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Abstract

Intrashelf basins occurring on epeiric carbonatdf@ims are commonly associated with
the presence of excellent carbonate source rockspbacause they often border potential
carbonate reservoirs updip, they may form the adrech petroleum systems. This is a
common phenomenon of many Mesozoic hydrocarbonsglayhe Middle East. Despite
this fact, studies investigating intrashelf-basirisle-grained carbonates are rare, because
it is assumed that little lithofacies variabilitg ipresent in these successions as a
consequence of their relatively homogeneous appearahere they are sampled in core
or visited in exposures. Those that have been peed mostly lack process-detalil
analyses, and interpret the organic-carbon enriahnmethese sediments to be simply a
function of either occurrence of localised bottorater anoxia or high primary organic
production under low-energy conditions, dominatgaglspension-settling events.

In order to rectify this point and conduct a praebased study on such sediments, this
research focused on the source-rock-bearing, UBpetaceous Natih-B Member (Natih
Formation, North Oman). To gather the necessarg, ddis study involved utilising
microscopic (optical and electron-optical), minegatal (X-ray diffraction), and
geochemical (total organic-carbon [TOC] and stakddepic) techniques, in addition to
detailed core and outcrop investigations. The gdedr data revealed that the
predominantly fine-grained, intrashelf-basinal cerltes of this succession are very
variable, even at the millimetre and less scalé& majority of the carbonate lithofacies
encountered here have mudstone through to packstah&es.The individual units are
variously composed of biogenic (uncompacted bi¢s)agnd authigenic (both replacive
and pore-filling) calcite (19.9 to 97.7%, avera@ebPb), and organic matter (0.3 to 13.7%
TOC, average 3.3%), together with minor detritahrtpi and clay, and replacive and pore-
filling pyrite and dolomite, reflecting changes pmimary production (both organic and
inorganic), clastic input, sedimentation rate, @&adly diagenesis. Moreover, these units
have been bioturbated to different levels, and @mytain abundant evidence of in-place
fauna, suggesting that persistent bottom-water iaraigl not exist during deposition of the
Natih-B Member. Additionally, many of the organiarbon-rich mudstone-wackestone
lithofacies are pelleted, partially bioturbateddagxhibit inclined lenticular lamination,
indicating that these sediments were mainly depdsiapidly by episodic and advective
processes under relatively energetic conditionséhbhanced organic-matter preservation.
These units, following compaction, developed thin deposidl beds that could be
misidentified as depositional laminae. In contttasthese organic-carbon-rich lithofacies,
the sparry-calcite-rich wackestone-packsone littiel which alternate with the former in
the basin centre, are uncompacted, extensivelyated, pervasively calcite cemented,
and display scour lags and skeletal concentratismggesting that these lithofacies were
propably associated with distal storm events, ahd &xtensive bioturbation and
cementation indicating major breaks in sedimenuandation, especially at the tops of
these units where stacking patterns change. Fin#ikly stable-isotopic compositions
obtained from whole-rock samples{C = —0.9 to +0.9%o, average +0.3%:°0 = -5.6 to
—3.7%o, average —4.8%.) and sparry calcite (por@ifilicement or diagenetically-replaced
matrix) subsamplesst®C = -0.6 to +1.2%., average +0.6%-°0 = -5.7 t0 —3.7%o,
average —4.3%o), all relative to VPDB (Vienna Peee[Relemnite), together with the
uncompacted nature of bioclasts and evidence dbitation and sediment reworking,
indicate that the majority of the sparry-calcitgstals in Natih-B were precipitated early,
prior to compaction, derived mainly from normal-imar(open, oxic) porewaters.
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Chapter 1

| ntroduction

1.1. Context of the Research

Intrashelf (or intraplatform) basins are commonrgemhic features on regionally-
extensive epeiric carbonate platforms along passwtinental margins (e.g. Markello and
Read, 1981; Read, 1982; Aigner et al., 1989; Butelsnd Wright, 1992; Grover, 1993;
Stanton and Fligel, 1995; Sharland et al., 200bst@ 2003; Figure 1.1). They commonly
form depocentres (< 100 m maximum water depthjif@-grained, organic-carbon-rich
carbonate sediments during major rise in relateaelevel, associated with creation of
accommodation (e.g. van Buchem et al., 2002a; Praxstl Van Steenwinkel, 2004).
Prolific petroleum systems may develop, during sigant burial, in these settings where
potential platform-carbonate reservoirs exist wsel proximity to intrashelf-basinal
carbonate source rocks (see Murris, 1980; Markaeib Read, 1982; Burchette and
Britton, 1985; Read, 1985; Ward et al., 1986; Dep$090; Alsharhan and Scott, 2000;
Kuss et al., 2000; Al-Saad and Sadooni, 2001; Baeial., 2002; van Buchem et al.,
2002b; Taghavi et al., 2007).

Platform Carbonates

Weak Shoreline Fluvially-Derived
MFS Carbonate Mudstones

Clastic Systems Fringing Clastics
TST Carbonate Mudstones HST Carbonate Mudstones

_Organic-Carbon-Rich Intrashelf Basin __ CarbonatePlaform

Figure 1.1. Schematic diagram illustrating intrashelf-basiniesrtynent on a carbonate
platform along continental margin (modified fromaslland et al., 2001). Intrashelf basins
form during major rise in relative sea level inasavith minor topographic relief as a
result of differential carbonate-platform growthhieh creates accommodation for organic-
carbon-rich carbonate mudstones to accumulateeibalsin. (TST = transgressive systems
tract; MFS = maximum flooding surface; HST = higimt systems tract).

Despite their significance as excellent petroleoorse rocks (e.g. Sassen et al., 1987,
Summerhayes, 1987; Droste, 1990; Klemme and Ulrkjst#91; Machhour et al., 1998;
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Demirel and Guneri, 2000; Katz et al., 2000; Abdllét al., 2005; Doyle et al., 2005; van
Buchem et al., 2005), fine-grained (mudstones-wstckes), organic-carbon-rich,
intrashelf-basinal carbonates have rarely beenestud great detail compared to the
surrounding coarser-grained (e.g. grainstonesffopha carbonates. This is probably
because of their “monotonous” appearance in haadisgn, as a result of the fine-grain
size and dominant dark colour (so called “blacKesti, as well as their insignificance as
conventional hydrocarbon reservoirs (Heydari anal®y2002). Therefore, exiting
depositional models for intrashelf-basinal sedimeme simple, suggesting little lithofacies
variability in the basin centre and relating enleghorganic-matter enrichment to either
high primary organic production in the water coluarrexistence of persistent bottom-
water anoxia (e.g. Demaison and Moore, 1980; Mut880; Pedersen and Calvert, 1990;
Scott, 1990; Burchette and Wright, 1992; Burchet893; Alsharhan, 1995; Philip et al.,
1995; Kuypers et al., 2002; van Buchem et al., BQG2oste and Van Steenwinkel, 2004;
van Buchem et al., 2005; Mort et al., 2007; Homeavebal., 2008; Figure 1.2). It is, thus,
assumed that the fill in these basins implemeragedricake stacking patterns, with bull’s-
eye facies distributions, dominated by low-enesggpension-settling processes. Instead,
the significant role of episodic and rapid sedinaéioh and burial (sensu Weedon et al.,
2004; Katz, 2005; Macquaker et al., 2007), assediatith advective processes under
relatively high-energy conditions (sensu Schietbh884; Macquaker and Bohacs, 2007;
Schieber and Southard, 2009), in preserving orgzarigon in these settings have been
underestimated by many authors. Moreover, theenfite of early diagenesis in causing
organic-matter degradation and enhancing lithoacyelicity (sensu Hendry, 1993;
Taylor, 1998; Westphal, 2006; Westphal et al., 20@& also been neglected by some

researchers studying such sediments.

This study, utilising high-resolution petrograpmegestigations (including optical and
backscattered electron-optical microscopy), anctigemical and mineralogical techniques
(including total organic carbon [TOC] and X-rayfdiction [XRD] analyses), seeks to
determine if analogous lithofacies variability iepent, at the centimetre to millimetre
scales, in the predominantly fine-grained, orgar@don-rich, intrashelf-basinal
carbonates of the Upper Cretaceous Natih-B Mentertlif Oman; Figure 1.3) that is
present elsewhere in other mudstones (e.g. Macgealké, 1998; Schieber, 1999;
Macquaker and Jones, 2002; Macquaker and Adams8; Bldcquaker and Keller, 2005).
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Figure 1.2. Simplified diagram illustrating “classical” depdsihal model for intrashelf
basins (from Burchette and Wright, 1992). This nictdggests that abundant organic-
carbon preservation in these units is mainly, syygtiven by restriction in the basin
centre, coupled with cyclic bottom-water “anoxiafid that low-energy conditions
associated with suspension-settling processes @bedinn these basins. Note (&), how
ramps (platform carbonates) prograde centripefediy the basin margins during
highstand, and how the basin becomes densityfstthtind “anoxic” below the
pycnocline. Note also, ifb), how the basin becomes isolated (“silled”) dudimgstand,
associated with deposition of subaqueous evaporitessurrounding platform may be
exposed and karsted.

This study is also designed to determine if anyllsseglimentary structures are preserved
(e.g. scours, ripples, burrows) in the sedimerttriight be used to shed light upon
conditions associated with sediment inputs, andemgient modification during burial
(sensu Schieber, 2003, 2009). Finally, it seeksitiress how the manifest, high-frequency
cyclicity exhibited by the organic-rich/carbonatehrcouplets here were formed (cf.
Hallam, 1986; Ricken, 1986; Bathurst, 1987; Frainél.¢ 1999; Westphal et al., 2000;
Westphal et al., 2004; Biernacka et al., 2005; Badest al., 2009). These observations,
thus, illustrate that the detailed interplay betw#e factors that control lithofacies
variability and organic-matter enrichment in intra-basinal settings is likely very
complicated. This facies variability is likely coolied by a complex balance between
primary production (both organic and inorganicastic input, rates of sediment
accumulation and burial, bottom-current activitgrgwater oxygen concentrations, and
different styles of diagenesis associated with marpioability of oxidants and reductants.
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1.2. Aims and Objectives of the Study

In the light of these initial observations and @ating controls, this research mainly aims
to: a) demonstrate that persistent bottom-wateoXai could not have been the key factor
controlling organic-carbon preservation during dafion of intrashelf-basinal sediments,
and to discuss some of the alternative mechanisatsright have controlled organic-
matter enrichment in these settings; b) investitfaedegree of temporal and spatial
lithofacies variability within carbonate-dominatedrashelf basins, and to discuss the
main driving mechanisms responsible for this valitgbc) examine the relative
importance of differential early diagenesis in amtiag lithofacies cyclicity and its
influence on organanic-matter degradation withirboaate-dominated, source-rock-
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bearing intrashelf basins. In order to achievedlams, the middle-late Cenomanian
Natih-B Member (Upper Cretaceous Natih Formatioms\& Group; e.g. van Buchem et

al., 2002b; Figure 1.4) of North Oman (Figure 8% been chosen as an ideal succession.
The Natih-B Member is dominated by intrashelf-bak{#0 to 60 m maximum water

depth), fine-grained carbonates with source-rotdrvrals (up to 13.7% TOC, average
5.4%) deposited during worldwide marine transgmssand surrounded by an epeiric
carbonate-platform system (e.g. Harris and Fr@&841van Buchem et al., 2002b; van
Buchem et al., 2005; Figure 1.5). These units akexposed at the surface in several
easily-accessible localities, and are supported significant volume of subsurface
datasets, including cores, wireline logs, and seistata from different parts of the basin.

AGE  |CHRONO- | 700
(Ma) | STRAT. GROUP [FORMATION LITHOLOGY I_' Lower
e e e — l'. Fiqa
N e T J
Sz | Fas e
o|E — z — == Matih-A
50 i [ "
o Hadhramaut /| /I I 4 I/ I/ 1/ '," 200
gy _ _ _ _ _ _ _ _ _ _ _ | . P—
Natih-B
[ Amuma | Figa |— — — 1 1T Rock™ o5
O [ e
N @ . Natih :Iﬁ_lNatih A-G Resewoir-,—lN-,— —_
100 o Wasia | o, [T v e T 1 _ £
- . I I I I I [ \ Natih-C =
[ Shu'aiba T I I T T . 800 T
5 | Kahmah A —— — ' e
Rayda ' Natih-D o
(S) Tuwaig | [ T [T [ % ! I
150415 L~ . |Top Natih-E ;o
N| .2 Dhruma . egi
ol & / [ [ T T~ ' o
Nl \ e
W S | santan Eﬁ'ﬁ?—hﬂf | Marker |, jog
=" A g .| NatihE
200 4 Mafrag | =" \
— — ! .
e : ; | 1,050
7]
(%] ]
g 1
5o (= o Jah “7‘;"‘/7%*{“*—77’*7—;-’7_’?_—7\7 ‘-. NatinF L1100
5 A kit 27 7 7 7 [ Nath-G
8 E Ghant Y — - || Nahr Umr =
w1 Haushi | Alkniata | -
300 1o g | B [T E R _ﬁh - C T @Limestone
m o I T e e i ’\-_;-F'_"h; ~ e i il i i
j % Unconformity @Dolomite I:lSeal
E S El Mudstone I:lReservoir (Qil)
350 - .| Clastics I:lSource Rock

Figure 1.4. Stratigraphic column of sedimentary successiorteerNatih field (North
Oman) illustrating regional chronostratigraphic &itftbstratigraphic framework (modified
from Hitchings and Potters, 2000; original sourté&latih Formation internal stratigraphy
is Terken, 1999). The Natih-B Member — focus o$ ttudy- is a major carbonate source-
rock interval in North Oman (up to 13.7% TOC, frams study).
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Figure 1.5. Simplified palaeogeographic map of the Gulf regioming the time when
Natih-B (Cenomanian-aged) intrashelf-basinal, oigaarbon-rich, fine-grained
carbonates and associated lithofacies where depdsitNorth Oman (modified from
Murris, 1980; Harris and Frost, 1984; cf. Figurg)1Note the distribution of these units in
other parts of the region.
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The area of study is located in the interior of tdkddman, to the south of the Oman
Mountains, mainly in the Adam Foothills and Natihfeld areas (Figures 1.3 and 1.6).
The exposures in the Adam Foothills provide cortirsioutcrops of the Natih Formation
at the kilometre-scale documenting lateral facesability, while the cores in the nearby
Natih field provide the necessary data for surfeesubsurface correlations. The outcrop
sections of the Adam Foothills are oriented perpmiuidr to the palaeocoastline of the
Natih-B intrashelf basin, and are ideally suitedltestrate the temporal and spatial
lithofacies changes when passing from a proximddarzate platform into a more distal
intrashelf basin (Schwab et al., 2005, and refexgericerein). The Adam Foothills are
structurally located to the south of the Hawasi@@pes and to the northeast of the strike-
slip Maradi Fault Zone (Al-Kindi 2006, Figure 1.G)ae Natih field is situated within the
Fahud Salt Basin on an anticlinal structure, meéaguan area of about 60 Knit is
bounded to the north and northeast by a large, NBAfrénhding reverse fault, with a throw
of about 1 km (Hitchings and Potters, 2000).

The rocks of the Adam Foothills were relatively plgeburied & 8 km burial depth) as a
result of major thrusting during the Upper Cretate(van Buchem et al., 2002b, and
references therein). Faulting and uplift in the béine brought the Natih Formation
carbonates back to the surface (van Buchem &(f2b), and gave them their present-day
topography and overall anticlinal structure of A&gam Foothills (also know as the Salakh
Arch; e.g. Al-Kindi, 2006). The Natih field areagwever, was not covered by thrust
sheets, and the late Albian-early Turonian carkeEmatere consequently much less deeply
buried (van Buchem et al., 2002b). Moreover, thiirsentary rocks of the study area
appear to have not been affected by the emplacemhé#me Oman Ophiolites and
associated units, compared those of the Oman Mmsnigigure 1.3), which have been

significantly squashed by this Upper Cretaceouswden (Homewood et al., 2008).

To meet the aims of this study, representative $esrgf the Natih-B Member were
collected both from the Adam Foothills (includirepal Salakh East, Jabal Salakh West,
Jabal Nahdah and Jabal Qusaybah) where the Natitc@&ession is best exposed, and from
a nearby well (Natih field) where continuous cdebs of the Natih-B Member are
available (Figure 1.6), along with wireline log dathis along-dip transect, from east to
west, represents the ideal transition across tlié{8aintrashelf basin — from near the

margin (Jabal Salakh East) to the basin central{Miatd). The majority of the gathered
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Figure 1.6. Simplified surface geology map of the study areda Foothills, North

Oman; modified from Al-Kindi, 2006). Refer to Figui.4 for details on stratigraphy. Four
sections were measured and sampled from thesewgsd®utlined; Jabal Qusaybah,
Nahdah, and Salakh West and East), in additioomtescfrom nearby Natih and Fahud
fields. Jabal Hinaydil and Madar were not includethis study because the Natih-B
Member at these exposures is poor in organic caasbdrforms part of platform rather than
intrashelf basin (see van Buchem et al., 2002)sTthe studied transect from Jabal
Salakh East to Jabal Qusaybah, and further waatitn and Fahud fields, represents
gradual transition from basin margin to basin centr

samples were made into thin sections, which weze tfescribed at a range of scales using
thin-section scanning, staining, and combined traried-light, cathodoluminescence and
backscattered scanning-electron microscopy. Int@tgiwhole-rock mineralogical and
geochemical techniques (XRD and TOC) have beenareglon some of these samples,
together with stable-isotopic (C and O) analysebath whole-rock samples and
carefully-selected subsamples. The applicatiome$é combined petrographic,
mineralogical, and geochemical methods enabledrobtpdetailed textural,
palaeontological, mineralogical, and diagenetionnfation of these predominantly fine-
grained carbonates. On the basis of these invéisingathis study provides better
understanding of the factors that controlled lidwaés variability and organic-matter
enrichment within the Natih-B. This information alassisted in constructing a lithofacies
depositional model for the Natih-B Member at thatform-to-basin scale, which may aid

hydrocarbon exploitation in these settings.
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1.3. Structure of the Thes's

The structure of this PhD thesis follows the alatine format, which incorporates central
chapters (Chapters 3 to 5) that are in a formaakl@ for submission for publication in
peer-reviewed journals, in addition to other chegpp{€hapters 1, 2 and 6; Introduction,
Methodology and Summary, respectively) that hawenheritten as in a standard-format
thesis. This structure was chosen because thebttaed during this multi-disciplinary
study divide up naturally into a number of interaeated themes that make coherent,
separate research contributions. Specificallyst#iecontained, but interrelated,
publication-style chapters allowed each of the &i@ys (see Section 1.2) of this study to be
dealt with individually. Each of these paper-styt@pters consists of the data, results, and
conclusions that have been reached during thisgpbBramme. Since each publication-
style chapter forms a self-contained unit, somelapeand repetition of the background

information, methodologies, and references is iadNe.

The layout of the thesis is as follows:

. As mentioned above, Chapter 1 (Introduction) presithitial background
information to the research topic and its contbrtijging the major themes
(the three paper-style chapters) of the study tegett also outlines the key

aims and objectives of the study, as well as thestre of the thesis.

. Following this introductory chapter, Chapter 2 (kedology) describes all
the techniques that have been used in order teaeline research aims and
objectives, including field and core descriptiosesmpling strategies, thin-
section preparation and descriptions, as well aeralogical and

geochemical analyses.

. Chapter 3 (first manuscript, entitlé8edimentological evidence for
bottom-water oxygenation during deposition of treihtB intrashelf-
basinal sediments: Upper Cretaceous carbonateesoask, Natih
Formation, North Oman”) discusses the role of “aabguring the period

that the Natih-B source rock was being depositeglsb provides detailed
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discussion of the factors that have controlled miganatter preservation in
the Natih-B Member. This paper has been peer-readeand accepted for

publication inGeoArabia, Middle East Petroleum Geosciences

. Chapter 4 (second manuscript, entitled “High-reotulithofacies analyses
of predominantly fine-grained carbonates in andiadoan intrashelf basin:
an example from the Upper Cretaceous Natih-B Meraberce rock, North
Oman”) deals with the physical, biological and clehcontrols on both
temporal and spatial lithofacies variability inrehelf basins using the
Natih-B Member as a natural laboratory, with emghas the role of rapid
and episodic sedimentation as a controller on sstock quality. This
paper is currently in the final review stage antl be submitted to

Sedimentary Geol ogy.

