiiiiieee e e 186

Table 4-1: Fe and Mn concentration values analyzed by ICP-MSthe
geochemistry laboratory of Trinity College Dublim outcrops belonging to the

Wadi Shital ST-1 and ST-2 section (composite gipéosection of Sirab). All Fe

and Mn values are obtained iN PPM.... . e e e e e 214



Table 4-2:The MgO (%) and MnO (%) values obtained from thE-MS/OES
analysis for the samples from the sections of V@adiram (WS9) as well as Wadi
Aswad (WA1 & WA?2) of the Formation of Sirah.............cccooviiiiiiiee 231

Table 4-3:Values of Eu/Eu* and Ce/Ce* anomalies analyzechntype section
of Sirab (Wadi-Shital ST-1 & ST-2)....ccuuiiiiiiiiiiieee et 238

Table 5-1: @ncentration of Al in ppm, Al (ppm) and Cr, Mo, \d,Ni, Cu (ppb)
as obtained for type section of Sirab in Wadi-SI8B-1 & ST2......cccoiiviiiiiiiiiiieieeeeinnnn, 273

Table 5-2:concentration of P in ppm, LREEs, HREEs and ThWadi Shital ST-

Table 5-3:Theoretically calculated values of the moleculaights of FeO3; and
FeO from ICP-MS measurements of Fe for carbonatepses of the typical
section of Sirab (Wadi Shital ST-1 & ST22)....cuvuuiiiiiiiiiiiieie e eeeeeeee e 287

Table 7-1:Values of ratios Y/Ho for all tested Wadi-Shital-B®& ST-2, Wadi
Shuram WS9, Wadi Aswad WA1 and Wadi Aswad WA2
SAMIPIES. .. e e a it enn————aaaaarannn 378

Table 7-2:Geochemical parameter of Ara Group, from Schrodet &rotzinger
(2007), Group (1) are carbonate at base of A4C gnaup (2) are carbonate
ADOVE AC ... i e e ————— 390

Table 7-3 Geochemical parameters to correlate Ara group Mlatf and
carbonates rocks to Sirab Formation carbonates



Acknowledgements

Above all, | thank God for the life and well-beitttat | have for free
and that | use as | will, to guide my life in onayor another.

This research project started with the support e Ministry of

Hydrocarbons of the DRC, but due to the abandonmwietite partner,
its realization was self-financed. Here | wanthartk Dr Christopher
Nicholas for his tremendous contribution and suppmenable me to
achieve this Msc. research program after so marfficudiies

encountered in finalizing this study. | thank theab of Graduate
Studies for his authorization to allow me to mave initial funding of
the project by the DRC Ministry of Hydrocarbonsstf-funding and
for having accepted my request for a free extensiotihe academic

fees to submit this thesis.

| thank Dr Robbie Goodhue for his rich ideas whatlowed me to
deepen the development of my thesis and for haveen personally
assisted in the petrographic laboratory during nigDXanalyses. |
express great gratitude to Cora McKenna for hetrifmrtion to my

ICP-MS at the geochemical laboratory at Trinity IEgé Dublin as
well as for all the many scientific information sivas able to bring to

my knowledge to finally help me develop my thesis.

25



My thanks go to all the technical staff of the Gyl department
including, in particular, Franc, Maura and Noel tbe realization of
my thin blades, the maintenance of my computer &solell as for
the many advice of use received from them duringesgarch period.

Thank you to all the postgraduate friends with whénhad a
wonderful time and thank you also to my colleagBglvain Mangoni

and Joel Fumbwe.

And | couldn't close this chapter of thanks withsaying a word of
thanks to all my family. My parents, sisters andtbers whose

consideration of love they have for me, make magpk man.

26



1

First chapter: Overview of Sirab Formation inudjf Supergrou

27



1.1 Introduction.

The Sirab Formation represents the approximateate Ara Group
in Oman. The Ara Group represents a thick packdgat teast six

carbonate-evaporite cycles deposited between teeHdiacaran and
early Cambrian in the South Oman salt Basin alawknas the SOSB
(Gorin et al., 1982; Clarke, 1988; Amthor et a003), see figure 1-1.
The carbonate rings making up the Ara Group armermélly referred

to as A0 to A6 and are subdivided into carbonatediCGevaporite "E"

units; for example A4C and A4E. The evaporite uares composed of
intervals of gypsum and anhydrite approximatelytd@0 m thick,

associated with halite deposits. The salt is onotfier of 10 to 100
meters thick before subsequent halokinesis. The paitas