. Chapter 5 (third manuscript, entitled “Influenceeairly oxic diagenesis on
source potential and lithofacies cyclicity: newighg from the intrashelf-
basinal carbonates of the Natih-B Member (Uppetaeous Natih
Formation, North Oman”) discusses the role of edidgenesis in the
degradation of organic matter and its influencdittwfacies cyclicity. This

paper will be submitted tBetroleum Geoscience.

. Finally, Chapter 6 (Summary) brings together al tesults and conclusions
reached from this multi-proxy study (specificallh&pters 3 to 5) into a
comprehensible synthesis. Recommendations for afgasssible further
investigation arising from this research are presgat the end of this

chapter.

. In addition, the appendices, which are presenteahialectronic format on a
CD, include: lithological logs from all measureaens of the Natih-B
Member (Appendix A), quantitative and semiquaniratata of all
analysed Natih-B samples (Appendix B), and micreifagbundances chart
of the Natih-B Member based on a well in the N&ghd (Appendix C).
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The writing of the publication-style chapters (Cteap 3 to 5) involved collaboration with
one or two coauthors. | am the first author on ez#dhe manuscripts, with Dr Joe
Macquaker (my main supervisor) being the seconkoaugn all of them and Dr Cathy
Hollis (my co-supervisor after Dr Macquaker movedCianada in September 2008) being
the third author on the second and third manuscripdth coauthors provided suggestions
for information additions and modifications, as M& editing and checking the cohesion
of the manuscripts. The author, from his assoaiatidh both coauthors, has gained a lot
of knowledge and experience in conducting high-tpetsearch, and he is extremely
grateful to their invaluable guidance and suppbny mistakes that may occur in the
manuscripts or other parts of the thesis, howererentirely the author’s responsibility.
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Chapter 2

M ethodology

2.1. Introduction

This chapter describes the various analytical nustlemployed during the course of the
study and outlines the rationale for conductingrth8pecifically, it illustrates the
outcrop/core procedures, sampling strategies datd#ory analyses (including
petrographic, mineralogical and geochemical teales| that facilitated understanding the
fundamental controls on lithofacies variability asvgjanic-matter enrichment in the
Cenomanian-aged Natih-B Member (Upper Cretaceotis IRarmation, North Oman;
Figures 1.4 and 1.6). Detailed outcrop and corergasns of sedimentological and
palaeontological features, as well as samplingesjras that consider the temporal and
spatial variations in these features were essdntidghe accomplishment of high-resolution
lithofacies investigations in fine-grained sedinsehiaboratory methods study microscopic
depositional and diagenetic features, and provedailéd petrographic, mineralogical and
geochemical information, utilising optical and é¢tea-optical microscopy, X-ray

diffraction (XRD), total organic carbon (TOC) andlsle isotope (C and O) analyses.

The combination of petrographic, mineralogical, gedchemical dataset, in addition to
outcrop/core information, enabled detailed lithaéaalescriptions of the predominantly
fine-grained carbonates of the Natih-B Member. €heagthods allowed the textures and
components of individual samples to be imaged,thagroportions of the various
bioclasts and minerals (both detrital and authigjeta be obtained (see also Macquaker
and Gawthorpe, 1993; Macquaker, 1994; MacquakeiTagtbr, 1996; Macquaker et al.,
1998; Macquaker and Howell, 1999; Macquaker ane&g02002; Macquaker and Adams,
2003; Macquaker and Keller, 2005; Macquaker e2807).

A brief description of the rock homenclature schesn&so included at the end of this

chapter. Specific methodology description of trehteques, classification schemes and

any statistical analysis used in this study arth&urdiscussed within the related chapters.
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2.2. Outcrop and Core Procedures

Excellent outcrop sections and subsurface corerrat®f the 50- to 60-m-thick Natih-B
succession in the Adam Foothills and Al Jabal Ahd&r and in the nearby oilfields
(including Natih, Fahud, and Yibal fields) of No®man (see Figures 1.3 to 1.6) have
been used as natural laboratories for this studg.data from these locations allowed a
comprehensive study on the Natih-B intrashelf-balssediments and detailed

understanding of its source potential variations.

In order to describe the temporal stacking pattantslateral lithofacies variability, four
different outcrop sections in the Adam Foothillsl@me subsurface core section in the
Natih field were studied in detail (see Figure 1lBgtailed sedimentary graphic logs were
measured at the scale of 1:50 (see Appendix A)santples were collected along a 100-
km-long transect from the five locations acrossNia¢ih-B intrashelf basin. These include
Jabal Salakh East (intermediate to proximal locefibmsin margin]), Jabal Salakh West
(intermediate to distal location [marginal to basilocation]), and Jabal Nahdah, Jabal
Qusaybah and a well from the Natih field (distaldtions [basin centre]). The logs record
information on the lithology, grain size, layerakimess, sedimentary structures,
macrofossil types and content and extent of biattimb, as well as sample locations. The
logs are complimented by detailed notes, diagraketches and relevant exposure and
core photographs. Observations of discontinuitjess and facies stacking patterns were
also conducted in this study. Where possible, lyare traced laterally within and

between the exposures to determine lateral cotyianid overall lithofacies variability.

The locations of the measured outcrop sections alewsen for best accessibility to the
exposure and the quality and completeness of thi@1Basuccession. The rocks in the
Adam Foothills are well exposed and allow direatrelation of major stratal surfaces and
associated sedimentary units. Lateral correlatimt@&een these units were accomplished
by a combination of physically walking the contaictshe exposure, binocular observation
at outcrop, and later photomontage assessmernitfdacks. This correlation allowed the
identification of lithofacies and key stratal swés. The lithofacies were interpreted in
terms of depositional features and diagenetic ougg
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The Natih-B sediments from the well in the Natildi (Figure 1.6) are considered to be
particularly suitable for this study because baitecand comprehensive wireline log suites
are available through thick, carbonate-mudstonetdatad succession with alternating
organic-carbon-rich/sparry-calcite-rich units taeg most commonly interpreted as a result
of variation in primary productivity and/or bottowater “anoxia”. This well is the only

well from which a complete section of the Natih-EiMber has been recovered. In this
well, the Natih-B was cored using a 5 ¥4" diameteer barrel that resulted in 100%
recovery. When working with core material, housetha core shed of Petroleum
Development Oman (Mina Al Fahal, Muscat), the stefaf the core was wetted to
improve observation and measurement. These comesalg® studied from high-resolution
digital images. The digital images were enhancethbgifying the brightness and contrast
on a specialist programme (either Adobe PhotosHap @ Microsoft Office Picture

Manager).

Overall, the five sampled sections were used ftaildel study of both temporal and spatial
lithofacies distribution. Correlation between tliwecand outcrop sections was achieved by
comparing the sedimentary logs and exposure araptwtographs. All of the field and
core work was carried out during four periods (dg2006, 11 days; January 2007, 14
days; January 2008, 13 days; March 2008, 12 dtg)ling seven weeks.

2.3. Sampling Strategy

In order to generate detailed lithofacies desaisiand to determine the spatial and
temporal lithofacies variability, a total of 318&sales were collected from the studied
sections (Figure 1.6). The majority of the samplese collected from core to reduce the
effects of surficial weathering. Nevertheless,tbkection of weathered samples in the
field was minimised by digging small trenches taavate less weathered samples. The
least-weathered samples are differentiated fronwtethererd material by being more
intact, darker-grey or black in colour, and contess dusty material.

One hundred and thirty unweathered, core samples eadlected systematically (every

0.1 to 0.5 m) from Natih field well over drillerdepth interval 894.0 to 950.5 m, in order
to investigate the small-scale temporal lithofasi@sability. One hundred and eight
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samples were similarly collected from the nearlbgtiea at Jabal Qusaybah to facilitate
comparison with samples deposited elsewhere ibdkan. Samples from other locations
were obtained from laterally-equivalent intervatsprder to assist in the investigation of
the lateral lithofacies variability across the aarate-platform margin and intrashelf basin.
The location and character (at hand-specimen sochkgch gathered sample are recorded
on the sedimentary logs.

From the 318 samples gathered, 286 polished, (arg® x 60 mm), thin sections B0

pm thick) were prepared for petrographic invesiaye. Prior to thin section preparation,
the samples were sliced and slabbed, and macroieathry features at hand-specimen
scale were documented. The thin sections were nhodegest represent the lithofacies
present both in the core and exposure, and tordeterthe small-scale lithofacies

variability.

All the prepared thin sections were scanned anelsityated optically (normal transmitted-
light [TL] microscopy). From these thin section83lsamples were examined electron-
optically (backscattered scanning-electron [BSEjroscopy), 68 by cold
cathodoluminescence (CL) microscopy, 34 sectiotfsstaned with Alizarin Red S and
potassium ferricyanide, and 30 were investigatedi&ailed micropalaeontological
analysis. In addition, 247 Natih-B samples hadrth€C content determined, 91
representative samples were chosen for XRD analgses31 samples were examined for
stable isotope analyses. These methods and thiemakes are described in more detail

below. The results of these analyses are repantégpendices B and C.

2.4. Petrographic Methods

All thin-section preparations and petrographic gses for this study were performed at
the Williamson Research Centre for Molecular Envinental Science in the School of
Earth, Atmospheric, and Environmental Sciences\(elsity of Manchester). Detailed
descriptions of the thin-sections preparation tepinand their petrographic analyses are

discussed in the following subsections.
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2.4.1. Thin-Section Preparation

All thin sections of the most promising Natih-B gales were prepared utilising standard
procedures. Initially, a 1- to 2-mm-thick slicetbé resin-impregnated sample was cut
perpendicular to bedding planes from the regiomigirest using a nonaqueous cutting
medium to minimise sample damage by hydration@ys(Adams et al., 2006). One side
of the sample slice was then mechanically grouaidulilising a 100-pum particle-size
(120-grade) carborundum (silicon carbide) abrapmeder. Finer grades of abrasive (60
um to 12 um particle size) were gradually appleethe same surface. When flat, the
ground slice surface was then attached to a miopesslide with epoxy-resin adhesives
(Araldite DBF resin and Araldite HY951 hardeneritpossess suitable refractive index
properties. The mounted slice was finally grounthtodesired thickness B0 um)
utilising a 12-pum particle-size carborundum abrasAs fine polish was applied at this
stage using 0.8-um particle-size corundum (aluminixide) to remove any residual

surface abrasions, especially if the thin sectias ' be examined electron-optically.

The grinding and polishing processes were carngdnooil to avoid sample disintegration
(Macquaker and Taylor, 1996). The thinner-than-radymolished thin sections were
prepared in this way to maximise textural resolutidhen analysed both optically and
backscattered electron-optically (Macquaker, 199d¢cquaker and Keller, 2005). All the
prepared thin sections were left uncovered in otdatlow various petrographic and
geochemical analyses (e.g. staining, CL, BSE micog).

Thirty four of the prepared thin sections were si@ely half stained using a combined
Alizarin Red S and potassium ferricyanide solutiomaid in distinguishing calcite from
dolomite, and also determine whether their cemesikcements are ferroan or nonferroan
(see Dickson, 1965; Adams and Mackenzie, 1998).std&iaing solution was prepared,
firstly, by separately adding 100.0 mL of 1.5% HE&D.2 g of Alizarin Red S and 2.0 g of
potassium ferricyanide, and then mixing the twaigsohs together. Then each thin section
was partially immersed perpendicular to beddintheanmixture of solutions for 30 to 45
seconds and immediately washed gently in runningmwar a few seconds, and then left

to dry naturally.
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2.4.2. Thin-Section Scanning

All the 286 prepared thin sections (stained andaimsd) were scanned utilising either a
flatbed scanner (Epson Perfection 3170 Photo) Bolaroid Sprintscan 35 LE 35 mm
scanner to generate large images for detailed afiontand record textural details at low
resolution (10 to 10° m scale), less than x 1 magnification. This simeénique of thin-
section scanning permitted immediate capture di-gigality digital images of whole thin
sections at a pixel resolution of 1200 pixels pehi(ppi). This is a facility that is not
easily obtainable using petrographic microscopesKByser, 1999; Francus et al., 2002;
Soreghan and Francus, 2004). “Such images falth@gange of macrophotography and
bridge the gap between standard photography anpicrography” (De Keyser, 1999).

2.4.3. Transmitted-Light Microscopy

Following scanning, the thin sections were them@rad optically at low to medium
resolution under transmitted light (both plane pekd and cross polarised) using a
binocular petrographic microscope (Nikon OptiphBt@), attached to a digital camera
(Jenoptik Jena D-07739). A set of photomicrograpére captured from 142 selected thin
sections at magnifications of x 2, x 4, x 10, ar@DxThis standard petrographic
investigation helped to obtain lithological, texd@ljrcompositional, and diagenetic

information at 10 to 10*m.

In addition to this optical photomicrography, 3@ested thin sections of the cored interval
form Natih field were analysed under plane-polafikght at x 10 magnification, in order
to provide microfossil abundances chart of the INBtiMember (see Appendix C).
Absolute abundances of microfossils (planktoniafoinifera, benthic foraminifera [both
agglutinated and calcareous forms], algal and $tagJments, fish debris, calcispheres, and
ostracods) were determined in each thin sectiocolmting 100 specimens every 200 mm
(10 fields of view at x 10 magnification). Becaule thin sections prepared for this study
are large (see above), the microfossils countinggss used here differs slightly from the
commonly-used method (e.g. Eshet and Moshkovit@518nd references therein), which
involves counting 200 specimens per (normal-sisédg. In this process and where
possible, individual species of planktonic and hantoraminifera, calcispheres, and

ostracods were recorded and counted as indivighaglimens (see Appendix C). No major
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difficulty was encountered during the process @csgs identification and counting, as the
microfossils are generally well preserved in thiessuface samples. Broken specimens that
were not identifiable, however, were not counteue Ticrofossil abundances chart
constructed from these thin-section analyses pesvatatistical information on the Natih-B
microfossil assemblages and distribution in thatgraphic column, which aids in

providing rigorous lithofacies descriptions andgaaenvironmental interpretations (see
Chapter 4).

2.4.4. Cold-Cathode Cathodoluminescence Microscopy

Out of the 142 optically-photomicrographed sectj@&were investigated by cold-
cathode cathodoluminescence (CL) microscopy, ingia CITL Cathodoluminescence
Unit (Model CCL 8200 mk3) that is in connection lwan Olympus BH-2 binocular
petrographic microscope. The CL unit was operategpproximately 20.0 kV electron-gun
potential, 300.QA electron-beam current, and 0.2 Torr vacuum. Téteographic
microscope was also equipped with a digital carf@aoptik Jena D-07739), and
photomicrographs (both under plane-polarised lagit CL) were obtained from each thin

section at x 4 and x 10 magnifications.

During each analysis, the polished, uncovered sbkittion was placed in a vacuum
chamber and the surface of the sample was bombaitleelectrons using a focused
electron beam (~ 0.5 mm diameter), which resulteexciting’ the surface and the
emission of light (luminescence). The resultant-lotensity luminescence observed using
the petrographic microscope can reveal detailadianate cements, replacements, growth
fabrics, mineral zonation and diagenetic phases N&rshall, 1988; Barker and Kopp,
1991 for further detail).

2.4.5. Backscattered Scanning Electron Microscopy

At even higher resolution (Ito 10°m scale), 133 samples of the already optically-
analysed thin sections were examined electron-alptiatilising a JEOL 6400 scanning
electron microscope (SEM), equipped with a Link daQrant, solid-state, backscattered
electron detector. A number of backscattered elaqBSE) images from each thin section
were captured at a set of scales (x 20, x 1000x 2500, x 1000 and x 2500
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magnifications) using a Semafore digital framestbeg is in connection with the SEM.
With this high-power imaging technique, mineralgevielentified in the produced electron
images based on their backscatter coefficief)isapd also sometimes with the aid of a
PGT semiquantitative, energy-dispersive, X-ray spateter that is in connection with the
JEOL instrument. Microtextures and other micro- ando-components were also
investigated using this technique. The microscops @perated at 20 kV and 2 nA, with

15 mm working distance.

Before each SEM analysis, the uncovered, polishiedsection was coated with a 100- to
150-A layer of carbon to warrant sufficient conduty and prevent sample charging, as
sedimentary rocks are characterised by being paomguctive (Soreghan and Francus,
2004). Then, the thin section was transferred iistoustomised sample holder, and drops
of silver ‘dag’ were added at either end of thedeolmaking a good electrical leakage
track between the sample and metal of sample hoideder to improve image quality by

ensuring an equal distribution of conductivity thgbout the surface of the sample.

In addition to TOC and XRD data (see below for dgsons of these techniques),
component abundances in each sample were quarifiesual estimation from the
optical and electron-optical photomicrographs, te&itea range of magnifications (x 2 to x
2500), and with reference to standard comparisantglfsee Fligel, 2004). All data from

these analyses are reported in Appendix B.

2.5. Mineralogical and Geochemical Techniques

The mineralogical and geochemical techniques dasiin this section included XRD,
TOC, and stable isotope analyses (see the follosihgections). All XRD and TOC
analyses and some of the isotope analyses wem@med on crushed, finely-ground (< 5
um), powdered, whole-rock samples. Sample crushissachieved using a powered jaw-
crusher and grinding was achieved using a vibréimihe Williamson Research Centre,

University of Manchester.
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2.5.1. XRD Analyses

The XRD analyses were employed in this study ferdaterminations of bulk-rock
mineralogy of some selected samples throughoutlttd-B Member (91 samples from

all studied sections but mostly from Natih fieldlueA Philips PW1730 X-ray
diffractometer was used at the Williamson Rese@ehtre operated at 40 kV and 20 mA,
utilising a copper ki radiation with a step size and time constant @1®and 2.00 s. For
each XRD analysis, a thin smear was prepared binghapproximately 0.5 g of the
powdered sample with a small volume (few dropsgraf/l acetate and then left to dry on a
small glass slide (e.g. half a standard microsstide) before being inserted into the

diffractometer.

2.5.2. TOC Analyses

TOC analyses were performed on 247 samples in twdadge the hydrocarbon source-
rock potential of the Natih-B Member. TOC data als® useful to understand the temporal
and spatial distribution of organic-carbon-riclhdifacies. It is worth mentioning here that
the Natih-B source rock, based on Rock-Eval analygan Buchem et al., 2002), is
immature, with low hydrogen index (HI) values (<0),1in the cores from Natih field, and

is overmature (HI values up to 650) in the adjaexposures of the Adam Footbhills.

The TOC contents for this study were obtainedsaitiy a LECO carbon and nitrogen
analyser (TruSpe€N) at the Department of Environmental and Geograplsciences,
Manchester Metropolitan University. Prior to eachasurement, approximately 0.2 g of
each powdered sample was reacted with 10.0 mL droahloric (HCI) solution (1.0 M
molar concentration) and left overnight to dissallecarbonate present. Then, both the
dried acid-digested sample and undigested (nats@atple had their total carbon (TC)
contents measured using an induction furnace witferLECO instrument that burned the
samples to about 950°C. The TOC contents hereomsidered to be the same as the TC
contents obtained from the acid-digested samp$ssinaing that all the carbonate carbon
had been removed from each acid-digested sampehanthe carbon content obtained
was of organic carbon. The total carbonate carb@C{ contents were also recorded,

determined by calculating the difference betweenTt@ contents of the undigested
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samples and TC contents of the acid-digested san(ipde TOC contents). The
reproducibility of these measurements is bettem threequal to 0.1%.

2.5.3. Stable | sotope Analyses

Carbon and oxygen stable isotope analyses weraictewlin order to obtain diagenetic
information on the predominantly fine-grained carai@s of the Natih-B Member, which
comprise mixtures of authigenic and biogenic materiSpecifically, these analyses were
performed to determine whether the early-precipdatalcite spar, which occupies
significant proportions of both intergranular psgace and fine-grained matrix of the
Natih-B lithofacies (especially in the sparry-ctderiich units; see Chapters 3 and 4), was
primarily derived from seawater and skeletal cal@itopen oxic environment or from
organic-matter oxidation (degradation by oxic resjon, bacterial sulphate reduction or
methanogenesis; see Curtis and Coleman, 1988jiditian to sparry-calcite subsamples,
calcite powders were extracted from diageneticaligitered shells to determine the
original seawater isotopic composition during tiofieleposition, as well as whole-rock
samples, in order to compare the diageneticallradt isotopic values to both original
composition and values from the mixture of compdsiésee Chapter 5).