accumulated during low water periods in the basitin wirculation

and restricted marine exchanges. Carbonate cyces @s isolated
platforms called "stringers", thought to be a v of low slope

ramps with cyclic fill levels. This carbon pattemay be the result of
repeated transgressions from sea level to the ,bakich may result
in periodic connection of the basin environmenthwiihe open sea,
Grotzinger and Amthor (2002). Due to its thalwegusture which

will be developed in this thesis and the demonsimabf tectonic

halokinesis, the Sirab Formation can be considerxeda gradual
evaporite-carbonate transition operating along lemesanvironment,
dating approximately from the Precambrian - Canmb(raore or less
equivalent in age to the Oman Ara Group).
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The typical shallow carbonate "stringer" facies sists of ooidal
grains usually trapped at the base of waves in \fi@ather, and
oncolite packstones with microbial barrier accurhates of
stromatolites as well as layered thrombolites wisues " clots”
characteristics (Grotzinger and Amthor, 2002; Amtko al., 2003).
The high primary porosity in the intervals of therabial framestone
thrombolite means that, the Ara salt carbonategslam&irab stringers,
form a system of hydrocarbon plays of which notahky Ara Group,
is the one of the oldest in the world to provide d@xa largest

hydrocarbon reserves, Al-Siyabi (2005).

The Ara Group and its facies have been definechéenSOSB using
underground exploration wells. In the SOSB, thisugr overlaps the
Buah Formation of the Nafun Group and is locateldehe Nimr

group in the regional lithostratigraphic scale oh&h, Droste (1997).
With the SOSB buried at a depth of more than 2 ko the desert
in southern Oman, the only probable real exposoirdga carbonates
are fragments contained in perforating Domes irtrae®man. Thus,
the lithostratigraphic unit says Ara Group was lor@nsidered as
having no stratigraphic equivalence to the surfaoégs found in

Oman and this, despite the importance of the hybmn plays of the
Ara Group. However, the late recognition as a fsssurface
equivalence to the Ara Group, of a set of scattena@drops in the
Haushi-Hugf desert region located slightly northheak the south
Oman salt basin by Gold (2010), has hypothesizatitkie outcrops of

the Sirab Formation lithostratigraphic unit, whiwhs once thought to
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be younger than the Ara Group, did indeed have nwrdess
approximate ages. So that the surface accessibiityg geological
Formation close to that of the Ara Group, known ifisr economic
interest, would have made it possible to deeperettidution of the
architecture and geometry of the sedimentary faeussch contain a
source potential for hydrocarbon reservoirs ofddill gas.

In the Al-Jabal al-Akhdar of the mountains of Omahe Buah
Formation is covered with approximately 600 m ofrbomate
olistostomes, volcaniclastics and siliciclasticsokn as the Fara
Formation, see figure 1-1 [UTM 547358, 2575519]lldwaing by

work of (McCarron et al., 2000), reconnaissancekwan the Fara
Formation by sampling a volcanic interval, gave ®#tJage date of
544.5 + 3.3 Ma. This confirmed that the Fara Foromastraddles the
Ediacaran/Cambrian boundary and is a chronostagigc equivalent
of the subsurface Ara Group. However, the lithadacof the Ara
Group in the SOSB show little similarity to thosé eara. The
beginning of the Ara deposition across the regibrOman being
marked by a period of tectonic activity and sukslvi into saline
Basin deposits, may be the basis of this differemtech exists
between the Ara Group and the Fara Formation Idcateut 400 km
north of SOSB.

Thus, the Haushi-Hugf region of east-central Omamo(t 130 km
northeast of the present boundary of SOSB) wheeeggplogical
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outcrops belonging to the Sirab Formation are spadt (outcrops
grouped locally and geographically in terms ofdisections), appears
to date and at the stage of the studies in progtedse a promising
zone for its sedimentary facies with possibly a eptal in

hydrocarbon plays, equivalent to the Ara Group.
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1.2 Preliminary studies of the Sirab Formation.

The geological survey of Al-Hugf by the Bureau oédBbgical and
Mining Research, Rabu (1988) was not originallyiedrout at a scale
that would recognize an Ara equivalent. On geolalgicaps
published at that time, the Buah Formation is takemt the top of the
Huqgf Supergroup, truncated by the regionally extensAngudan
Unconformity, at the base of the Haima Supergr@uml is overlain
by the Thumaylah Formation now called Formationsmand Miqrat

in Petroleum Development Oman - AOP - nomenclature.