Twenty eight powdered subsamples were collectad fem polished core slabs (Natih
field well) throughout Natih-B, together with threebsamples from a single exposure
hand-specimen (Jabal Salakh West). For each staittge analysis, at least 3.0 mg of
powdered calcite was extracted with a steel nefedife identified portions of cut rock
faces. These portions included unaltered oystepanten shells (7 subsamples), sparry-
calcite-cemented shell fragments (3 subsampleajryspalcite-cemented microfractures
(2 subsamples), and sparry-calcite-dominated, dnagned matrix (8 subsamples), in
addition to 11 homogenised bulk samples. Dolontdtis@mples were not collected for
stable isotope analyses because they are rardiimBlaand also it is very difficult to

separate dolomite from calcite and other compordunsto the fine-grain size.

As the majority of samples from this study are prachantly fine grained and contain a
mixture of constituents (including authigenic, eogc and detrital materials), great care
was taken when extracting the subsamples from fispeomponents to avoid

contamination from other materials in the rocks lhoped that this method would lead to
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the most accurate determination of the isotopinatigre of calcite (both original and
diagenetic), even though mixing between the difiereck components was likely. Bulk
samples, however, comprise a mixture of all roakgonents that comprise mineral
mixtures of biogenic carbonates from bivalve, brapbd, echinoderm, gastropod,
ostracod, foraminifer and coccolith tests, in addito the crucial authingenic-carbonate
components present in the shelter porosity of thaged tests, as well as in the rock
matrix and microfractures. Accordingly, a greatldganformation was obtained about the
chosen samples for stable-isotopic analyses freomaination of geochemical (TOC),
mineralogical (XRD) and petrographic (thin-sectgiaining, TL, CL and BSE

microscopy) investigations. CL and TL microscopyparticular, was used to establish the
unaltered nature of the mollusc shells (oyster@aaten bivalves). The diagenetically-
unaltered, texturally-pristine, foliated, nonfenmdaivalve-shell calcite here is characterised

by being nonluminescent under CL (see also Henaldykalin, 1997).

Before performing the stable-isotopic analysesthadlsamples were treated in a low-
temperature (25°C) oxygen-plasma furnace, at sspref 0.2 mbar, and left over night to
remove any organic matter. Then, around 3.0 m@gol sample was reacted to completion
with approximately 2.0 mL of 100% anhydrous phosphacid (HPQ;) in an online-
automated preparation system at 25°C, in ordezléase CQ(see McCrea, 1950).

Librated CQwas collected cryogenically (—200°C) at regulaemals and analysed on an
automated VG Isogas SIRA-12 triple-collector micem® spectrometer in the University
of Liverpool Stable Isotope laboratory whéte€/’C and'®0/*°0 ratios (i.e5°C ands'®0,
respectively) were measured. C and O isotopicsatiere corrected fdrO effects

following the standard procedures (sensu Craig7L9he data are expressed in the usual
o (delta) and %o (permil) notations, relative to ¥WeDB (Vienna Pee Dee Belemnite)
international standard (Coplen, 1994). The anayticecision of bott3**C ands*®O

results is better than or equal to 0.1%e.

2.6. Nomenclature Used to Describe the Natih-B Sediments

In order to generate detailed descriptions of tenalpend lateral lithofacies variability, and
interpret genetic features and depositional enwremts in terms of fundamental
sedimentological processes that lead to the casigiruof a generalised lithofacies

42



Al Balushi (2010) PhD Thesis Natih-B Source Rock

depositional model, the predominantly fine-graicadbonates of the Natih-B Member
were broadly classified according to the schembnaat in Dunham (1962) and its
modification by Embry and Klovan (1971), togethethwihe terminology of Macquaker
and Adams (2003). The carbonate-rocks classificaahemes of both Dunham and
Embry-Klovan were used to describe rocks basetth@n depositional texture and grain
size, which varied in the Natih-B samples betwesbanate mudstone, wackestone,
packstone and floatstone, with the majority of setits being mud-supported (i.e.

mudstones and wackestones).

The fine-grained sedimentary-rocks classificatiomesne of Macquaker-Adams was used
to describe rocks based on their sedimentary strestand the relative abundance of all
components (autochthonous, allochthonous and deiggnwith each component making
at least 10% of total rock volume in each sampleoiding to this nomenclature, a rock
including between 10 and 50% of a particular conestit is classified as being “bearing”
that constituent, a rock containing between 50%0% is described as being “rich” in that
constituent, and one comprising more than 90%igsteabe “dominated” by that
constituent. These terms are then prefaced bytadsdhat describe the principal
sedimentary fabrics present (e.g. “extensivelyiimated”, “nodular”) to give an instantly-
recognisable name that expresses in a few wordsstdence of a particular sediment.
Therefore, a strongly burrow-mottled wackestonet@oimg 70% sparry-calcite crystals,
20% shell fragments and 10% planktonic foraminifeaa be described as an
“extensively-bioturbated, planktonic-foraminiferand shell-fragments-bearing, sparry-

calcite-rich wackestone”.

This attempt of the Natih-B sediments classificatias been designed to produce a
systematic description of all lithofacies presesttaading to their depositional textures and
major constituents (e.g. grain size, grain origid grain type). Although this

nomenclature is mainly based on petrographic inyatsbns, hand-specimen scale features
together with mineralogical (XRD) and geochemid@() data have also been
considered. This classification scheme is partityllaseful because it describes both the
depositional and diagenetic characteristics of@aabe sediments, even when some
impurity exists as a result of mixing with a fewigclastic components (see Chapter 4;
Mount, 1985; Macquaker and Adams, 2003).
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One major problem involved with this scheme of sifisation, however, is the difficulty
associated with the estimation of calcite sparl@ndlasts in each lithofacies. Because
calcite spar exists both as pore-filling cement diagienetically-replaced, microcrystalline
matrix (i.e. “microspar”; sensu Fligel, 2004) indae tricky to separately estimate the
abundance of the calcite spar and predominantiyrysgalcite-cemented bioclasts (e.g.
bivalves, gastropods, planktonic foraminifera). €sgquently, as sparry calcite occurs
frequently in the Natih-B samples, the majoritytlod lithofacies present are described as
being either sparry-calcite rich or sparry-caltiearing (see Appendix B; Chapter 4).
Fligel (2004) also emphasised the impact of diagjsrmn such sediments, and concluded
that carbonates revealing mudstone, wackestonpacidstone textures could as well be
products of diagenetic modifications (e.g. matryptocrystalline-calcite replacement,
micritisation, neomorphism), rather than being prathntly depositional in character (cf.
Dunham, 1962; Embry and Klovan, 1971).

Another problem that could arise from the use ofltam and Embry-Klovan

classification is the distinction between mud-supgub carbonates (mudstones and
wackestones) and grain-supported carbonates (paest For instance, some muddy
carbonates that were originally deposited as wadckes were probably converted into
packstones as a result of mechanical compactiasedaby dewatering of the sediment
(Shinn and Robbin, 1983; Tucker and Wright, 198@)reover, it is sometimes impossible
to find out whether carbonate matrix in a mudsteveckestone or packstone was initially
produced during deposition or subsequently infi#dea primary grainy sediment (Adams
and Mackenzie, 1998AIso, because of compaction and associated pressuurgon
processes, many carbonate rocks have alteredotiigimal texture. Thus, care was taken
when classifying these rocks to account for subsegsediment modification and

diagenetic overprinting.
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Chapter 3

Sedimentological evidence for bottom-water oxygenation during
deposition of the Natih-B intrashelf-basinal sediments. Upper
Cretaceous car bonate sour ce rock, Natih For mation, North

Oman

Said A.K. Al Balushi and Joe H.S. Macquaker

3.1. Abstract

Geologists commonly assume that the depositioxcéleent carbonate source rocks (up to
13.7% total organic carbon) in the Upper Cretacddatsh-B intrashelf basin (water depth
circa 50 m) was mainly controlled by the preserfdeottom-water “anoxia” in the basin
centre. Some authors have even linked the formatidine Natih-B organic-carbon-rich
sediments to the development of “oceanic anoxelgted to high organic productivity as a
result of an increased nutrient flux to the ocearingd) sea-level transgressions. Recent
research suggests that the mechanisms that unaegainic-carbon enrichment in
intrashelf-basinal settings, however, are compidabeing controlled by a complex
balance between primary (both organic and inorggmduction, clastic dilution, bottom-
water anoxia, early diagenesis and rates of sedatien. In this study, the requirement for
persistent bottom-water anoxic conditions for thesprvation of organic matter in this
setting is assessed, evidence for oxic/dysoxi®beitvater conditions during deposition of
the Natih-B organic-carbon-rich sediments is pressbrand alternative models to explain

organic-matter enrichment are considered.

Natih-B sediments (collected both spatially andgerally from both core and outcrop in
North Oman) have been investigated using a combimaf optical and electron-optical
(backscattered electron imagery) techniques, whiokide additional data to those
gathered by traditional field and geochemical mdghdatih-B lithofacies alternate

between two main types: organic-carbon-rich carboraudstones and sparry-calcite-rich
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wackestones. The organic-rich mudstones are typidale grained, dark grey, exhibit
remnant parallel lamina, and are partially burro{ecerage about 5.4%, up to 13.7% total
organic carbon). These units commonly contain glamk foraminifera, coccoliths, and
organic matter. In addition, in-place bivalves (irting thick-shelled oysters and flattened
pectens) are present. The sparry-calcite-rich wstokes are lighter in colour and
extensively bioturbated (in most cases < 1.5% wmigdnic carbon). This lithofacies
comprises a mix of reworked skeletal fragmentsliciag bivalves, gastropods,
echinoderms, brachiopods and corals), ostracottsspgheres, and both benthic and

planktonic foraminifera that are pervasively cenedrity sparry calcite.

Given the above observations, bottom waters dud@ppsition of the Natih-B intrashelf-
basinal sediments must have contained at least sgygen and, therefore, it is very
unlikely that they wer@ersistently anoxic. Instead, it is likely that gherm enhanced
organic productivity, rapid delivery of organic cpanents to the sediment/water interface,
optimal rates of sediment accumulation and episbdi@l were the fundamental
parameters that controlled organic-carbon prododaiud preservation. Organic-matter
enrichment was, therefore, not restricted to basinaxic settings, and exploration
strategies need to be revised in outer-shelf dépoal settings.

3.2. Introduction and Aims

The fine-grained, carbonate-dominated, middle-daomanian sediments of the Natih-B
Member (Natih Formation, North Oman; Figures 3.d ar2) were deposited in a
sediment-starved intrashelf basin (40 to 60 m ddaphg a marine transgression,
surrounded by a shallow-water carbonate-ramp sy@tunris, 1980; Harris and Frost,
1984; Philip et al., 1995; van Buchem et al., 1988nenhauser et al., 2000; van Buchem
et al., 2002; Homewood et al., 2008; Figure 3.Thgir deposition was intimately
associated with abundant accumulation of orgamoara(average 3.2%, range 0.3 to
13.7% total organic carbon [TOC], based on saniptes a well in Natih field), making
this interval a prolific source rock (e.g. Granthatal., 1987; Terken, 1999; van Buchem
et al., 2005). Here organic-matter accumulatioroimmonly interpreted as having
occurred within a “silled basin” (sensu Demaisod &oore, 1980) within this intrashelf
environment. As a consequence, this interpretdtasled many authors (e.g.
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Figure 3.1. (a) Satellite images (source: Petroleum Developmena®fRDO]) showing
the area of study in North Oman, mainly at the Ad@outhills.(b) Palaeogeographic map
illustrating the outline of the middle-late Cenon@aamNatih-B intrashelf basin and the
surrounding carbonate-platform system (from vantéuc et al., 2002).
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Figure 3.2. N-S schematic geological cross section (see Figurafor location)
illustrating the Middle-Upper Cretaceous chrondgraphyof Oman (from Droste and
Van Steenwinkel, 2004).

Murris, 1980; Scott, 1990; Burchette, 1993; Alslaarh1995; Philip et al., 1995; Droste
and Van Steenwinkel, 2004; Homewood et al., 20@8)rénkamp, in review) to suggest
that bottom-water “anoxia” was the fundamentaldacontrolling enhanced organic-

matter preservation in the Natih Formation.

Sedimentary successions deposited on continergbleshand within intrashelf basins
commonly exhibit cyclical and repeated lithofaamestifs. For instance, Mesozoic-aged
sediments preserved over much of the globe comaliemating lithofacies of clay- and
organic-matter-rich and carbonate-rich facies (&rthur et al., 1984; Weedon, 1986;
Hallam, 1987; Droste, 1990; Jenkyns, 1991; Burehd®93; Macquaker and Taylor,
1996; Kuhnt et al., 1997; Damholt and Surlyk, 20@e Buchem et al., 2005; Macquaker
et al., 2007; Varban and Plint, 2008). These padtare commonly interpreted as being
either products of: a) varying clastic dilutiongsfmary production-derived components in
hemipelagic settings, b) varying accommodationlalsdity and resulting energy available
at the sediment/water interface during periodshaflew water (usually manifested by the
presence of storm layers and changes in grain, sigdevelopment of anoxia when the
basin was deeper, or d) preferential diagenegiauicular strata, particularly during early

burial.
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Typically, most authors assume that the overarcbamrol on these factors is long-term
changes in climate, usually driven by a Milankolitnechanism (e.g. Weedon et al.,
2004). In spite of the superficial simplicity ofetltontrolling factors of these systems, the
detailed interplay between the factors that conittebfacies variability and organic-matter
preservation in intrashelf-basinal settings is v@nplicated. These factors are linked to
subtle changes in primary production (both orgama inorganic), rates of sediment
accumulation and burial, porewater oxygen concéatrs, and early diagenesis (Pedersen
and Calvert, 1990; Macquaker and Gawthorpe, 1938;ddaker, 1994; Bohacs et al.,
2005; Katz, 2005; Tyson, 2005).

In the Natih-B Member, the carbonate (derived flmoth primary production and
diagenetic processes) content varies from 80 t@d @My (both detrital and authigenic)
content from 0 to 10% (van Buchem et al., 2005)CTéontent from 0.3 to 13.7%, quartz
content from 0 to 10%, with pyrite and phosphaigh(fiebris) each varying from 0 to 5%.
The Natih-B facies variability has traditionally,dadly, been interpreted in terms of
variations in primary production or alternating @ainoxic cycles, following the research
of van Buchem et al. (2005) and Homewood et al0820and the logic of Pedersen and
Calvert (1990) and Demaison and Moore (1980).

Existing models used to explain organic-matter gmetion in the distal parts of the Natih-
B intrashelf basin are, however, simple and relpoturrences of “anoxic” bottom-water
conditions. In these settings, the importance ahges in primary organic production,
coupled with episodic and relatively rapid buriatet sufficiently rapid to cause dilution —
has likely been underestimated. Overall, existinglighed sedimentologic and
stratigraphic work on the Natih Formation (e.g.liphet al., 1995; van Buchem et al.,
2002; Droste and Van Steenwinkel, 2004; Schwah,&2@05; van Buchem et al., 2005;
Grélaud et al., 2006; Homewood et al., 2008) seeasonable, although it lacks process-

detail analyses on the more distal facies (sourck-intervals and their associated units).

The main aim of this paper, based on more in-dspttly of process-detail analysis, is to
illustrate that persistent bottom-water “anoxiatiidikely to have been the key factor

controlling organic-carbon preservation during dafion of the Natih-B intrashelf-basinal
sediments, and to discuss some of the alternateahamisms that might have controlled:

a) organic-matter enrichment and b) lithofaciesalality.
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3.3. Objectives

To meet the aims of this paper, the Natih-B Mentizex been sampled both from the
Adam Foothills where it is best exposed, and frbendontinuous core slabs of a Natih
well in the subsurface. Polished thin sections vpeepared from each sample. The
constituent components of each lithofacies were tescribed, utilising optical, electron-
optical, mineralogical (X-ray diffraction [XRD]) ahgeochemical (TOC) methods, in
order to obtain textural and mineralogical datapsttial scales ranging from16o 10" m,
and at temporal scales that likely range from itme taken for individual depositional
events to deposit beds to°@ars. New data gathered were then integratedexitiing
information, and the controls on organic-matteispreation and lithofacies variability

were investigated.

3.4. Samples and Methods

Excellent outcrop sections and core slabs of theéd60-m-thick Natih-B unit in the
Adam Foothills and Al Jabal Al Akhdar regions anchearby oilfields of North Oman
have been used as natural laboratories for thiy giigure 3.1). Detailed sedimentary
logs were measured at the scale of 1:50, and samjglee gathered systematically from
five locations: Natih well, Jabal Qusaybah, Jabahd&h (distal locations), Jabal Salakh
West (distal to intermediate location), and Jalzdékh East (intermediate to proximal
location) (see Figure 3.1b). Overall, around thHreedred samples were obtained from
these locations at vertical intervals, 0.5 to 3.@part.

Unusually thin € 0.03 mm), polished, large (~ 40 x 60 mm) thin ieest were prepared
from each sample, in order to acquire informatiarsediment textures and mineral
constituents at different scales of magnificatidhfirst, each thin section was scanned
using a flatbed scanner (Epson Perfection 3176dord textural details at 50 to 10 mm
scales. The thin sections were then analysed dgt{€ast under transmitted light (both
plane polarised and cross polarised) and then llyaaihode cathodoluminescence) using
a binocular Nikon petrographic microscope, attadioesl digital camera (Jenoptik Jena D-
07739), to obtain textural, compositional and dregie information at 10.0 to 0.1 mm

scales. The cold-cathode cathodoluminescence papiogwas performed using a CITL
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Cathodoluminescence Unit (Model CCL 8200 MK3), @ped at approximately 20 kV,

300 pA. Finally, at even higher resolution (10@.tpm scales), the thin sections were
investigated electron-optically using JEOL 6400nsag-electron microscope (SEM),
equipped with a backscattered electron detectath Wis high-power imaging technique,
minerals were identified in the produced imagestam their backscatter coefficienty,(
and also sometimes with the aid of a semiquantéagnergy-dispersive spectrometer that
is in connection with JEOL 6400. The SEM was optatt 15 mm working distance, and
at approximately 2 nA and 20 kV.

XRD analyses were also performed on selected samplgetermine bulk-rock
mineralogy, utilising a Philips PW1730 X-ray difftameter. Before each analysis,
approximately 0.5 g of each powdered sample wasettewith a few drops of amyl acetate
and left to dry on a flat piece of glass, whiclthien inserted into the diffractometer. The

XRD was operated using coppet. Kadiation at 40 kV and 20 mA.

Finally, the TOC contents of the majority of sangpleere obtained using a LECO C and N
analyser (TruSpe€N). In order to determine the TOC contents, apipnakely 0.2 g of

each powdered sample was reacted with 10.0 mL défsdi@tion (1.0 M molar
concentration), and left overnight to dissolvecaltbonate present. Then, both the acid-
treated sample and untreated (natural) samplehsambtal carbon (TC) contents measured
using an induction furnace within the LECO instruninéhat heated the samples to
approximately 958C. The TOC contents here are considered to beathe as the TC
contents obtained from the acid-treated samplasinaisg that all the inorganic carbon has
been removed from each acid-treated sample, anthhnaarbon being measured is
organic carbon. The total carbonate carbon (TC@)erts were also recorded, determined
by calculating the difference between the TC castehthe untreated samples and TC
contents of the acid-treated samples (i.e. TOCertg}. The reproducibility of these

analyses is better than or equal to 0.1%.

The application of the thin-section scanning, agtiand backscattered electron-optical
imaging techniques, in addition to the conventidiedl (logging and photomontages) and
mineralogical (XRD) and geochemical (TOC) methdudsse facilitated making detailed
lithofacies descriptions of the predominantly fig&ined, organic-carbon-rich Natih-B
sediments. These combined techniques have enabledowovide details of the various
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sediment textures, grain size, faunal assembl&g&sirbation processes, mineralogy,
organic-matter contents, and transport mechanigivieg also accounts on how these
components change in space and time (see also lslleeqgand Howell, 1999; Macquaker
and Adams, 2003; Macquaker et al., 2007).

3.5. Geological Setting

During the time from Lower Jurassic to Upper Cretacs, Oman was located on the
northeastern margin of the Arabian Plate and wagedor an extensive carbonate-
platform deposition, which also covered most of Anabian Peninsula and Gulf (Murris,
1980; Droste and Van Steenwinkel, 2004). This misiesozoic deposition took place
following the breakup of Gondwana and opening efifteotethys Ocean (Loosveld,
1996). In the interior of North Oman, a periphdaakland bulge formed as a result of the
building of the Oman Mountains during the Uppert@ceous (Robertson, 1987; Boote et
al., 1990; Warburton et al., 1990; Terken, 1999).

The Cretaceous carbonate-platform succession onG@snap to 1.2 km thick and 1,000
km wide (Droste and Van Steenwinkel, 2004). Thigdascale succession started to grow
in Central Oman during the late Berriasian, afteragor marine transgression that had
facilitated the deposition of shallow-water carbseover tilted, uplifted, and eroded
Jurassic and older strata, following the riftingvixeen the African-Arabian Plate and
Greater India (Droste and Van Steenwinkel, 2004iiRet al., 2005). Droste and Van
Steenwinkel (2004) pointed out that the carbonafeodition during Berriasian to Turonian
times was associated with regular subaerial expssamd influxes of terrigenous material
from the Arabian Plate hinterland. The late Aptilange-scale, relative sea-level fall
recorded a major regional unconformity, and istesldo extensive karstification and
erosion in Oman. This major tectonic and eustatene(Sharief et al., 1989) terminated
the deposition of the Shu’aiba Formation platforsmbonates, enabling the prevalent
distribution of siliciclastics of the latest Aptidate Albian Nahr Umr Formation. During
the late Albian, Cenomanian, and early Turoniareinplatform carbonates of the Natih
Formation were deposited over the Nahr Umr mudst¢eg. van Buchem et al., 2002;
Figure 3.2). In the Turonian, a regional phaseptifttand erosion concluded the
progression of the Cretaceous platform-carbonateession at the end of the Natih
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Formation deposition (e.g. Hughes Clarke, 1988 sizrand Van Steenwinkel, 2004). This
emergent period was then followed by the influthef Figa/Muti mudstones, which

unconformably overlie the Natih Formation carborate

3.6. Stratigraphy and Previous Work

The Natih-B Member — the unit chosen for this stadyccurs within the late Albian-early
Turonian Natih Formation, which forms the uppert pdithe Wasia Group (Smith et al.,
1990; Philip et al., 1995; van Buchem et al., 2008ure 3.2). Lateral age-equivalent units
to the Natih in the Arabian Gulf region are thelkve-water carbonates of the Mauddud
and Mishrif formations, and intrashelf-basinal carates of the Shilaif/Khatiyah
Formation (also known as Rumaila Formation in Kuvaad Iraq) (e.g. Harris and Frost,
1984, Alsharhan and Nairn, 1988; Burchette, 199gatvi et al., 1998; Ehrenberg et al.,
2008). The Natih Formation includes intrashelf-baktarbonate source rocks and
adjacent, time-equivalent shallow-water carbonasenvoirs (e.grigure 3.1b). The
carbonate petroleum system of the Natih Formasomell known in the subsurface of
interior Oman (e.g. Harris and Frost, 1984; Gramtled al., 1987; Terken, 1999; Droste
and Van Steenwinkel, 2004; Morettini et al., 20869l in the excellent outcrops in the
Oman Mountains (Al Jabal Al Akhdar) and Adam Foltgéh(e.g. van Buchem et al., 1996;
van Buchem et al., 2002; Schwab et al., 2005; Hoooelvet al., 2008).

The Natih Formation is approximately 400 m thiakd at is informally subdivided in the
subsurface into seven members: Natih-A to Natite@ to bottom (sensu Hughes Clarke,
1988; Figure 3.2). It mostly comprises mud-supmbeaed some grain-supported
limestones, with local rudist growth, alternatinghacalcareous mudstones. The shallow-
water, rudist-bearing platform carbonates are ficdliydrocarbon reservoirs for the
Cretaceous petroleum system in the Middle East Kagis and Frost, 1984; Burchette
and Britton, 1985; Alsharhan, 1995; van Buchem.etl896). The Natih Formation is
considered as a significant carbonate source recuse it includes at least two organic-
carbon-rich levels deposited in intrashelf basiowér Natih-E and Natih-B; Figure 3.2)
during transgressive phases (e.g. Grantham d@t97; Scott, 1990; Terken, 1999; van
Buchem et al., 2002; Droste and Van Steenwinkél420A thick shale succession of the
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overlying Figa Formation (Aruma Group) provides ajon regional seal for the Natih

reservoirs.

In order to be more predictive with regard to terbution of reservoir and source-rock
facies, and to the geometrical and genetic relaligns between intrashelf basins and
adjacent carbonate platforms of the Natih Formatigh-resolution sequence-
stratigraphic studies have been carried out byBiwshem et al. (1996), van Buchem et al.
(2002) and Schwab et al. (2005) on outcrops irAitiem Foothills and Al Jabal Al

Akhdar; see also Grélaud et al. (2006) and Homeved@dl (2008). Generally, these
researchers subdivide the Natih Formation intoetime@jor depositional units, Sequences I,
Il and 11l from base to top. These sequences ayarded as larger-scale accommodation
cycles that were subject to third-order (0.5 tor@y) eustatic sea-level variations, each

recording scenarios of transgressive/regressiverpat

Van Buchem et al. (2002) interpret the depositibBeguence | (late Albian—earliest
Cenomanian Natih-G, F and E members; Figure 3.Beamy mainly controlled by eustatic
sea-level fluctuations and that it developed iftedfsbasins at lower Natih-E. A sequence
boundary at the top of Natih-E is recognised, whiels associated with the development
of hardgrounds and incisions along emergence asf@ee Grélaud et al., 2006).
Sequence Il (middle Cenomanian Natih-D and C mesylbégures 3.2 and 3.3) did not
develop an intrashelf basin and was dominated doy @éposition, which — as Homewood
et al. (2008) have stated — inhibited taebonate factory. Sequence Il (middle-late
Cenomanian—early Turonian Natih-B and A membergifeis 3.2 and 3.3) is very similar
to Sequence | in that it records another developmiean intrashelf basin during a major
transgression, and that it experienced extensivaesial exposures at its top (see
Homewood et al., 2008; Figures 3.1b and 3.3) dwsirlgsequent relative sea-level fall.
However, van Buchem et al. (2002) argued that $acaeiability in the lower part of
Sequence Il was controlled by a more rapid retatiga-level rise, enhanced by a slight
differential subsidence, which both enabled thatioe of the relatively broader and more
organic-carbon-rich Natih-B intraplatform basin. Waesearchers (e.g. Murris, 1980;
Scott, 1990; Philip et al., 1995; Homewood et2008; Vahrenkamp, in review) have
linked the development of bottom-water “anoxiathe Natih-B intrashelf basin to this
rapid rise in relative sea level. More specificatlomewood et al. (2008) and

Vahrenkamp (in review) claim that stratificationtb&é water column developed during this
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Figure 3.3. WNW-ESEhigh-resolution sequence-stratigraphic cross se¢tiee Figure
3.1for location) of the upper half of the Natih Forimat(members D-A, sequences Il and
[1) in the Adam Foothills (from van Buchem et &002). Note the abundant development
of the Natih-B organic-rich carbonate mudstoneannntrashelf basin environment at
Jabal Qusaybah, Nahdah and Salakh, and how thositiepal environment changes
laterally into a shallow-water carbonate platfoortiie ESE at Jabal Madmar and Jabal
Madar.

transgression, which also — according to theseoasithincreased the clay and nutrient
flux to the intrashelf basin, causing “organic bidcand “oceanic anoxia”. Considering
the biostratigraphically-constrained age (middke-@enomanian; van Buchem et al.,
2005) of the Natih-B Member, Homewood et al. (2088) Vahrenkamp (in review),
however, found it difficult to tie the depositiohtbe excellent Natih-B source rocks
(characterised by relatively light°C values; Vahrenkamp, 2010) to a specific global
Oceanic Anoxic Event (cf. Jenkyns et al., 1994;|Raal., 1994; Rodriguez-Lazaroet al.,
1998; Jarvis et al., 2006), and concluded that thaurrence might represent a unique

local “expanded anoxia”.

Van Buchem et al. (2002) and Droste and Van Stagw@hi{2004) have generally

characterised the development of intrashelf baminihe extensive Cretaceous carbonate
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platform of North Oman as being mostly driven biatige changes in sedimentation rates
as a result of high-frequency fluctuations in rglasea level. They suggest that tectonism
only played a trivial role in the formation of bagopography, probably through the
development of slight initial relief (local depress) during differential drowning of
platform-interior areas. Moreover, the lack of as clinoform geometries in the Natih-B
unit also implies a shallow and broad intrashetfibha

The carbonate-source-rock intervals of the NatémB Natih-B members are identified in
outcrops in the Adam Foothills and Al Jabal Al Akindand on well logs and core slabs
from nearby oilfields in North Oman. It is likeligat these intervals were the sources of
the hydrocarbons in the Natih reservoirs of maald§, including the giant Fahud and
Natih fields (Grantham et al., 1987; van Bucheraltl996; Terken, 1999; Homewood et
al., 2008). Grantham et al. (1987) and Terken 91 9@ve described both source-rock
levels as being geochemically similar. However,Nagih-B unit, that is the focus of this
study, is the more important source rock in theliNabrmation, simply because it is
thicker (up to 40 m thick) and excellent in quality to 13.7% TOC). According to
Terken (1999), the TOC content of the Natih-E seuoxk rarely exceeds 5%.

3.7. General Observations

The transgressive, dm- to m-thick bedded, greyiahi\B sediments overlie an iron-
enriched (brownish/reddish coloured), bored, extehgbioturbated hardground at top of
Natih-C Member, and conformably underlie relativiicker, shallower-marine, whitish
carbonate beds of the Natih-A Member (Figure 3rputcrops of Jabal Qusaybah, Jabal
Nahdah and Jabal Salakh, the Natih-B Member camnrdlly be subdivided into five
units, based on their weathering and lithologiteracteristics: Natih-B1 (NB1) to Natih-
B5 (NB5), base to top (Figure 3.4). It is worth rtiening here that the lower units (NB1
to NB3) are the outcrop equivalent to unit B4 otiNa in the subsurface; NB4 is the
equivalent to B3; and NB5 is the equivalent to B2 81 (cf. Homewood et al., 2008).

The deposition of the inner-platform facies — alantcevidence of mixed benthic

foraminifera (including calcareous forms of miladi miliolinid alveolinids

[ Praealveolina spp. andCisalveolina spp.],Aeolisaccus spp.,Nezzazata conica, N.
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Figure 3.4. Looking SSE; outcrop section in Jabal Nahdah digptathe upper members
(C to A) of the Natih Formation. The Natih-B Memlmsferlies an extensively bioturbated,
iron-enriched beds (note brownish/reddish colottha top of the Natih-C Member, and
underlies whitish, well-bedded unit of the Natinvfember, with an eroded top. Note also
the subdivision of the Natih-B Member here intaefimnits: NB1 to NB5, from base to top;
with NB1 and NB2 being poorly exposed and strudlydeformed; NB3 and NB4 being
better exposed, thinly bedded and laterally cowtirs;iand NB5 composed of the organic-
carbon-rich carbonate mudstone and sparry-calckewackestone units alternating with
one another.

simplex, Idalina spp. andNummolofallotia apula, and agglutinated forms @hrysalidina
spp.,Dicyclina spp.,Nautiloculina spp. andPseudolituonella reicheli) — of NB1 over the
Natih-C hardground (Figure 3.5a) marks a signific@epening and transgressive shift of
facies. This dramatic change in the depositionglrenment happened as a response to a
major mid-Cenomanian transgression, the culminatfcthe longer-term cycle recorded
by deposition of the predominantly shallow-mariagbonates of the Natih-G, F, E, D and
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Figure 3.5. (see previous page(g) Close-up view (Jabal Nahdah) of the lower unitthef
Natih-B Member (NB1 and NB2) that overlie an iramiehed hardground (extensively
bioturbated, bored and cemented) at top Natihlidle the light-grey, m-thick, nodular,
laterally-discontinuous beds of NB1, and poorly-@sgd, structurally-deformed beds of
NB2. (b) Close-up view (Jabal Qusaybah) of the middle wfitdatih-B (NB3 and NB4)
with well-exposed, laterally-continuous thin belste the light-grey, bioturbated beds of
NB3 overlain by dark-grey, very nodular, bioclastirbeds of NB4(c) Close-up view
(Jabal Nahdah) of the upper unit of Natih-B (NBB)strating the two main lithofacies
alternating with one another: i) fissile, stronghgathered (weak), organic-carbon-rich
carbonate mudstone and ii) less-weathered (compesparry-calcite-rich wackestone.

C members of the Natih Formation. In exposuresNiBg and NB2 units are poorly
exposed and composed of 0.3- to 0.9-m-thick, nodakiensively bioturbated strata
(Figures 3.4 and 3.5a). The NB2 unit is differeoni the NB1 unit because it is poorly

exposed, structurally deformed, and brecciatedufei§.5a).

Natih-B3 (NB3) and Natih-B4 (NB4) contain slightharker-grey strata that are well
exposed and laterally continuous (Figures 3.4)hRmiits are bioturbated and bioclastic,
but NB4 appears more nodular, bioclast-rich, artth even darker-grey beds than NB3
(Figure 3.5b).

The NB5 unit, on which this study is focused, ceviéaie upper half of the Natih-B

Member (up to 40 m thick; Figure 43.), comprisihg tntrashelf-basinal organic-carbon-
rich sediment, interbedded with (relatively) shaw sparry-calcite-rich sediment. In these
broad terms, the NBS5 lithofacies can be divided imto main lithofacies types, alternating
with one another (Figure 3.5c¢): a) organic-carhich-carbonate mudstone and b) sparry-
calcite-rich wackestone, both are described betmg Table 3.1 for a summary of both

lithofacies).

3.8. Detailed Facies Analyses: Organic-Carbon-Rich Carbonate
Mudstone

3.8.1. Description

The organic-carbon-rich carbonate mudstone lithefacaries in thickness from about 1.5

to 165.0 cm (average 17.5 cm; Figure 3.5c¢). lgpécally fine-grained, grey to very dark
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Table 3.1. Summary of the characteristic features of the tvainrfithofacies described in
this study. These lithofacies are found alternatuity one another in the intrashelf basin
of the Natih-B Member, the upper NB5 unit.

Lithofacies Organic-Carbon-Rich Sparry-Calcite-Rich
Carbonate Mudstones Wackestones
gs:;)au:e()Fresh Grey to very dark grey W hitish to dark grey
Thickness (cm) 1.510 165.0, average 17.5 |2.0 to 185.0, average 20.5
Partially-bioturbated Extensively-bioturbated
mudstone, with relict very wackestone, commonly with
Texture thin beds (3 to 30 mm thick) [erosive bases and
amalgamated thin beds (5 to
50 mm thick)
Common Planolites isp.; less |Very common Thalassinoides
Ichnofossils common Ph){co§iphon isp. |isp; less common Pla/'volites
and Thalassinoides isp. isp., and rare Phycosiphon
isp.
Frequent in-place thick- Reworked skeletal fragments
. shelled oysters and flattened |of bivalves, gastropods,
Macrofossils .
pectens echinoderms, and
brachiopods
Abundant planktonic Common benthic foraminifera,
Microfossils and foraminifera and coccoliths |ostracods, calcispheres; less
Nannofossils common planktonic
foraminifera
Calcite (80 to 90), quartz (5 [Calcite (90 to 100), quartz (0
to 10), dolomite (< 1 to 6), to 6), dolomite (0 to 5), pyrite
Mineralogy (%) pyrite (< 1to 5), clay (<1to |(0to4),clay (0to 1) and
5) and phosphate (<1 to 4) |phosphate (0 to 1)
TOC (%) 2.0to 13.7, average 5.4 0.3t0 1.9, average 1.1
IIZ:SLS?:PTSnias); 25 to 135, average 55 10 to 25, average 15

grey in fresh surface and in the exposures, exhébwell-developed fissility (Figure 3.6a
and b).

These mudstone units commonly contain well-presemveplace bivalves (including
thick-shelledoysterg(Figure 3.6a to c), as well as thin-walled pectgngures 3.6f and

3.7ato f) and brachiopods. Here the oystExegyra andAmphidonte) are mostly
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Figure 3.6. Outcrop photographs of the organic-carbon-rich @aalte mudstone
lithofacies.(a) At Jabal Nahdah, displaying both fresh, very daskygurface and
weathered, fissile texture of the organic-carb@h-mudstone (OCRM), overlain by
sparry-calcite-rich wackestone (SCRW). Note thelace thick-shelled oysters (arrowed)
in the OCRM and erosive base of the SCRNY At Jabal Salakh West, showing a well-
developed fissility in the OCRM with abundant evide of in-place fauna (e.g. oysters,
arrowed).(c) At Jabal Qusaybah, illustrating a fissile unit watyster shell pavementsl)

At Jabal Qusaybah; note the burrow fabric3tulassinoides isp. (Th) andPlanolites isp.
(PI) in the OCRM, and the erosive base of the SCRW wimixture of reworked shell
fragments(e) At Jabal Salakh West, illustrating the developnarghell plasters on a
hardground. Note an ammonite (amm) present heaesaciation with articulated oysters.
(f) At Jabal Nahdah, showing oysters (oys) and flatterextens (fpc) on a bedding
surface of the OCRM unit.
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Figure 3.7. (see previous page): Detailed facies analyseg@pr@sentative partially-
bioturbated, organic-carbon-rich carbonate muds(saeple S11 from core of a Natih
well, 915.2 m depth [914.0 m driller's depth]). $hmudstone has a high TOC content of
9.3%. (AbbreviationsPl = Planolitesisp.; Ph = Phycosiphon isp.; fpc = flattened pectens;
Het = Heterohelix spp.; Hed = Hedbergella spp.;Wh = Whiteinella spp.; pb = planktonic
bivalve; es = echinoid spine; sf = shell fragmeut= phosphatic debris; fpt = faecal
pellet; gz = quartz; ka = kaolinite; do = dolomitg; = coccolith plates; am = amorphous
organic matter; wo = woody organic matter; fp =nfkeidal pyrite; ep = euhedral pyrite).
(a) Core photograph anth) thin-section scan illustrating a coarsening-upwacdistone
unit, exhibiting remnant parallel lamination in tleever part of the photograph and
stronger bioturbation towards the top. Note alsoitfegular and laterally-discontinuous
laminae of organic matter throughout the samplacdfossils here are horizontal and
highly compacted, attributed Rianolites isp. (infilled with light-grey material) and
Phycosiphon isp. (infilled with dark-grey material). Note al#oe abundant, in-place
bivalves (flattened pectens) present at disruptedaerally-discontinuous bedding
surfaces that bound relict thin beds) Low-power optical micrograph under plane-
polarised light (PPL) anfll) under cross-polarised light (XPL), both displaythg same
area. Note the outlined (dashed lines) burrow taiori(c), attributed toPlanolites isp. that
is abundantly infilled with planktonic foraminife¢sostly asHeterohelix spp. with rare
Whiteinella spp.) and some bioclastic debris and echinoidespi@rganic matter (black
material) is abundant in the areas of the samlieate not burrowed, associated with
planktonic foraminifera, planktonic bivalves, eabith spines, and phosphatic debris. Note
also a rarédedbergella spp. at the top right-hand corner of the microgsa(#) Low-

power optical micrograph under PPL gifidunder cold-cathode cathodoluminescence
(CL), both displaying the same area iRlanolites isp. fabric. Note the abundance of
Heterohelix spp. with their tests being infilled with sparrgicite cement, and also the
pressure-solution seams that cut through themsphgy-calcite-cemented foraminifers
display relatively bright luminescence in (f), whas the diagenetically-unaltered bivalve
shells are nonluminesceiid), (h) High-power, backscattered, electron-optical
micrographs illustrating the matrix componentsho$ imudstone unit. These include
disarticulated planktonic foraminifers (mostlytdaterohelix spp.) and coccoliths, organic
matter (both amorphous and woody), pyrite (botimfyaidal and euhedral), phosphate,
and rare quartz, clay (authigenic kaolinite) antbaate. Note also the presence of faecal
pellets and some shelly fragments.

articulated, frequently concentrated on beddinggdaorming shell pavements (Figure
3.6a, c and e). Ammonites, includiAganthoceras rhotomagense (sensu Philip et al.,
1995), have also been found in association withesofthese oyster shell pavements
(Figure 3.6e).