Research on the Buah Formation in Al-Hugf in the E990s sparked
interest in the deposit environments of the uppealB In a detailed
field study of the Nafun Group as a whole, (McCargi al., 2000)
summarized and rationalized previous work on irdefiacies and
subdivisions within the Buah Formation. She admditteat the Al-

Hugf appeared to be made up of two Members. Thel@xtremity is

composed of dolomites passing through stromatodites grainstone,
and is generally of uniform thickness throughout ttegion. The
upper Member consists of peritidal cycles - sabkbBach member
generally forms a prominent topographic ridge abthes otherwise

generally low topography.
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Figure 1-1: Stratigraphic nomenclature of the Neoproterozoid adambrian
subsurface and outcrops @man. The current Petroleum Development Oman
(PDO) lithostratigraphic scheme for the South Om&alt Basin (SOSB)
subsurface is that summarized by Al-Siyabi (20@4)y chronostratigraphic and
biostratigraphic data from (Amthor et al., 2003hel Sirab Formation is shown
superimposed on the litho - and chrono-stratigralfiythe outcrops of the Al-
Huqgf and Oman mountains, Gold (2010). The infra-Gaam dates come from
(Davidek et al.,, 1998). Note that the Sirab Formatioccupies the same
lithostratigraphic position than Ara Group (in subface) and the Fara
Formation (of the Oman Mountains).



Subsequent studies on the Buah Formation in Al-Hiygozzi and
Al-Siyabi (2004) confirmed that the two McCarron Mieers of the
Buah Formation could be recognized in Al-Hugf. ltatéozzi (2009)
wrote a communication which correspond to previpysliblish of
Nicholas and Brasier (2000), in which the top af Buah Formation
is defined at the top of the lower Member of Mc@arrunder the first
unit d peritidal evaporites. Indeed, this lower Men is now
recognized as the Buah Formation sensu strictdy avithickness of
about 130 to 190 m below potential Ara equivaldinis redefinition
also led to aligning the Al-Huqf lithofacies withe laterally persistent
facies of the entire thickness subsurface of Buahia Al-Jabal al-
Akhdar to the north. In this diagram, there are rexorded

occurrences of evaporite beds in the Buah Formation

(Gold, 2010; Nicholas and Gold, 2012) present thsults of the
original unpublished survey of potential Ara equeveis. This work
was conducted between 1999 and 2001 plus new digld from a
survey resumption in 2006. A reassessment of the salctions
combined with localities surrounding the Al-Huqfopided a robust
regional lithostratigraphic framework for the readgpn of a new unit
at the top of the Huqf Supergroup. This Formatisrwhat is now
known as the Sirab Formation. As such, it occuthescorresponding
litho-stratigraphic position of the Ara Group inethsubsurface;
overlying the Buah Formation, but underlying to Mieldle Cambrian
Angudan unconformity which is a basal regional uroomity of the

Haima Supergroup clastics.
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1.3 Overview of Hugf supergroup.

The Huqgf Supergroup covers the crystalline basemaintthe
Proterozoic and represents the oldest known sediamesequences in
the south Oman Salt Basin "SOSB". While the gedgcab location
of Oman may lie along the southeastern margin efAlabian Plate
whose geographical limits are: the area of propagaif the Gulf of
Aden to the south, the Masirah transformation faalivell as Owen's
fracture zone to the east, and the margin of thevexging Zagros
Makrarem plate, giving rise to the mountains of @nba the north.
The Haushi-Hugf region from which the name of theuqH
Supergroup is derived is therefore located towHrdssouth of Oman,
covering a vast desert area of which the outcropghe Huqgf
Supergroup alone represent a neoproterozoic |dngrextends over
180 km to the northeast and about 40 km wide. Ashfe stratigraphic
presentation of the Huqf Supergroup, it was dridmhg its surface of
the Dome of Khuafai and the borehole had penetrdiecrystalline
basement about 0.5 km near the center of Inlieoyi(Cet al., 1982).
The data collected during the drilling showed finain the bottom up,
the Hugf Supergroup is made up of the followindedi#nt geological
groups: Abu-Mahara, Nafun, Ara and Nimr. Four g®up total
recognized on the basis of geological outcropsdrifithg data.