The organic-carbon-rich mudstone is partially bib&ted, attributed mainly to horizontal
and compressed burrows (Figures 3.6d and 3.7&hdb)are predominantly infilled with

detrital carbonate mud (including coccoliths, pkamikc and benthic foraminifera, and shell
debris; Figure 3.7c and d). A variety of small antérmediate trace-fossil taxa including

Planolites isp., Phycosiphon isp., and Thalassinoides isp. have been recognised.
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Burrowing, commonly, becomes increasingly morenagetowards the unit tops (Figures
3.6d and 3.7a, b).

The partial bioturbation of sediment here has gigd most of the primary sedimentary
structures in the rock. Textural analyses of hgpetsnens and thin sections, however,
enabled us to observe some relict internal bedstingtures in a number of samples (e.g.
Figures 3.6a to ¢ and 3.7a to b). These relict beelslescribed here as very thin (3 to 30
mm thick) depositional units, “thin beds” represegtindividual depositional events
(sensungram, 1954; Campbell, 1967; Macquaker et al.,7200hey are commonly
bounded from above and below by laterally-discardirs bedding surfaces, which are
commonly marked by either shell pavements (Fig8réa to c and 3.7a to b) or

concentrations of planktonic foraminifera.

Planktonic foraminifera frequently dominate thitidifacies. The dominant species present
areHeterohelix spp.(some of which showing bimodal distribution) widre\Whiteinella

spp. andHedbergella spp. (Figure 3.7c to h). Theses species rangeéifim 50 to 250
pum. The shelter porosity within some of the forafeintests is partly infilled with
carbonate cements, together with organic mattay, (aolinite) and/or pyrite (Figure 3.7g
and h). The sediment enclosing the planktonic fandera is typically compacted around
the tests. The matrix also contains pressure-solsgams (Figure 3.7e and f), which

mostly display concentrations of organic- and/ayelich material.

The rock matrix comprises fragmented foraminifstdedisarticulated coccolith plates,
organic matter (both amorphous and woody), authigeay (mostly as kaolinite), fine-
grained calcite replacement (“microspar”), andenfrent pyrite (framboidal and euhedral)
(Figure 3.7g and h; Table 3.1). The foraminifetgesoccolith plates, and organic matter
are commonly contained in faecal pellets. Otheram@gomponents that are present in the
rock include rare bioclastic debris (bivalve fragnseand echinoid spines), thin-walled
planktonic bivalvesphosphatic debris (mostly as fish vertebrae), tguand rare dolomite
(Figure 3.7c to h; Table 3.1). This lithofacieslescribed as being a partially-bioturbated,
organic-matter-, calcareous microplankton- (planktdoraminifera) and calcareous

nannoplankton- (coccoliths) bearing carbonate nounast

66



Al Balushi (2010) PhD Thesis Natih-B Source Rock

The TOC content of this lithofacies can reach up3d@% but averages 5.4%, based on our
TOC analyses on samples gathered from a well ilN#t# field (North Oman). In well
logs, the organic richness of these carbonate ranestis reflected by relatively high total

gamma-ray readings, which roughly range from 2535, average about 55 API units.

Standard geochemical techniques and maceral oltiegrvauggest that the organic matter
of the mainly oil-prone Natih-B source rock is hggen-rich and consists of a mixture of
both algal and bacterial, predominantly structigglenostly load-bearing organic matter
(Kharusi, 1984; Terken, 1999). In addition, bothceral observations and pyrolysis flame
ionization detector (FID) results (Rutten, 1986pdther with the high hydrogen index
(HI) values (range from 400 to 650; van Bucheml.e2802) indicate that the Natih-B

source rock in the well of Natih field is immatdoe any hydrocarbon generation.

3.8.2. Interpretation

The fine-grained texture and common occurrencgsaniktonic foraminifera and
coccoliths in these organic-carbon-rich mudstotfacies suggest that a relatively low-
energy depositional environment dominated durirgdéposition of these units (little
evidence of erosion and redeposition — the oystersnostly preserved as living
assemblages, rarely winnowed), with their constitsi®eing deposited predominantly
from suspension settling (pelagic components) dostorm wave base (e.g. Markello and
Read, 1982; Burchette and Britton, 1985; Drost@01®hilip et al., 1995; van Buchem et
al., 1996; Kuhnt et al., 1997).

The lack of preserved lamina, presence of burrowisfieequent occurrence of in-place
benthic fauna suggest that, at the time of dewsithe conditions at the sediment/water
interface were oxic-dysoxic, rather than anoxic kiidson and Martill, 1991; Wetzel and
Uchmann, 1998; Macquaker et al., 2007). Moreover presence of in-place oysters as
shell pavements (colonisation surfaces) and moeléiaturbation in these units suggest
that the sediment was firm (rather than “soupyiy ¢hat there were prolonged breaks
between sediment supply events (see Kenig et@04;2Macquaker et al., 2007), in order

to allow sediment colonisation both by the oystsrd burrowing organisms.
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The predominance of planktonic foraminifera andcotiths, together with the abundantly
preserved organic matter, in this lithofacies aisplies that there were episodically high
rates of both inorganic and organic primary progunctiuring deposition of this sediment.
Photosynthesising micro-organisms (mainly phytoktdan) living in the upper part of the
water column were probably the major contributorsriganic-matter production here (e.g.
Killops and Killops, 1993; Arthur and Sageman, 199hevitably, primary inorganic
production from pelagic organisms (including plamkt foraminifers, coccoliths and
planktonic bivalves) within the surface waters citmtted in reducing some of the organic-
carbon contents in this lithofacies through thetthin of organic components by the
carbonate tests (i.e. organic-matter autodilution).

From the abundance of predominantly structurelegamc matter associated with
coccoliths and planktonic foraminifera, it may, réfere, be speculated that the origin of
the source-rock organic matter is mainly from stefphytoplankton (algal bloom)
deposited in an open, relatively deeper-marinerenment, and transformed by bacteria
into structureless organic matter (Kharusi, 198#xe, however, persistent anoxia cannot
be the main cause of organic-matter preservatiorerizhe presence of hiatal surfaces,
associated with oyster colonisation events andeend of high primary production in the
matrix components, it is likely that the sedimemisvsupplied episodically to the basin as
phytoplankton blooms and then buried rapidly. lis thay organic matter could have been
buried prior to it being mineralised (e.g. ArthmdaSageman, 1994). This means that the
reoccurrence frequency of sediment delivery evesais more rapid than the rate at which
organic matter was being decayed. This was madslylk function of phytoplankton

blooms occurring in close successions.

The carbonate cements infilling the planktonic fonaifer tests in these units may be
related to very early diagenetic processes, atetie are uncompacted. The presence of a
calcite-pyrite cement assemblage might suggesthigearly diagenesis was linked to
microbial decay of organic matter (cf. Irwin, 198@ylor and Macquaker, 2000).
Specifically, it is likely that sulphate-reducingdieria living in the sediment porewaters at
a depth of less than 0.2 m below the sediment/viatterface were using sulphate as an
oxidant to oxidise organic matter, producing hydmgulphide (e.g. Berner, 1981,
Canfield, 1994) and liberating bicarbonate intopoeewaters. It is alspossible that
associated iron reduction was contributing alkalito the porewaters (e.g. Coleman et al.,
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1993; Macquaker et al., 1997), causing a propoxidhe organic matter to be mineralised
and converted into carbonate cement (e.g. Sans@le £990; Machent et al., 2007).

The presence of compacted sediment around the ifwifantests and development of
pressure-solution seams suggest that both physichthemical compaction processes
dominated part afhe diagenetic history of this lithofacies. Presssolution in these
organic-rich mudstones caused the sediment to oletkin partings (fissility). These
partings may have been mistaken for genetic lamiseresu Campbell, 1967) by previous

workers.

3.9. Detailed Facies Analyses. Sparry-Calcite-Rich Wackestone

3.9.1. Description

The sparry-calcite-rich wackestone lithofaciedigh$ly coarser grained and lighter
coloured, compared to the more organic-rich umitgyres 3.8 and 3.9). Additionally, it is
both extensively bioturbated (Figures 3.8a to c&®d) and pervasively cemented by
sparry calcite (Figure 3.9e to h). Units domindtgdhis facies vary in thickness from 2.0
to 185.0 cm (average 20.5 cm; Figure 3.5c). Extenisioturbation has destroyed most of
the primary sedimentary structures, and this, aiplith the pervasive cementation,
causes these units to exhibit both mottled and/séaltised appearance (Figures 3.8ato c
and 3.9a). Burrowing in this lithofacies is mosilyributed toThalassinoides isp. (Figures

3.8a, ¢ and 3.9a), and rarelyRl@nolites isp. andPhycosiphon isp.

In most cases, the bases of these units are shdmgrasive, and internally their grain sizes
fine upward (Figures 3.6a, d and 3.8b to c). Thay exhibit cm-scale scouring features
(Figure 3.8c), and amalgamation of several thito(50 mm thick), normally-graded,
individual beds is frequent (e.g. Figure 3.8d andvoreover, these units commonly
contain a mix of predominantly uncompacted, disaléited shelly material, including
reworked bivalves, brachiopods, gastropods, paéchynoderm debris, corals, and

occasional rudist fragments (Figures 3.8c to e3afd to d).
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Figure 3.8. (see caption next page)
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Figure 3.8. (see previous pagefore and outcrop photographs of the sparry-cataite-
wackestone lithofaciega) Core photograph (Natih field well, ~ 929.3 m dept928.1
driller’s depth]) illustrating extensive bioturbati, attributed to mainlyhalassinoides isp.
(Th), which destroyed the primary structures in tmg and resulted in a mottled
appearance. Note also the presence of reworkeldfitgghents (sf)(b) Core photograph
(Natih field well, ~ 929.5 m depth [~ 928.3 m dzifls depth]) showing the sparry-calcite-
rich wackestone (SCRW) with abunddimilassinoides isp. (Th) andPlanolitesisp. (Pl)
burrow fabrics and reworked shell fragments (sfte\the irregular (erosive) contact
between the SCRW and OCRM (organic-carbon-rich nounds.(c) Outcrop photograph
(Jabal Qusaybah) illustrating cm-scale scouringp(eed) at the base of the SCRW unit,
with a mixture of reworked shell fragments (mrdfhte also the commorhal assinoides
isp. (Th) in this unit.(d) Outcrop photograph (Jabal Qusaybah) displayingadutly
reworked shells in the wackestone u(8}. Thin-section scan, close-up from (d),
illustrating amalgamated, 10- to 20-mm-thick bedtghe same unit.

Figure 3.9. (see next page): Detailed facies analyses of @septative extensively-
bioturbated, sparry-calcite-rich wackestone (sar@8iérom core of Natih field well,
926.85 m depth [925.65 m driller’s depth]). Thisngde has a low TOC content of 0.5%.
(AbbreviationsTh = Thalassinoidesisp.; rf = rudist fragment; pb = planktonic bivaj\s

= bivalve fragment; ef = echinoid fragment; cf saldragment; pd = phosphatic debris; af
= agglutinated foraminifel.e = Lenticulina spp.;Het = Heterohelix spp.; Hed =

Hedbergella spp.; os = ostracod; cs = calcispheres; do = déégrap = euhedral pyrite).

(a) Core photograph showing intensely-burrowed, speatgite-rich wackestone unit,
giving a mottled fabric. Trace fossils here are thyasttributed toThalassinoidesisp.,

some are roughly outlined with dashed lines. Ntge the sparry-calcite-cemented shell
fragments and vertical microfractur€ls) Thin-section scan, close-up from (a), illustrating
a matrix-supported wackestone with a mix of rewdr&ad broken shells of bivalves,
brachiopods, gastropods, echinoderms, and a laudest fragment at the top of the
photograph(c) Low-power optical micrograph under PPL gdjl under XPL of the same
area, illustrating a diversity of uncompacted, prathantly sparry-calcite-cemented
macrofossils (including fragmented bivalves andrga®ds) and microfossils (including
agglutinated foraminiferd,enticulina spp.,Heterohelix spp., calcispheres and ostracods).
Note also the presence of phosphatic debris aneihliled planktonic bivalvege) Low-
power optical micrograph under PPL gfidunder cold-cathode CL of the same area,
showing sparry-calcite-cemented shells, microfrestand matrix with varying degrees of
luminosity. Note also the occurrence of a corajfnant, planktonic bivalves, agglutinated
foraminifera,Lenticulina spp.,Hedbergella spp. and calcispherdg), (h) High-power,
backscattered, electron-optical micrographs ilaigtg the matrix components of this
organic-poor wackestone unit, as being extensidiglgeneatically altered. Note the
abundance of calcite microspar, and the pervagiagscalcite cementation in the tests of
the foraminifers and other shells. Other rare camepts present in the matrix include,
phosphatic debris, organic matter (material with Ig), euhedral pyrite and dolomite.
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Figure 3.9. (see caption in previous page)
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Benthic foraminifera (mostly dsenticulina spp.) commonly occur in the background, with
some planktonic foraminifera (includitdgeterohelix spp. andHedbergella spp.),

ostracods, and calcispheres, cemented by spaniyecéitigure 3.8c to f). The sparry-
calcite cement and replacement appear to domihest@mnit, cementing pore-spaces of the
bioclasts and replacing depositional micrite muthmrock matrix (Figure 3.8e to h).
Other minor components in this lithofacies inclugrartz, dolomite (mostly as scattered
rhombs) and euhedral pyrite, with scarce clay, phate and organic matter, occurring
mostly in the matrix of the rock (Figure 3.8g andrable 3.1). The composition and
texture exhibited by this unit cause us to desdtibs being an extensively-bioturbated,
shell-fragments-bearing, sparry-calcite-rich watées.

The diagenetic history of this lithofacies is doated by calcite precipitation. There is
little evidence of mechanical compaction or pressaiution; only rare sutured pressure-
solution stylolites are present. Some microfraaiis present and may be cemented by

calcite (Figure 3.9e and f), dolomite, or quartz.

The TOC content in these sparry-calcite-rich indds\can be as low as 0.3% (mostly <
1.5%, average 1.1%). On well logs, these organibezapoor wackestones exhibit
relatively low total gamma-ray response, with valuwnging roughly from 10 to 25,

average approximately 15 API units.

3.9.2. Interpretation

The slightly coarser grain size, common occurrefczour surfaces, benthic foraminifera
and ostracods, with diverse reworked shell fragsantl extensive bioturbation in these
units, all indicate that this lithofacies was defezbin a relatively shallower-marine,
higher-energy, well-oxygenated environment, abaeemswave base (e.g. Brett and
Allison, 1998; Wetzel and Uchmann, 1998; Hallanalet2000). The reworked shell
fragments and the erosive bases of these unitpJesbwith normal grading textures
suggest that sediments in these interbeds weret wepaning flow currents (likely distal
storms) from the surrounding shallower carbonadtf@im down into the basin (cf. Droste,
1990; Hudson and Matrtill, 1991; Osleger, 1991; @steand Read, 1991; Burchette,
1993). In addition, it is likely that these intedsewere formed by the amalgamation and

winnowing of individual, thinner storm-generatedibgeresulting from the reworking of
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sediment during major storm events (Myrow and Sanath1996; Varban and Plint, 2008).
Particular offshore-directed and geostrophic cus@noduced by storms may have been
responsible for erosion, sediment mixing, and lsbibre-parallel and offshore sediment
transport (Aigner, 1982; Leckie and Krystinik, 198%uke, 1990; Duke et al., 1991).

The abundance of early-marine calcite cement goldeement (predating compaction),
low preserved organic-matter content, and degrdeotdirbation in these wackestone
lithofacies indicate that there was sufficient tifoesolutes to be diffused to the sites of
precipitation, and for the sediment to be extengikarrowed. These data also imply that
overall sediment accumulation rates in these uvat® rather slower than that of the
organic-carbon-rich mudstone units (cf. Fisher Hindson, 1987; Ekdale and Bromley,
1991; Damholt and Surlyk, 2004). Moreover, the alante ofThalassinoidesisp. here
indicates that between storm events the depositeamaronment was reasonably quiet,
and that overall rates of sediment accumulatiorewelatively slow. This also suggests
that the substrate was fairly firm and stable hasé burrows were kept open (unlined) at

the seafloor for a prolonged period of time.

3.10. Discussion

The large-scale, spatial context of the Natih-Breedts indicates that deposition occurred
within a basin surrounded by a shallow-water caa@platform (Markello and Read,
1981, Droste, 1990; Burchette, 1993; Philip et295; van Buchem et al., 2002; Droste
and Van Steenwinkel, 2004; Figure 3.10). The faasakmblages in both alternating
facies overall indicate a relatively shallow-mararevironment, up to 60 m maximum
water depth (see also Harris and Frost, 1984; Inmaweser et al., 2000; van Buchem et al.,
2005; Homewood et al., 2008). This implies thatehgere significant differences in
accommodation availability, as a result of relasea-level change, during deposition of
the two main alternating facies; with the partiddipturbated, organic-matter-,
microplankton- and nannoplankton-bearing mudstde@sg deposited during increase of
accommodation, compared to the extensively-biotehashell-fragments-bearing, sparry-
calcite-rich wackestones, which were depositedndutecrease of accommodation (see

discussion in Mettraux et al., 1999).

74



Al Balushi (2010) PhD Thesis Natih-B Source Rock

In spite of the relatively similar absolute watepths, the faunal assemblages present
suggest that suspension settling contributed nfdsiecsediment during deposition of the
mudstone lithofacies, whereas a greater propodi@@diment in the wackestone
lithofacies was supplied either by advective preesdransporting sediment from the
surrounding carbonate platform or by in-place patiden of biogenic material (Figure

3.10). There is no doubt that the supply of carbmdabris caused some organic-matter
autodilution in the Natih-B Member (sensu van Buolet al., 2005). Additionally,
organic-matter mineralisation by biogenic degramaprocesses probably also lowered the

organic-matter content of this unit.

episodic wave
agitation

basin centre storm deposition
MSL and reworking

40 to 60 m

m/dm-thick re-sedimented
OCRM/SCRW

couplets in the
Natih-B intrashelf

frequent storm
carbonates reworking

basin

BASIN OUTER SHELF MIDDLE SHELF INNER SHELF N
B (c. 50 km) "
MSL = Mean Sea Level \( Bioturbation
FWB = Fair-weather Wave Base _= Oysters (in place)
SWB = Storm Wave Base SCRW = Sparry-Calcite-Rich Wackestone

OCRM = Organic-Carbon-Rich Mudstone

Figure 3.10. Schematic depositional model (modified from van IBera et al., 1996) for
the Natih-B intrashelf-basinal sediments (NB5 umiparticular) illustrating the two main
lithofacies alternating with one another in theib@entre; namely the organic-carbon-rich
mudstone (OCRM) and sparry-calcite-rich wackes{&@@RW). Note that sediments
deposited through suspension settling dominatentiéstone lithofacies, and sediments
supplied by lateral transport and storm-reworkingthate the wackestone lithofacies.

3.10.1. Sources of Organic Matter

Taking into consideration the relatively shallowsma setting and the fact that some of
the organic matter is derived from woody mateitak likely that there was some
offshore-directed sediment transport component {lgigon, 1995). While this woody
material may have a land source, it is also possiit it was derived from seagrasses (e.g.

Suchanek et al., 1985; Kenig et al., 1990; De Leeual., 1995). Seagrasses are marine-
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flowering, vascular higher plants that are capalblgrowing whilst completely submerged
in the shallow-water environment, typically at Iésan 10 m water depth but sometimes
down to 30 m because they lack accessory photassisthg pigments (De Leeuw et al.,
1995; Tyson, 1995; Orth et al., 2006; Short et28lQ7). Their evolutionary history might
be as long ago as 100 million years, and thereiteace of their existence during Upper
Cretaceous times (Pomar, 2001; Pomar et al., 200t et al., 2007).

Phytoplankton (and to lesser extent zooplankton badteria) were likely the major
contributors to the production of the abundant ahous (structureless) organic matter in
the Natih-B Member (e.g. Killops and Killops, 1993;son, 1995). The presence of faecal
pellets composed of planktonic foraminifer testscaoolith plates, and organic matter
suggests that this amorphous matter was predonynamtduced in the upper part of the
water column, before being transported to the seaftelatively rapidly within faecal
pellets (McCave, 1985; Alldredge and Silver, 198§son, 1995; Kuhnt et al., 1997;
Dambholt and Surlyk, 2004). It is very likely thdtese faecal pellets were produced by
filter-feeding organisms (including zooplankton asttier animal sources), which bundled
much of the microscopic components in the waterurool into organominerallic

aggregates (Alldredge and Silver, 1988).

High hydrogen index (HI) values ranging from 40@®&®9 of subsurface source rocks,
reported by van Buchem et al. (2002), provide er#vidence for the presence of the
amorphous organic matter in Natih-B. However, iptetation of Type-Il organic-matter
composition, based on palynofacies analysis (vachBm et al., 2005), may support the
coexistence of both amorphous and woody organitcemifpes in the Natih-B source-rock
interval (see also Killops and Killops, 1993; Tys@895; Terken, 1999).

3.10.2. Organic-Matter Enrichment in the Organic-Carbon-Rich Carbonate-
Mudstone Units

The very high TOC values in the intrashelf-basorglanic-carbon-rich mudstone units can
be interpreted as a result of increased primarglyectivity of organic matter, both in the
water column (phytoplankton bloom) and in the shalshelf (woody matter), that was

episodically delivered to the sediment/water irgeef at relatively higher rates, and buried
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rapidly. Evidence for the latter factor is alsopd®d by the abundant preservation of
articulated shells of bivalves (cf. Brett and Adlis 1998) in this lithofacies (see above).

Apparently, higher (local) sedimentation or bureties decrease the exposure time of
organic matter at the sediment/water interface @hur and Sageman, 1994; Weedon et
al., 2004; Katz, 2005), giving it less chance talbgraded by benthos at the oxic-dysoxic
bottom waters, where large benthic organisms (aéninelvidence of in-pladauna and
bioturbation in both lithofacies here) frequentgitate the sediment (see also Damholt and
Surlyk, 2004). However, sedimentation rate showldh® persistently too high, in order to
reduce the dilution of organic matter by carbon&éelly material) and/or clastics

(detrital clays) (e.g. Bohacs et al., 2005; Tys6()5; van Buchem et al., 2005).

Given this, we suggest that the enhanced organitenmenrichment in this lithofacies was
controlled by high primary organic productivitytae surface waters, and accompanied by
rapid but episodic rates of sediment accumulati@hltaurial (cf. Hudson and Matrtill,
1991). The rapid and episodic input of sedimepesdin fact, enhance organic-matter
preservation in these units by quickly burying tihganic matter and transporting it into
the methanogenic zone, out of the zone of subathnéind relatively organic-matter
degradation (e.g. Tyson, 1995). Moreover, thermigdication of sufficient clastic flux
(rare detrital clay and quartz) into the intraste$in to significantly dilute the organic-
matter constituent during relatively higher seditagion rates. Burchette (1993) also
suggested that changes in sedimentation rates bauklcontrolled the high-frequency
cyclic pattern of the carbonate-rich units, inteltbed at 200 to 300 mm scale with the
organic-rich facies, in the intrashelf basin of 8talaif/Khatiyah Formation of the United

Arab Emirates (age-equivalent to the Natih-B Menibé&dman).

3.10.3. Organic-Matter Reduction in the Sparry-Calcite-Rich Wackestone Units

The reduced organic-matter content in the spargitearich interbeds likely result from a
combination of organic-matter autodilution (hightwanate influx during storm events for

instance), and more importantly by organic-mattgredation during early aerobic (oxic)

and anaerobic (sulphate reduction) diagenesis.
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Given the well-oxygenated bottom-water conditiond the relatively lower sedimentation
rates during the deposition of these units, itkisly that a high proportion of the original
organic matter present at the sediment/water exterfvas degraded by the abundant
benthic fauna living on top or within the sediméng. Tyson, 1995) respiring with
oxygen. Once the residual organic component has &eerall buried slowly to depths
where free oxygen is no longer available (i.e. satp-reduction zone), in-plae@aerobic
bacteria also caused significant amount of orgamatter degradation (e.g. Machent et al.,
2007). During their metabolism, these micro-orgarsisonverted the organic matter
present to carbon dioxide and bicarbonate, whitmately become incorporated in the

sediment as calcite cement/replacement.

This interpretation of organic-matter mineralisatlwy oxic respiration and anoxic sulphate
reduction is also supported by the recent chentagi@phic work of Vahrenkamp (2010)
on the Albian-Turonian Natih Formation sedimentss Whole-rock, stable-isotopic
analyses of carbonate carbon on cores from Fabkldi(florth Oman; Figure 3.1b) show
relatively light3*3C values in the Natih-B Member source-rock inte(®B5), in the

range from +0.1 to +1.8%o. (average +0.1%. VPDB [Viatee Dee Belemnite]; cf.
Allison et al., 2008). This is compared to a ranf)g"*C values (about +1.5 to about
+5.5%0 VPDB) for other Natih Formation members, ageraround +3.5%. VPDB
(Vahrenkamp, in review). However, because3H€ values of the Natih-B sediments are
overall near 0.0%0, and given the relatively shalketting and oxic-dysoxic depositional
environment of the Natih-B intrashelf basin (intetations from this study), it is likely
that the majority of the calcite spar in the Nailsource-rock interval was derived from
normal (open, oxic) marine porewaters (e.g. Matsra Ashton, 1980; Dickson, 1985).
Moreover, thes**C depletion (negative shift) in the Natih-B Membaggests that the
excellent source rock within this succession daegia to any global Oceanic Anoxic
Event (see Homewood et al., 2008; Vahrenkamp 2@l@yview), providing further
evidence that “expanded anoxia” probably did nasteduring deposition of Natih-B (cf.
Jenkyns et al., 1994; Rodriguez-Lazaroet al., 19@8gt, 2000; Jarvis et al., 2006).

Although these stable-isotopic analyses were padron whole-rock samples, rather
than individual components of the Natih-B fine-ged sediments, relying on such data,
however, makes it impossible to be specific abbetgrocesses controlling either the

preservation or degradation of organic matterhasda sediments comprise mineral
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mixtures of biogenic carbonates from bivalve, brapbd, echinoderm, gastropod,
ostracod, foraminifer and coccolith tests, in addito the crucial authigenic-carbonate
components present in the shelter porosity of thaged tests, as well as in the rock

matrix and microfractures.

3.10.4. Shell Pavements and Facies Stacking Pattern

The observation of shell pavements (organism ceéditn surfaces) within the organic-
carbon-rich mudstone lithofacies can be interprasetiedding planes (or depositional
surfaces) that bound individual beds (e.g. KidwEH85; Beckvar and Kidwell, 1988;
Banerjee and Kidwell, 1991). These surfaces algeesent periods of nondeposition or
rapid change in depositional settings (e.g. Canipb@67; Brett et al., 2006). These
bedding planes are well pronounced in the contettteoNatih-B intrashelf basin. They
frequently separate the two interbedded lithofadesscribed here, appearing at the top of
the sparry-calcite-rich wackestone beds, but forasethe depositional surfaces for the
overlying organic-carbon-rich mudstone beds (seaflell, 1967; Figure 3.11a and b),
following a shallowing-up sequence (cf. Macquakedt Blowell, 1999; Figure 3.11c and
d).

The early calcite precipitation (predating compac)j which dominates the tops of the
extensively-bioturbated, shell-fragments-bearipgrsy-calcite-rich units (Figure 3.11a
and d), is interpreted to be explicitly relatebteaks in sedimentation (see Macquaker and
Howell, 1999; Kenig et al., 2004). Therefore, theplaceoysters that form shell plasters,
where present, were probably developed on hardgso(eng. McLaughlin and Brett,

2007). This also suggests that the depositionebifster pavements was probably
coincident with marine flooding surfaces at thestopbed sets, formed during periods
when sediment supply rates were reduced. Thesacggrisually cap thin (average 400
mm thick), upward-coarsening units (parasequerae$e organic-rich mudstone and
spar-rich wackestone couplets (cf. Morettini et2005; Figure 3.11c and d). Genetic beds
here are typically less than 30 mm thick (sensuamg 1954; Campbell, 1967; see above).
These genetic thin beds are commonly exhibiteernorganic-carbon-rich mudstone units
as a well-developed fissility (described above)eveas in the sparry-calcite-rich
wackestone interbeds they are frequently displageaimalgamated, storm-deposited thin

beds (mentioned above), resulting in a series xicadly-stacked units.
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PARASEQUENCE

PARASEQUENCE

Figure 3.11. Outcrop photographs (Jabal Salakh West) illustgasimell pavements and
stacking pattern of the two alternating lithofadie®NB5: organic-carbon-rich mudstone
(OCRM) and sparry-calcite-rich wackestone (SCRWhe(cap of camera’s lens is 60 mm
in diameter)(a) lllustration of the upper part of the SCRW and bafsithe OCRM; note

the extensive cementation near the top of the SCRMarrow indicates a cemented
oyster shell), capped with a shell plaster develapea hardground at the base of the
OCRM unit.(b) Plan view from (@) illustrating a shell pavemenm)(svhich is colonised

by articulated oystergc) lllustration of facies stacking pattern in parasatges; arrow
indicates cemented oyster at the base of the OCRtM(d) Close-up view from (c)
illustrating characteristic features of a parasegaen the context of the NB5 sequence,
where the OCRM (transgressive unit) being depositéidlly at a flooding surface

(arrows indicate cemented shells), capped wittSIBRW (regressive unit).

A parasequence in this context includes both labiefs as one transgressive-regressive
cycle (Figure 3.11d), with the organic-carbon-nohdstone (transgressive hemicycle)
deposited initially (during marine flooding) andosequently overlain by the relatively-
shallower sparry-calcite-rich wackestone (regreskiemicycle) that displays colonised
and cemented surfaces at top (see also Mettraalx 4999; Morettini et al., 2005). At
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larger scales parasequences stack into paraseggssa@nd systems tracts — sequence
boundaries may be marked here by shell beds withstdauna.

3.11. Conclusions

On the basis of detailed analyses, two main littiefatypes are described from the Natih-
B intrashelf basin, interbedding with one anotimamely: a) partially-bioturbated,
organic-matter-, calcareous microplankton- and nplankton-bearing mudstone with in-
place thick-shelled oysters and flattened pecimmd,b) extensively-bioturbated, shell-
fragments-bearing, sparry-calcite-rich wackestdinese observations suggest that the
existing models used to explain lithofacies vatigband organic-matter preservation in
the Natih-B succession, which rely upon changindoo-water anoxia or styles of
carbonate productivity, are incorrect. Insteads¢he@ata suggest that the need for bottom-
water anoxia to preserve organic matter has beerestimated, and that the mineralisation
of organic matter to carbonate precipitates dueiady diagenesis was probably very
important in controlling lithofacies variability.Herefore, the main factors underpinning
organic-matter enrichment under the oxic-dysoxieditions of this depositional setting
might have required abundant nutrients to fuelstin@rt-term high primary organic
productivity, rapid delivery of organic componetighe sediment/water interface,

coupled with rapid and episodic burial of organiatemial.

Finally, the generally shallow-water depth (40 @r8) of the intrashelf basin, rare
evidence of clinoform stratification within the NaB Member, lacking a shelf-slope
break, and the sedimentological and palaeontolbdata from this study suggest that it is
very unlikely that persistent “anoxia” existed chgrithe deposition of the Natih-B
sediments, even in the most organic-carbon-ricie$ad herefore, appreciation of these
critical observations will instrumentally improvermunderstanding of the fundamental
controls underpinning source-rock development astliblution in intrashelf depositional
basins, and ultimately enhance our hydrocarbonoeafbn and production strategies in

such setting.
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Chapter 4

High-resolution lithofacies analyses of predominantly fine-
grained carbonatesin and around an intrashelf basin: an
example from the Upper Cretaceous Natih-B Member source

rock, North Oman

Said A.K. Al Balushi, Joe H.S. Macquaker, and Catloylis

4.1. Abstract

Intrashelf basins occur on epeiric carbonate platfoand are commonly filled with fine-
grained, organic-carbon-rich carbonate sedimerdswaay form the heart of prolific
petroleum systems. Most researchers assume thatiorgarbon enrichment in these units
is a function of high primary production linkedttee presence of persistent bottom-water
anoxia and low-energy suspension-settling procesisssthus, assumed that the fill in
these basins adopts a layer-cake stacking patvetnotied by variations in primary
production, existence of bottom-water anoxia, amahging rates of sediment
accumulation. This study focuses on the proce$sgsihderpin organic-carbon
enrichment in the Cenomanian-aged Natih-B Membetdut0-m thick source-rock
interval, average about 4% total organic carbon@J)@hat have sourced hydrocarbons to

the adjacent Natih Formation reservoirs.

Over 300 samples from the Natih-B succession irtiNOman (Natih field and Adam
Foothills) have been analysied combined optical and electron-optical petrogkaim
addition to whole-rock geochemistry (TOC and X-diffraction [XRD]) and hand-
specimen descriptions. The majority of the carbesadiments encountered in this
succession have mudstone through to packstonaésx@and are composed predominantly
of biogenic-calcite test debris and replacive aockgilling calcite, together with a
subordinate fraction composed of organic mattefamous and woody), detrital quartz,

detrital clay, authigenic pyrite, authigenic doléenand phosphatic debris. Nine lithofacies
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were recognisenh the Natih-B succession. These facies preseeé&rémsition from
proximal lagoon and inner-ramp sediments (deposited10 m of water depth) to distal
outer-ramp and intrashelf-basin sediments (depbsgitd0 to 60 m maximum water

depth), with the latter being the most abundant.

Detailed descriptions of the sedimentary structare$ constituents of these sediments,
especially organic-matter-bearing pelagic mudsteveskestones (commonly described as
“monotonous black shales”) uncovered significartueal and mineralogical variability at
centimetre to sub-millimetre scales. In particuliacl/ined lenticular laminae, faecal pellets,
burrow fabrics, reworked shell fragments, fragmeémgkanktonic foraminifera and
disarticulated coccolith plates indicates that mafthese pelagic sediments were in fact
emplaced, at least partially, by episodic and ativeprocesses, instead of being
deposited directly from suspension settling underé&nergy conditions. These sediments
were then subsequently reworked locally by bottaiments and disrupted by diminutive
burrowing organisms living at the sediment/wateerface. Bioturbation, although subtle,
is common in most of units, which also contain ewick of in-placéauna suggesting that
during deposition, bottom-water conditions werelyaaly oxic to dysoxic. These
sediments, following compaction, developed thinadgjonal beds (partings) that could be

mistakenly identified as depositional laminae.

Given these observations, the preservation of ecgaatter (up to 13.7% TOC) in these
sediments was mainly a result of high primary org@noduction coupled with episodic
and rapid sedimentation and burial, rather thasterte of bottom-water anoxia. In
contrast, extensively-bioturbated, pervasively-cet®e horizons, typically present at the
tops of shallowing-upward sequences, are intergret®ccur when local rates of
sedimentation and burial rates were very slowwatig bacterial organogenic processes to
operate and provide solutes for calcite cementatiaimcompacted pore-space. The
common occurrence of assemblages of reworked fsagthents associated with units that
exhibit a normally-graded motif and bioturbatedsamdicates that these units are likely
distal tempestites. Furthermore, comparisons betWeeih-B samples from different
locations indicate that there is considerable ét@hofacies variability reflecting changes
in sediment supply and absolute bathymetry, intaddio local changes in primary
production (both organic and inorganic), sedimecuanulation rates and early diagenesis.

Therefore, the paradigm for organic-matter pred@maeeds to be significantly modified.
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4.2. Background and I ntroduction

Intrashelf (or intraplatform) basins are relativehallow depressions (< 100 m maximum
water depth), frequently developed within regiop&ktensive epeiric carbonate platforms
along passive continental margins (Markello anddR882; Read, 1982; Read, 1985;
Aigner et al., 1989; Burchette and Wright, 1992¢o¥&r, 1993; Droste, 2003). They
commonly form during major rises in relative seglewith their vertical relief being
enhanced by varying rates of biogenic productiaitg carbonate sedimentation (Read,
1982; Read, 1985; van Buchem et al., 2002b; DarsteVan Steenwinkel, 2004), and
perhaps differential compaction (Hunt et al., 1998ller, 1996), rather than strong
tectonic subsidence. These basins are generaliilshex (in the order of 3 to 10 my) and
are predominantly filled with carbonate mudstorMarkello and Read, 1982; Droste,
1990; Burchette and Wright, 1992; Grover, 1993; Bashem et al., 2002a; Droste and
Van Steenwinkel, 2004). They reflect the effectsuwface-water production and early
diagenesis within an offshore setting exposed isoelic influxes of coarser-grained
carbonate debris that were washed from the surrogrdatform by episodic storms (Al
Balushi and Macquaker, in press).

Intrashelf basins are known throughout the Phamécasedimentological record; examples
occur in the Precambrian of Canada (Grotzinger9),98ambrian of USA (Markello and
Read, 1982), Devonian of Canada (van Buchem €2@05), and Mesozoic of the Middle
East (e.g. Murris, 1980; Droste, 1990; Alsharh&85t Al-Saad and Sadooni, 2001; van
Buchem et al., 2002b; Sadooni and Alsharhan, 200%.Holocene carbonate shelf of
southern Belize (Grover, 1993; Purdy et al., 2008zzullo, 2006) may provide a modern
analogue to ancient intrashelf basins.

The carbonate mudstones in these basins are oftemed in organic carbon, and during
burial may act as significant source rocks for legarbon plays in associated facies,
particularly shoal/reefal deposits updip (e.g. N&Jrt980; Markello and Read, 1982; Read,
1985; Ward et al., 1986; Droste, 1990; Burchett\Amight, 1992; Alsharhan and Scaott,
2000; Al-Saad and Sadooni, 2001; van Buchem e2@02a; van Buchem et al., 2005;
Taghavi et al., 2007; Homewood et al., 2008). Maghors have argued that the major
controls on organic-carbon sequestration in thetengs have been the development of
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localised and persistent bottom-water anoxia iselrestricted, predominantly low-energy
depositional environments. These assumptions hase keinforced by the occurrence of

apparently “unbioturbated, monotonous shales” pveskin these settings.

Recent investigations utilising high-resolutionrpgtaphic and geochemical methods,
however, have revealed that many fine-grained sewlisncontain a great deal of
previously unrecognised lithofacies variabilityyd®ped at centimetre to sub-millimetre
scales (Macquaker et al., 1998; Schieber, 1999gMacer and Jones, 2002; Macquaker
and Adams, 2003; Schieber, 2003; Macquaker e2@0.7; Al Balushi and Macquaker, in
press). Detailed analyses of the textures (e.gt tein beds, burrow mottles, faecal
pellets, lenticular laminae and scoured surfaceg)tiaeir skeletal and mineralogical
components, present at these small scales, suggrestic bed-scale processes (sensu
Campbell, 1967). Moreover, it indicates that mahthese sediments, rather than being
deposited in low-energy settings as a result afrdicuous rain of detritus to the
sediment/water interface, were actually depositddast in part by episodic and advective
events that, following compaction, generated tleds(sensu Campbell, 1967) and then
were subsequently burrowed by a diminutive infadfuathermore, analyses of successive
samples within any individual succession and l#dlieleetween related successions suggest
that there were significant temporal and spatiahges in sediment supply and

accommodation.