The Neproterozoic (~870 to ~730 Ma) basal asserehkagart of the
collage of Archaeo-Proterozoic microcontinents réees), Pan-

African mobile belts, island arcs, subduction coempk, ophiolites
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and molasse basins; assembled during African oxogen the
Neoproterozoic to form the Arabian plate. This time of tectonic
event precedes the expansion of the first Abu-Malssadimentary
package which forms the basis of the Huqgf Supemrddussein
(1989) recognized five distinct terranes amalgachatering the
Neoproterozoic in western Saudi Arabia. These heeAsir, Hijaz,
Midyan, Afif and Ar-Rayn terranes. There is a sgagiachrony of
accretion between the five different terranes idiexdt by Husseini.
The terranes located towards the west would haee becreted first
(780-700 Ma), followed by the large Afif terrane 0-680 Ma and
finally, terranes located towards the eastern jgatthat of Ar-Rayn
which would have been accredited around 640-640(N&grove et
al., 2006; Johson and Kattan, 2001; Johnson, 200%).main phase
of closure and coalescence was followed by tragspeal tectonics

and extension along the megatrends and differtiailde

The post-collisional Neoproterozoic-Cambrian (~ %80~ 520 Ma)
collapse and extension mark the early compressobth that was
overprinted by sinister transpression along thetfd8ding strike-slip
faults active at 700-650 Ma in Arabia, Allen (200&hd this tectonic
event almost spans the entire Huqf Supergroup.hAtend of the
Neoproterozoic (~ 680 Ma), the Pan-African defoioratassociated
with the final accumulation of terranes along thestern margin of
the eastern Arabian craton marks the Formatiomefsy domes. The
uplift and Formation of mountain ranges have a mijdo NE trend
within lithological and structural grains, Stuaraith (2003). The
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sutures of the island arch are also cut by N and divEctional
senestral structures, called “Najd structures”, sehomovement
synchronization can range from 650 to 550 Ma, Akstini (2000).

The Najd Faults formed on the continental shealesasGondwana,
comprising a set of crustal-scale subvertical nvoest shear zones,
which cut through northern Gondwana, cross-sectiohs€urope

North Africa, Arabia, Oman, India and southern Aaka (Stuart-

Smith and Romine, 2003), see figure 1-2. The “Nayjént” is also

marked by a major thermal event reflected in radivim data from

Abu Mahara and in basement rocks, Romine (20048. N&fun, Ara

and Nimr Groups are part of a series of basins Idped in post-

tectonic intrusions (~ 610 to 565 Ma) in Oman. Thmynstitute

platform deposits and are associated with wealomesn in which

deposition of marine clastics, carbonates, evagorand possibly
continental sediments took place in spreading kasamding N to NE
(for example the salt basin of Ghaba 550 to 540).

At 540 to 520 Ma, it is the episodic deformatiorripg (Angudan
event) to which correspond folds and northeaststsraffecting the
sediments of the Huqgf supergroup in southwest Onilae. Angudan
Is considered to be an angular offset at the edfybge basin (such as:
the eastern limit of Ghaba, the western limit & flahud terrane and

the salt basin of southwestern Oman). The intestralctures of the
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northern Oman sub-basin network have been
Makarem High (Romine, 2004).

revesseth as:

I I Fhanoem Fosn. S e D L bEres Foes, lﬂl‘ l’ f o, -— l
- R :} L7 -
| A [ ¢ T g — - Lore comploxos i -L
Fakuimn Xshiesbed ,"-T-'], Tnkbien Crnaug \\_ —
e o T
{:H_} Hlrvarngsiimel Onow i b= k - '\.\‘\
- I et iy Deeisdarih &'Mﬂﬂf L ITILLS
'} " AgrEhl sn-Mobdan
Labvirelrd ey
-
B ( SAUDI .
B L I
Meditarranean Soa e - éﬁ:ﬂ

-
W

Makasib

suluroc
(1)

ETHIOP LA

JOIROIAMN
. B i o
MIDYAN Mahitah oroggerice el
Wi Kl
2 Al Aarrran
sulure
H) . AL RAYN
{\ ® ™~ Ay
Y anbu "-.‘. AFIF
AT y
DESERT BURIre o :.-..:...- S
Crnib- Sol i S -"'r
Harmesd suliire E
Bir Um s
sulune ASIR
SALID ARABLA
L

= [ —
ERITREA 200 km
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modified from Quick (1991), Allen (2007) and GA010).
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The shape, character and extent of deformatiohesfet sub-basins are
linked to a particular subterranean terrane, theredion terrane of
southern Oman and its border with the Arab teri@uamine, 2003).
As along the western edge of the southern Omanes#lasin, the
"western deformation front" thrust structures takeer the Hugf
Supergroup, but these are eroded and truncatedebprigudan shift
and display then the mark of a deformation of atton which
corroborates at the base of Haima (beginning olper Cambrian).
In some places, continental siliciclastics of wasterigin (Nimr
group of Cambrian age) show the appearance oftaniecuplift and
the generation of source zones of sediments invést, before the

actual birth of the unconformity Angudan (Allen,20).