In the light of these observations, this study a@immvestigate the degree of temporal and
spatial lithofacies variability within a carbonatgrashelf basin, the controls on organic-
carbon preservation in this type of setting, arerttain driving mechanisms responsible
for lithofacies variability. This study aims to f@m high-resolution lithofacies analyses
on predominantly fine-grained carbonates in andraan intrashelf basin of a broad and
shallow carbonate platform. The Upper Cretaceoem@@anian) Natih-B Member of
North Oman is used as an ideal example of a ndalyatatory as it is both exposed at the
surface and supported by a significant volume bsatface data, including core from
other parts of basin (Figure 4.1). To meet thesesadetailed descriptions of all lithofacies
present in the Natih-B Member have been generateslvariability present within these
samples has then been interpreted within a seqistrategraphic/environmental

framework.
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Figure4.1. Simplified geological map of North Oman (modifitdm Grélaud et al.,
2006). Natih-B Member outcrops are located in thetsern flank of the Al Jabal Al
Akhdar and in the Adam Foothills. Four outcrop lomas in the Adam Foothills (Jabal
Salakh East, Jabal Salakh West, Jabal Nahdah adadl Qusaybah) and subsurface core
from a well in the nearby Natih field were parttbis study, where Natih-B sections were
measured and samples werer gathered.
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To perform this investigation, 318 samples werdéectéd from an integrated outcrop to
core investigation of Natih-B sectionssix separate locations, along a dip transect across
the basin. The majority of these samples were destusing detailed thin-section
(including optical and electron-optical), minerakaj (XRD) and geochemical (TOC)
technigues. Using this information, a lithofaciepdsitional model for the Natih-B

Member has been constructed at the platform-taatssile.

This paper builds upon the previous work by Al Bhluand Macquaker (in press), which
focused on the upper part of the Natih-B Membet pinavided a detailed discussion of the
fundamental controls on organic-carbon preservatiararbonate depositional settings.

4.3. Geologic and Stratigraphic Setting of the Natih-B M ember

Throughout the Cretaceous, sedimentation on thinsouArabian Plate was dominated
by an epeiric carbonate platform in a tectonicglliyescent setting, with only episodic
incursions of siliciclastic material (e.g. Murrl980; Alsharhan and Scott, 2000; Droste
and Van Steenwinkel, 2004; Figure 4.2). A majorin&transgression initiated carbonate
deposition in the Lower Cretaceous (late Berriagiptian Kahmah Group; Hughes
Clarke, 1988) over uplifted, tilted, and subaeyia#kposed Jurassic and older strata in
North and Central Oman. This large-scale event {a&e following the separation of
South America, Afro-Arabia and Greater India fromn@wana, and the opening of the
South Atlantic and Indian oceans (Glennie, 200@sie and Van Steenwinkel, 2004).

By the late Aptian, a major drop in relative sezelecaused widespread karstification and
erosion at the top of the Kahmah Group (Shu’aibafation), resulting in the formation of
a prominent regional unconformity (Figure 4.2; HagiClarke, 1988; Scott, 1990; Droste
and Van Steenwinkel, 2004). This change in relasea level, coupled with local
tectonism (Sharief et al., 1989; Droste and Vame$tenkel, 2004), ended platform-
carbonate deposition and facilitated an extensteeraulation of argillaceous/calcareous
mudstones of the late Aptian-late Albian Nahr Urarriation (lower unit of the Wasia

Group; Immenhauser et al., 1999).
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Figure 4.2. Schematic cross section showing the stratigrapliysoCretaceous carbonate
platform in Oman (modified from Homewood et al.080original source: Droste and Van
Steenwinkel, 2004). Note the development of thmgamic-carbon-rich intrashelf basins in
the lower Shu’aiba Formation, lower Natih-E and empdatih-B members (Natih
Formation).

From the late Albian to early Turonian, anothergghaf carbonate-platform growth took
place, associated with the deposition of the Nlatihmation (upper unit of the Wasia
Group) (Scott, 1990; Smith et al., 1990; van Bucletral., 1996; Droste and Van
Steenwinkel, 2004; Homewood et al., 2008; Figugy.Based on wireline-log responses,
the Natih Formation is subdivided into seven lithatsgraphic units (members Ato G
downward, Figure 4.3, Harris and Frost, 1984; Hsdgbkarke, 1988; Terken, 1999; Droste
and Van Steenwinkel, 2004; among other referendé&®) Natih Formation has also been
interpreted in terms of a high-resolution sequestecatigraphic framework (3 third-order
and 14 fourth-order depositional sequences; Gréthadl, 2006; Figure 4.3), based on the
outcrop successions in the southern flank of théadlal Al Akhdar and in the Adam
Foothills of North Oman (cf. Philip et al., 1995rvBuchem et al., 1996; van Buchem et
al., 2002b). Uplift and erosion in the Turonianggted the advancement of the 1.2-km
thick, 1000-km wide Cretaceous carbonate-platfanotassion in Oman (van Buchem et
al., 1996; Droste and Van Steenwinkel, 2004), englthe influx of fine-grained clastics

of the Figa Formation (Aruma Group; Hughes Cladi&88) from the Arabian craton.
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Figure 4.3. Natih Formation type log from a well in the Natiblfl showing seven
lithostratigraphic members (Natih-G to Natih-A) aheir subdivisions into
lithostratigraphic units based on wireline-log sigire. Age determination is based on
ammonites (see van Buchem et al., 2005), and alesafies are after Gradstein et al.
(2004). Sequence-stratigraphic interpretationtisrabrélaud et al. (2006). Note the
distribution of the petroleum-system elements. Na&h-B Member is a major source-
rock interval in the Natih Formation, and is subdi@d into four lithostratigraphic units
(B4 to B1).
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Three major clastic-starved, intrashelf depositidr@sins (40 to 60 m water depth)
developed in North Oman during the Cretaceous. & hredude the early Aptian intrashelf
basin of the lower Shu’aiba Formation and the Adiean (lower Natih-E) and late
Cenomanian (upper Natih-B) intrashelf basins offlaéh Formation (Figure 4.2; van
Buchem et al., 2002a; Droste and Van Steenwink€l42van Buchem et al., 2005;
Homewood et al., 2008). These basins, charactebgastnificant and widespread
accumulations of carbonate source rocks with hejhas of total organic carbon (TOC;
reaching 13.7% in Natih-B), record the outpacingmfanic-matter production and
accumulation by the creation of accommodation gpo@se to major transgressions. They
developed during periods of high relative sea lewehreas with minor topographic
depressions and relatively low rates of carbon&tfegm growth, which enhanced the
accommodation availability (van Buchem et al., 280&n Buchem et al., 2002b; Droste
and Van Steenwinkel, 2004). Although clinoform getnes for the lower Shu’aiba and
lower Natih-E intrashelf basins are well interpcete seismic lines (see Droste and Van
Steenwinkel, 2004; Grélaud et al., 2006; Figurg,4tizse margin geometries are less
obvious in the Natih-B; and, therefore, its intraltipasin extent is defined by the
distribution of the distal, micro- and nanoplanktosh facies within the carbonate
platform. However, the upper Natih-B intrashelfibasunit is more important as a
source-rock interval because it is more lateratkgesive, thicker, and more organic-
carbon rich (average about 3.6% TOC and 40 m tlkes&nFigures 4.2 and 4.3) in
comparison to source-rock intervals in the lowewn'Siba and lower Natih-E intrashelf
basins. It is very likely that the Natih Formati@servoirs in the giant Fahud and Natih
fields have been sourced by the contiguous carbamatrce rocks of the upper Natih-B
Member (Grantham et al., 1987; Terken, 1999; Honuelnat al., 2008). Examples of
time-equivalent (Cenomanian-aged) intrashelf-basiadoonates to the Natih-B Member
in the Middle East region include the Shilaif/KlzsdtiFormation of UAE, Rumaila
Formation of eastern Saudi Arabia, Kuwait and sewrthraq, and upper Sarvak Formation
of southwestern Iran (Alsharhan and Nairn, 1988cBette, 1993; Aqrawi et al., 1998;
van Buchem et al., 2002b; Taghavi et al., 2007).

The Natih-B Member is subdivided in the subsurfiate four main lithostratigraphic units
(B4 to B1, bottom to top; Figure 4.3), based on genray readings from wells located in
more distal parts of the Natih-B intrashelf baJihe lower and upper units (B4 and B1,

respectively) both show relatively low gamma-rajues, varying from 12 to 56 API Units
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(average about 25). The B3 unit shows graduallyei&ing gamma-ray values from as low
as 12 API Units to as high as 70 API Units. TheuB® is the thickest (up to 30 m thick)
and characterised by fluctuating but generally igfamma-ray readings that can reach up
to 140 API Units, and can be as low as 12 API Ugterage about 100 API Units). The
high gamma-ray values in B2 are generally corredponto high TOC contents, which

can reach up to 13.7%. In this paper, we follow thihostratigraphic subdivision of the
Natih-B Member for both subsurface (Figure 4.3) anttrop successions, but we further
subdivide the B4 into two units (B4-11 and B4-I)cathe B2 into two units (B2-1l and B2-

1), based on some lithological characteristics (Fegi.4).

The outcrop-based sequence-stratigraphic modedrBuchem et al. (2002) illustrates
both the Natih-B and Natih-A members to represeet@mplete third-order cycle
(Sequence lllI; Figure 4.3), with the Natih-B sustes comprising the lowstand and
transgressive systems tracts, and the Natih-A sgm®comprising the highstand systems
tract. The maximum flooding surface is placed ribartop of the Natih-B Member, at the
time of maximum transgression and lateral extehefintrashelf basin (cf. Philip et al.,
1995; Sharland et al., 2001; Homewood et al., 2008) a higher resolution, van Buchem
et al. (2002) interpreted two fourth-order cyclgsquence IlI-1 (comprising units B4 and

B3) and Sequence l1I-2 (comprising units B2 and Bijure 4.3).

4.4. Sampling and Analytical Procedures

4.4.1. Sample Collection Rationale

In order to generate detailed lithofacies desamsiand to determine the spatial and
temporal lithofacies variability, a total of 318 tNeB samples were gathered. These
samples were obtained from two distal wells (inktaih and Yibal fields), two distal
outcrop sections (Jabal Qusaybah and Jabal Nahatahjwo marginal outcrop sections
(Jabal Salakh West and Jabal Salakh East), foreatig-oriented transect (roughly west-
east direction) in North Oman, to the south ofAlhdabal Al Akhdar (see Figure 4.1). One
hundred and twenty eight unweathered samples vadlected systematically (every 0.1 to
0.5 m) from a complete subsurface section of a iwdhe Natih filed, in order investigate
the small-scale temporal lithofacies variabilitynghundred and eight samples were
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Figure4.4. Looking NE; outcrop section in Jabal Qusaybah shguhe upper half of the
Natih Formation (members C to A). The Natih-B Membeerlies an extensively-
bioturbated, iron-enriched hardground at top N&tjtand conformably underlies whitish,
well-bedded unit of Natih-A. Note also the subdmsof the Natih-B Member here into
six units: B4-1l and B4-1 are poorly exposed; B3ldR-| are better exposed, thinly
bedded and laterally continuous; and B2-I and Bhmmsed of alternating organic-matter-
bearing carbonate mudstone-wackestone and spdoijeeach wackestone-packstone
(intrashelf-basinal deposits).

similarly collected from exposures at Jabal Qushybi#stal location) to facilitate
comparison with samples deposited elsewhere ibdka. Samples from the other
locations were obtained from laterally-equivalertervals, in order to assist in the
investigation of the lateral lithofacies varialyldacross the carbonate-platform margin and
intrashelf basin.

Four graphic sedimentary logs of the 50- to 60-itktNatih-B Member in the Natih field,
Jabal Qusaybah, Jabal Nahdah and Jabal Salaklcerstucted at the scale of 1:50 (see
Appendix A), complimented by detailed field notpeptographs and sketches. The logs
record information on the lithology, grain sizegiseentary structures, and macrofossils
and trace fossils (see Figure 4.5). The locatiahdraracter (at hand-specimen scale) of
each sample gathered are also recorded on the logs.
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Figure 4.5. Measured section of the Natih-B Member core frowedl in Natih field (see
Figure 4.1 for location) illustrating the locahdstratigraphy and temporal lithofacies
variability, with indication of some sample locat®and their TOC (total organic carbon),
carbonate (calcite and dolomite) and clastic (quand clay) contents. The carbonate and
clastic contents were estimated using both XRD dathhigh-power thin-section
micrographs of each sample. Note that the depérresf to here is driller's depth. See also
Appendices B and C for more detailed attributesamhples.
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From the 318 samples gathered, 286 polished, uhyshia (< 30 um thick) thin sections
were prepared. Two hundred and forty seven sanmglésheir TOC (total organic carbon)
content determined, and 91 representative sampes ethosen for XRD (X-ray

diffraction) analyses.
4.4.2. Petrographic Analyses

In order to provide high-resolution lithofacies bsas, all the prepared thin sections were
first analysed optically, at low resolution (46 10° m scale) by scanning each one of
them in an Epson Perfection 3170 flatbed scannebtain details of textures present. The
majority of the thin sections were then analysetdggeaphically under transmitted light
(both plane polarised and cross polarised) andlt@athode cathodoluminescence (CL),
utilising a Nikon Labophot pol petrographic micrope equipped with a digital camera, to
investigate the mineralogical, faunal and floraeamsblages, and depositional and
diagenetic features at the scale of 10 10*m. A CITL Cathodoluminescence Unit
(Model CCL 8200 MK3) was used to perform the cadhode CL, operated at
approximately 20 kV and 300 pA. At last, high-resian (10* to 10°m scale),
backscattered electron imagery were performed @nHi8 sections, utilising a JOEL 6400
SEM (scanning electron microscope) equipped witink 4-Quadrant, solid-state,
backscattered electron detector and PGT energeidise, semiquantitative, X-ray
spectrometer, which helped in confirming minerahnitity. Operating conditions were at
20 kV and 2 nA, with 15 mm working distance. A nuanbf images from each thin
section were captured at a set of scales usingrafdee digital framestore that is in
connection with the SEM. The components preseaaah sample were semiquantified

with reference to grain size abundance charts Félgel, 2004).

In addition, 34 uncovered thin sections were chaltyistained with a combined Alizarin
Red S and potassium ferricyanide solution, to dedpnguish calcite
cements/replacements from dolomite cements/replactnand also to determine
proportions of Fe substitution of Ca in the cartdier@ment/replacement lattice (see
Dickson, 1965; Adams and Mackenzie, 1998). Thetmwlwas prepared, firstly, by
separately adding 100.0 mL of 1.5% HCI to 0.2 d\ifarin Red S and 2 g of potassium
ferricyanide, and then mixing the two solutionseitggr. Then each thin section was

immersed in the mixture of solutions for 30 to €6@nds and then washed gently in
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running water for a few seconds.

4.4.3. TOC Analyses

The TOC measurements were performed at Manchesgopblitan University (UK).

Prior to each analysis, the powdered bulk sampbre weacted with 1.0 M HCI to remove
all carbonate. After that, the total carbon (TChtemts of the acid-treated samples were
obtained utilising a LECO TruSpec CN analyser, pped with an induction furnace that
burned the samples at 950°C. The TC contents ettheid-treated samples are considered
to represent the TOC contents, assuming thataltéinbonate carbon has been removed
and carbon contents obtained are of organic carbloaresults of these analyses have a

precision of £0.1%.

4.4.4. XRD Analyses

The XRD analyses were performed in order to detagrttie bulk-rock mineralogy of
some samples. A Philips PW1730 X-ray diffractometas used during these analyses,
operated at 40 kV and 20 mA, utilising a copperrdiation.

The data utilising these techniques are integriagbolv (see also Appendices B and C).

4.5. Lithofacies Present

The initial rock descriptions obtained from the 2B sections allowed nine lithofacies to
be identified in the studied succession. Theseqgmaaantly fine-grained carbonates were
described using the terminology broadly outline®imham (1962), Embry and Klovan
(1971), and Macquaker and Adams (2003). The detaifgibutes of each lithofacies are
described and interpreted below.

It is also worth mentioning here that these litlctda are more or less pervasively replaced

and cemented by carbonate. It is beyond the scofesaper to discuss in detail the

processes controlling the diagenesis in the NatMeBnber. However, as mentioned in
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this study, there is enough material (e.g. bodyteaxe fossils) being preserved in the
Natih-B sediments that can enable their depositiengironment interpretations.

4.5.1. LF1: Extensively-Bioturbated, Benthic-Foraminifera-Bearing, Sparry-Calcite-
Rich Wackestone

4.5.1.1. Description

LF1 is mainly developed at the base of the Natikidnber (base of B4 unit; Figures 4.4
and 4.5). The contact between the Natih-C and N&ithsharp and planar, with local iron
staining (Figure 4.4) and bivalve borings. LF1 ferlght-grey, nodular, extensively-
bioturbated wackestone horizon (Figure 4.6a andpjp 0.4 m thick. Burrowing here is
predominantly attributed tohalassinoidesisp (Figure 4.6a). Bedding is indistinct in this
lithofacies and no other sedimentary structuresapparent (Figure 4.6a to d). The rock is
mainly composed of calcite spar (~ 88.6%, bothomrand nonferroan, occurring both in
the shelter and intergranular porosity) and fadliyerse, uncompacted benthic
foraminifera (Figure 4.6¢c and d), together witimgopeloids and calcareous algal
fragments (including gymnocodiacean algae), mim@-grained detrital quartz (~ 4.5%)
and rare shell fragments (including rudist and oihéeterminate bivalve fragments that
were bored and abraded (Figure 4.6d), as wellsssttiulated ostracods and echinoderm
debris), in addition to very rare pyrite (~ 1.0%gstly framboidal) and amorphous organic
matter with up to 0.4% TOC (Figure 4.6c¢ to f).

Identified species of the benthic foraminifera ud# both calcareous forms (miliolids
[Figure 4.6¢ and d], miliolinid alveolinid$*faeal veolina spp. andCisalveolina spp.;
Figure 4.6d] Aeolisaccus spp.,Nezzazata conica, N. ssmplex, Idalina spp.,
Nummolofallotia apula and other indeterminate calcareous benthics) ggiinated
forms (Chrysalidina spp.,Dicyclina spp.,Marssonella spp.Nautiloculina spp. and
Pseudolituonella reicheli). Peloids are mainly composed of silt-sized, ovuidritic lumps
(Figure 4.6¢ and d), which may be derived from ndavig of lime muds or from

micritisation of shell material.
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Figure 4.6. (a) Outcrop photograph of LF1 from Jabal Nahdah itatgtg extensively-
bioturbated (predominantly attributedThalassinoidesisp. [Th]), well-cemented and
replaced wackestone with reworked shell fragméhjsThin-section scan of the same
lithofacies from a well in Natih field (sample Psee Figure 4.5 for sample location). Note
the homogenous texture of this lithofacies, witmeasparry-calcite-cemented
microfractures and shell fragments), (d) Low-power optical micrographs, both under
plane-polarised light (PPL), illustrating some lo¢ tmicrofossil components of LF1 that
include both calcareous (cbf) and agglutinated)(abhthic foraminifera, and calcareous
algal fragments, together with peloids (pld). Nibte common occurrence of miliolids
(mld, in both [c] and [d]) and presenceGikalveolina sp. Cis) in (d). Note also the bored
(arrowed) and abraded shell fragment (sf) in (@).(f) High-power, backscattered,
electron-optical micrographs illustrating the mattomponents of LF1, dominated by
sparry and finely-crystalline (“microspar”) calcifdote the presence of pyrite (both
framboidal [fp] and euhedral [ep]).
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LF1 exhibits some microfractures (Figure 4.6b anthat are pervasively filled with
sparry ferroan calcite cement. The matrix of thisofacies is dominated by both ferroan

and nonferroan microcrystalline calcite (“microspar

4.5.1.2. Interpretation

The sharp surface with iron staining and boringhatop of the Natih-C Member
suggests a submarine hardground that formed darthgamic bypass (Connally and
Scott, 1985; Immenhauser et al., 2000), and indgcttat the contact between Natih-C and
Natih-B is unconformable, consistent with its ipi@tation as a sequence boundary (e.g.
van Buchem et al., 1996). The frequent occurrefceixed agglutinated and calcareous
benthic foraminifera (including miliolids andezzazata spp.), together with peloids and
calcareous algae, and the lack of microplanktonremibplankton in LF1 suggest that
deposition occurred in a proximal, inner-platfornvieonment, within the photic zone
(above fair-weather wave base, < 20 m water depthi}. is probably indicative of an
inner-platform, subtidal lagoon setting (seluchette and Britton, 1985; Robertson,
1998; van Buchem et al., 2002a; van Buchem e2@02b; Fligel, 2004) with high enough

energy conditions to rework some of the algal drellgragments.

The extensive bioturbation and occurrence of belesls indicate that sedimentation rate
was very slow during deposition of LF1, which projed the residence time at the
sediment/water interface allowing these shellsetdtred and sediment to be bioturbated
extensively. This slow sedimentation rate also anbd the early calcite cementation
(evidence from uncompacted, pervasively-cementetissind presence of pyrite) in this

unit.