Thus and in general, the Neoproterozoic to Camlagin Oman is
represented by the Huqgf Supergroup. This Supergmayers the
Proterozoic crystalline basement and representsottiest known
sedimentary sequences in the south Oman salt E&€&B) which
hosts from the bottom to the top of its stratignapihe Abu-Mahara
Group, the Nafun Group, the Ara and the Nimr Grqalps in the new
setup after work by Gold (2010), the Sirab Fornmmatas almost the
equivalent time to Ara Group within Huqgf Supergroup
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1.4 Comparative age of the Sirab Formation.

The age of Ara Group subsusrface is well constdaienthor et al.,
2003; Bowring, 2007). U-Pb zircon geochronologytboa isotope
chemostratigraphy and biostratigraphy togethercetei that the Ara
Group extends from the most recent Ediacaran tolthest Cambrian,
with the Ediacaran/Cambrian boundary at or nedhefoase of cycle
A4 which is dated 542 + 0.6, see figure 1-1. Asinfrthe underlying

A3C carbonate also gave an age date of 542.6 &8.3The presence

of the oldestCloudina tabular limestone fossil and also possibly

Namacalathusn the Ara below A4 also supports the conclusioat t
the lower units of the Ara Group are of late Nedo@rozoic age. The
top of the underlying Buah Formation sensu strioboh below the
surface and in outcrop has therefore been estimatbd approx. 550
Ma (Cozzi and Al-Siyabi, 2004).

On the other handCloudina and Namacalathusare intimately
associated with thrombolite facies encounteredha ¢arbonates of
Ara Group subsurface, as is also the same for sxpesed Ediacaran
reefs seen in Namibia (Schroder, 2000; McCormick)012
Grotzinger, 2005). Although the discovery of thigpd of fossil
biomarker has not yet been elucidated in the Statmation, Gold
(2010); nevertheless, there remains the presencecoafjulated
thrombolytic frameworks and stromatolytic thromb®lin the upper

Members of Sirab, namely: Shital and Aswad, whosssif
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preservation in good condition throughout the Algfltegion, makes

it possible to simulate the two geological Formagio

On the other hand, even the absence of clear aedt dibservation of
the calcareous fossils characteristic of the Ada(Aroup) in the
upper thrombolitic units of the Sirab Formation,ncauppose a
Cambrian age or younger becauS#pudina became extinct at the
Ediacaran-Cambrian boundary in Oman (Amthor et aDO3).
Alternatively to limestone fossils, the Ediacaraai@®rian boundary
may still appear in some horizons not yet studreddetail in the
Haushi-Hugf region (Sirab Formation). But also, astricted
depositional environment, for example with varyieglinity, with
changing levels of evaporation and chemical exchasngf the
composition of the water at the water-sedimentriate, can also be
likely to modify the initial ecology of calcareofisssils presence and

drive during the evolution of sediment depositghir extinctions.

Prior to Gold (2010), the presence of thromboliteOman was only
known in the perforating domes of central Oman #edunderground
of Ara Group in the SOSB. Seen under angle of thaite fossils
conserved shapes, we may suggest equivalent age®&ene Ara
Group and upper Members of Sirab. However, strigheaking,
thrombolite do not determine stratigraphic critdaaage. They range

from Neoproterozoic to Phanerozoic and are padrtuicommon in
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the Paleozoic, James (1986). We find them asloeptes the

Permian-Triassic Saig Formation of the Saiq plateddman

The age of Haima Supergroup units on display atH@df is still
unresolved. It was reported to be limited by a meurrence of upper
Cambrian trilobites in the Al-Bashair and Lower Basandstone
Formation of the Andam Group (Fortey, 1995; Drod®97; Forbes,
2010), see figure 1-1. The non-fossiliferous Haiomats under the
Andam Formation could therefore be of any age friia Early
Cambrian to the early Late Cambrian. Droste (196i7)Husseini
(2010) correlated the sandstones of the Amin Faoomaivith the
Lalun sandstone sequence of Iran, which is covdredMiddle
Cambrian sea beds. If this was the case, thenaba broup of Nimr
will be early Cambrian age. The regional Angudacamfiormity is
indicated to lie between the Nimr Group and the AilRormation, as
the former is clearly truncated and overlappedhgylatter below the
surface. In the exhibits around the Dome of BuatheAl-Hugf, this
major angular mismatch can clearly be seen as lymbgprthe
conglomerates and this suggests that there is equivocal Nimr
group exhibited in th