4.5.2. LF2: Nodular, Planktonic-Foraminifera, Shell-Fragments-, Pyrite-, Clay-,
Quartz- and Sparry-Calcite-Bearing Mudstone

4.5.2.1. Description

LF2 is developed in the B4 unit, in alternationtwiit~3 (Figure 4.3). Horizons that

comprise LF2 are easily distinguished in the cgréhleir predominantly green colour and

107



Al Balushi (2010) PhD Thesis Natih-B Source Rock

argillaceous carbonate mudstone texture, with sehigsh, carbonate-cemented nodules
(Figure 4.7a). These horizons vary in thicknesmffb35 to 1.05 m, average about 0.56 m.
At the exposures, LF2 is hardly recognised, propdbk to weathering and erosion of
these soft, muddy horizons. Bioturbation by localbarserhalassinoidesisp. and
Chondritesisp. is present within certain horizoridicrotexturally, the rock is characterised
by the development of solution seams, with clayarafs concentrated along them,

showing some sort of wispy lamination (‘horse tatfuctures; Figure 4.7a, b and e).

The rock is mainly composed of nonferroan spartgitea(average 49.8%), fine-grained
detrital quartz (up to 29.9%, average 13.0%), tiétclay and mica (average 11.8%,
including kaolinite and muscovite), pyrite (averddge0%, both framboidal and euhedral),
shell fragments and nonkeeled planktonic foramraifeogether with minor algal
fragments, nonferroan dolomite rhombs (average %.8&#athic foraminifera (Figure 4.7)
and K-feldspar (albite), in addition to very rarghfdebris (average 0.6%), organic matter
(average 0.5% TOC, predominantly woody type), ped wood fragments and

calcispheres.

The nonferroan sparry calcite occurs mostly as o¢mehe shelter porosity and
microfractures, and as microspar replacement imdble matrix (Figure 4.7e and f). The
shell fragments assemblage in LF2 is mainly froualvies (oysters and other
indeterminate bivalves) with rare echinoderms (idoig echinoid spines and plates),
ostracods (mostly disarticulated), and brachiop®ts. planktonic foraminifera include
mainly Hedbergella spp. (includingH. planispira) andHeterohelix spp., with rare
Praeglobotruncana spp. The benthic foraminiferal assemblage inclumt#h calcareous
forms (miliolinid alveolinids Gavelinella spp. and scarce miliolids) and agglutinated forms
(Ammobaculites spp.,Arenobulimina spp.,Buccicrenata hedbergi, Chrysalidina spp. and
Dicyclina spp.). The calcareous algal fragments are mostlyrmnocodiacean algae.

4.5.2.2. Interpretation
LF2, lacking extensive bioturbation and comprissogne shell fragments and nonkeeled

planktonic foraminifera, together with a few mixeenthic foraminifera and calcareous

algae, was probably deposited in a proximal indatfgrm environment, above fair-

108



Al Balushi (2010) PhD Thesis Natih-B Source Rock

.100 pm - - 4" : : ? 20, A g . .

Figure4.7. (a) Core photograph of LF2 (sample P6; see FigurefdrSample location
and other characteristics) showing nodular, gréemiggillaceous carbonate mudstone.
Note the wispy lamination from clay concentrati@). Thin-section scan, close-up from
(a), illustrating homogenous texture with some sofuseams and sparry-calcite-cemented
fractures(c), (d) Low-power optical micrographs, both under PPlusitating some
microfossil components, including both planktorptf)(and benthic (bnf) foraminifera,
calcareous algal and shell fragments (includinglber fragments [bf], disarticulated
ostracods (dos), echinoid plates [ecp] and echigpides [ecs]). Note the common
occurrence of pyrite (black material), and the pneg of rhombohedral dolomite (do) and
detrital quartz (qz)e), (f) High-power, backscattered, electron-optical micaps
illustrating the matrix components of LF2, comprgnhonferroan microcrystalline calcite
(“microspar”), together with detrital clay (cly) dmuartz (qz), framboidal pyrite (fp),
euhedral pyrite (ep), dolomite (do) and organictergiom). Note also the pervasively
sparry-calcite-cemented planktonic forams, assediat places with pyrite.
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weather wave base, under relatively less-energktss-oxygenated conditions (during
episodically-subduded wave activity). The abundamicsiliciclasitc detritus (quartz and
clay), together with the production-derived compuse (including shell and algal

fragments) in this lithofacies might suggest leregihg of the sediment transport path.

This lithofacies is considered to represent thet fihase of minor marine transgression in
the Natih-B4 unit. The relatively high concentrasoof pyrite (average 10.0%) might
indicate that LF2 was probably developed as paat@indensed section of an early

transgressive systems tract.

The common occurrence of nonferroan carbonatepitatgs (including calcite microspar
and rhombohedral dolomite) in association with tgy(both framboidal and euhedral)
might indicate that these authigenic carbonateg wegcipitated during early digenesis as
a result of organic-matter degredation (“organoeresis”, sensu Compton, 1988;
Mazzullo, 2000) by bacterial sulphate reductiog.(e€Compton, 1988; Machent et al.,
2007). The presence of pyrite as the only earlgel&tic iron mineral in this lithofacies
provides further evidence that the process of ardegenesis was dominated by sulphate
reduction (Berner, 1978; Taylor and Macquaker, 2000

4.5.3. LF3: Extensively-Bioturbated, Shell-Fragments-, Calcar eous-Algae-,
Planktonic- and Benthic-Foraminifera-Bearing, Sparry-Calcite-Rich
Wackestone-Packstone

4.5.3.1. Description

LF3 is developed throughout the B4 unit (Figure dirfkerbedded with green argillaceous
carbonate mudstone (LF2). It contains whitish aregish-grey wackestone-packstone
horizons, with nodular fabric and intense burrowfRgure 4.8a and b). These horizons
vary in thickness from 0.40 to 1.30 m, average &aboiB m. Trace fossils here are
represented byhalassinoidesisp., and their fabric is mostly infilled with firgrained,
greenish, argillaceous carbonate mud (Figure /8aa Bioturbation becomes
increasingly more intense towards the unit topsritexturally, this facies is homogenous
(Figure 4.8b), apart from some stylolite fabricsasated with organic matter that cut

through some parts of the rock, and few soluti@msewith clay material (Figure 4.8a).

110



Al Balushi (2010) PhD Thesis Natih-B Source Rock

L ' 50 um f 20 jm S
E s — 28 KR a0

8 11}
g8 0T Simm

Figure 4.8. (a) Core photograph of LF3 (sample P9; see Figurdéot.Sample location)
showing extensively-bioturbated wackestone-paclkstith Thalassinoidesisp. (Th)
burrowing, solitary corals (sc), stylolite fabrisf), and solution seams (ss) associated
with clay. (b) Thin-section scan of the same lithofacies illustigahomogenous
microtexture. Note th@&halassinoides (Th) burrow fabric infilled with argillaceous
carbonate mudc), (d) Low-power optical micrographs, both under PPlusttating some
of the microfossil components of LF3 (sample P@} thclude fragments of bivalves (bf),
echinoderms (ef), gastropods (gf) and calcareaeegcaf), as well as well as
Praealveolina spp. Pra), planktonic forams (plf) and calcispheres (¢s). (f) High-
power, backscattered, electron-optical microgragtosving the matrix components of
LF3, comprising nonferroan sparry and finely-crifsta (“microspar”) calcite, together
with detrital quartz (qz), framboidal pyrite (f@uhedral pyrite (ep), zoned rhombohedral
dolomite (do) and organic matter (om). Note thevpsively sparry-calcite-cemented
planktonic forams.
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LF3 is predominantly composed of nonferroan speatygite (average 70.1%), benthic
foraminifera, winnowed calcareous algae, reworkeall ragments and nonkeeled
planktonic foraminifera, with minor fine-grainedayte (average 7.3%), pyrite (average
2.2%), nonferroan dolomite rhombs (average 2.08d)cday (average 1.5%), in addition
to very rare organic matter (average 0.4% TOC, glsbbwoody type), calcispheres
(including Calcisphaerula innominata), solitary corals (average 0.5%), fish debris and

pyritised wood fragments.

The nonferroan sparry calcite occurs in the shalterintergranular porosity (predating
compaction) and microfractures as sparry cememeisas in the rock matrix as
microspar replacement (Figure 4.8c to f). The bierfihraminifera in this lithofacies are
predominantly calcareous (includifgaeal veolina spp. [Figure 4.8c]Gavelinella spp.
andTrocholina lenticularis) and rarely agglutinated éxtularia spp.). The planktonic
foraminifera occur in the matrix (Figure 4.8c tprBpresented mainly yeterohelix spp.
and rarely byHedbergella spp. (includingH. planispira) andMacroglobigerinelloides
bentonensis. The algal fragments observed in this lithofaaretude both gymnocodiacean
(Permocalculus) and dasycladacean green algae. The shell fragmesgent include those
of bivalves (mostly of oysters with rare incoceranamd rudist fragments), echinoderms,
gastropods (Figure 4.8c), and brachiopods, in extdidb predominantly disarticulated

ostracods.

4.5.3.2. Interpretation

The wackestone-packstone depositional texture lanéréquent occurrence of benthic
(including Praealveolina spp.) and planktonic foraminifera, together wita thinnowed
algal and shell fragments, and disarticulated ostia and solitary corals in LF3 all
suggest deposition in a proximal inner-platforntisgt(e.g. Connally and Scott, 1985;
Fltgel, 2004), just above fair-weather wave basé¢his setting, energy conditions were
probably moderate to moderately-high, where wawelsca currents were episodically
strong enough to concentrate the bioclastic deéind,to possibly enhance internal
precipitiation of microcryatalline calcite (e.geld et al., 1990; Reid and Macintyre,
1998).
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The common occurrence of large benthic foraminiéerd calcareous green and red algae
indicates that the sediment/water interface dudiegosition of LF3 was located in the
photic zone. The presence of planktonic foramiaifrggests that the environment was
not restricted (i.e. not a lagoon), with high-enlo@mergy conditions to fragment the shells
and algae. Furthermore, bioturbat@tidlassinoidesisp.) surfaces suggest breaks in
sediment accumulation and oxic bottom-water coongi(e.g. Philip et al., 1995). The
increasing level of bioturbation towards the uajig indicates a progressive increase of
oxygenation throughout individual beds, and thatlibd tops are associated with calcite-

repalced and cemented hardgrounds (e.g. EkdalBramdey, 1991).

4.5.4. LF4: Extensively-Bioturbated, Pyrite-, Clay- and Sparry-Calcite-Bearing,
Rhombohedral-Dolomite-Rich Mudstone

4.5.4.1. Description

LF4 is restricted to the uppermost part of the B#t (Figure 4.5), making a 0.85-m thick,
extensively-bioturbated, greenish, argillaceoustigddy-dolomitised, carbonate mudstone
horizon (Figure 4.9a), capped by a firmground. Bwing in this lithofacies may be
attributed toPlanolitesisp. (Figure 4.9a and b) afthalassinoidesisp. The rock is mainly
composed of nonferroan dolomite rhombs (~ 55.08gether with nonferroan calcite
microspar (~ 17.9%), detrital clay and mica (~ %,@cluding kaolinite and muscovite),
and pyrite (~ 10.7%, both framboidal and euhedhaladdition to these major
components, LF4 contains very rare shell fragm@ntsuding indeterminate bivalves,
echinoderms [Figure 4.9c] and disarticulated ostladebris), fish debris, algal fragments
(indeterminate gymnocodiacean algae), indetermiplargktonic foraminifera, and organic
matter (0.4% TOC) of indeterminate origin (Figur@etand f).

Dolomitisation, together with bioturbation, in thithofacies has obliterated all traces of
the original rock features (Figure 4.9a and b)eegly in its uppermost part. The
intensity of this dolomitisation decreases graduadwnwards within the B4-1 subunit.
LF4 characteristically displays a sharp upper atr(@artially erosional) and a slightly

diffused lower contact. The dolomite rhombs arda@pe, nonferroan, nonmimic (fabric-
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Figure 4.9. (a) Core photograph of LF4 (sample P18; see Figuréot.&ample location
and other characteristics) displaying greeniskeresively-bioturbated, argillaceous
carbonate mudstone. Note the presenddafolitesisp. Pl). (b) Thin-section scan, close-
up from (a), showing the homogenous microtextureF#. Note the common occurrence
of pyrite concretions (pcjc), (d) Low-power optical micrographs, with (c¢) under P&Hd
(d) under CL, illustrating characteristic featuoé4.F4 that include replacive, nonmimic,
euhedral, zoned dolomite rhombs (do). Note thatesofithe dolomite rhombs are being
partially replaced by overgrowing pyrite (black evl). Note also the unreplaced
echinoderm fragment (ef(e), (f) High-power, backscattered, electron-optical micapys
illustrating the matrix of LF4, which in addition tlolomite (do), comprises nonferroan
calcite microspar (cc), together with detrital c{aly; including kaolinite), framboidal
pyrite (fp), euhedral pyrite (ep) and organic maften). Note how some of the dolomite
rhombs and framboidal pyrite are being corss-cypiegsure-solution seams (ss).
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destructive), euhedral (planar-e type; sensu SibtelyGregg, 1987), clear crystals, 50 to
150 pum in size (Figure 4.9c to f). Many were nutddaipon or overgrew and replaced
microfossils and matrix components. They show yeatg-pink staining colour, suggesting
inclusions of precursor nonferroan calcite, in #&ddito relicts of detrital clays. Some of
the dolomite rhombs are partially or completelylaepd by overgrowing pyrite (Figure
4.9c and d). Under CL, dolomite rhombs are commanlyed (dull-luminescent and
slightly-luminescent shades of red and orangeherouter zones, with the cores displaying
brighter-orange CL; Figure 4.9d). The backscattetedtron-optical images show some

dolomite rhombs are crosscut by pressure-solugams (e.g. Figure 4.9e and f).

4.5.4.2. Interpretation

The presence of fine- to medium-crystalline, eukdeplacive, nonferroan dolomite
rhombs, crosscut by solution seams, suggests thahdisation occurred during early-
stage, shallow-burial (precompaction) diagenesiteraperatures below 50° to 60 °C (e.g.
Friedman, 1964; Dunham and Olson, 1980; Gregg #rdy$ 1984; Kastner, 1984; Taylor
and Sibley, 1986; Sibley and Gregg, 1987; Agravalet1998; Warren, 2000; Yoo et al.,
2000; Scasso et al., 2005; Azmy et al., 2008; Kainiz008; Rameil, 2008). The zonation
revealed by CL indicates that the chemistry ofdiagenetic porefluids varied during the
dolomitisation proces@zmy et al., 2008). These petrographic featuagether with the
common occurrence of framboidal pyrite and the de#jamal context of LF4, suggest that
dolomitisation occurred during early burial, cldeg¢he sediment/water interface, where
dissolved sulphate concentrations were low in @inetdyial sulphate reduction zone (e.g.
Baker and Kastner, 1981; Wiggins and Harris, 12&%® and Friedman, 1987; Compton,
1988; Holail et al., 1988; Purser et al., 1994; kadlo, 2000; Teal et al., 2000; Swart et al.,
2005; Rameil, 2008). Dolomitisation in this settisghot unknown because the porewaters
are sulphate depleted and the surface poisoniegtedf sulphate is removed (e.g. Warren,
2000; Whitaker and Smart, 2007).

The process of dolomite formation by bacterial Batp reduction is very important in a
depositional and early-diagenetic setting suchdh&f4 as it is responsible for increasing
both total alkalinity and pH of porewaters (makithgm extremely supersaturated), and
hence helping provide appropriate geochemical ¢mmdi for dolomite to precipitate
(Baker and Kastner, 1981; Compton, 1988; Pursat.,€1994; Mazzullo et al., 1995;
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Gingras et al., 2004). At the same time, this pgedse also responsible for the removal of
free SQ?” ions, which potentially inhibit dolomite precigiian by combining these ions
with Mg®* ions (Baker and Kastner, 1981; Compton, 1988; M#net al., 2003; Rameil,
2008).

The presence of extensive bioturbation in LF4, eissed with early dolomitisation,
complicates the interpretations of this unit. Hoembioturbation coupled with extensive
carbonate precipitation does suggest formationséitadial surface. Its stratigraphic context,
in association with an interval over which the seelnt rapidly fines, suggests the presence
of a sequence boundary and a capping transgraksging surface (sensu Taylor et al.,
1995; Taylor et al., 2000; Swart et al., 2005; Maadcr et al., 2007). Under these
conditions the uppermost part of the B4 unit wadurbated in the oxic zone as part of a
stratigraphic interval capping a shallowing-upwseguence (“dolomite cap”; sensu
Rameil, 2008), and dolomitisation and the changeomewater chemistries were a

response to subsequent flooding.

4.5.5. LF5: Extensively-Bioturbated, Planktonic-Foraminifera- and Shell-Fragments-
Bearing, Sparry-Calcite-Rich Mudstone-Packstone

4.5.5.1. Description

LF5 is developed in the B3 unit and lower B2-II salt (Figure 4.5), forming sub-metre
thick, whitish- to light-grey horizons (Figure 4d)0 The lower horizons of this lithofacies
are predominantly fine-grained with mudstone tessuand the upper horizons are coarser

grained with packstone textures (Figure 4.10).

This lithofacies has been extensively bioturbavath burrowing attributed mostly to
Thalassinoides isp. and rarely t&€hondritesisp. andPlanolites isp. Extensive bioturbation
has obliterated all primary sedimentary structimase rock (Figure 4.10a and b).
Moreover, some horizons explicitly show some stiddiabrics that are associated with

organic matter.
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Figure 4.10 (a) Core photograph of LF5 (sample P23; see Figuréot.8ample location
and other characteristics) illustrating extensiMalyturbated, sparry-calcite-rich packstone
with abundant reworked shell fragme(t$ Thin-section scan showing a close-up from
(a). Note the circular swirls and twisted structuoé skeletal debris (including gastropod
[af], bivalve [bf] and echinoderm [ef] fragment§)rmed by strong bioturbation (note also
distinct burrow mottles) that resulted in the destion of primary sedimentary structures.
(c), (d) Low-power optical micrographs, both under PPlusttating some of the
microfossil components of LF5 (samples P23 andrié&pectively) that include calcareous
algal fragments (cafRraealveolina spp. Pra), planktonic forams (plf), oyster (oyf) and
pyritised wood (wf) fragmentge), (f) High-power, backscattered, electron-optical
micrographs showing the matrix components of LA3ictvinclude nonferroan sparry and
finely-crystalline (“microspar”) calcite, togethetith quartz (qz), framboidal pyrite (fp),
euhedral pyrite (ep). Note the pervasively spaaigite-cemented planktonic forams,
some of which are partially infilled with pyrite.
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LF5 is predominantly composed of nonferroan speatygite (average 79.1%) that
dominates the rock matrix (Figure 4.10c to f), witlerystallised, nonkeeled planktonic
foraminifera (includingHeterohelix spp.,Hedbergella spp.,Rotalipora spp. and

Whiteinella baltica) and some uncompacted, predominantly gaicite-cemented,
reworked shell fragments (Figure 4.10c and d) eélbies (including oysters and rudists),
echinoderms (including echinoid spines and plagestropods (both low- and high-
spired) and disarticulated ostracods. In additithese components, LF5 contains minor
benthic foraminifera (includingraealveolina cretacea [Figure 4.10c]Lenticulina spp.,
Hemicyclammina spp.,Marssonella spp.,Textularia spp. and other indeterminate
calcareous and agglutinated benthics), fine-graqedtz (average 5.2%), algal fragments
(predominantly gymnocodiacean algae; Figure 4.1&xdgispheres (including
Somiosphaera sphaerica) and pyrite (average 2.3%, predominantly euhedi@djether

with very rare clay and mica (average 1.9%, incigdiaolinite and muscovite),
rhombohedral dolomite (average 0.8%), disarticdla@ccoliths, wood fragments (Figure
4.10d), organic matter (average 0.4%, both amorplod woody), fish debris (average

0.2%) and solitary corals.

4.5.5.2. Interpretation

The presence of nonkeeled planktonic foraminifeadgispheres, and disarticulated
coccoliths in LF5 may suggest deposition in an epamnine environment. The occurrence
of mixed benthic foraminifera, calcareous algaellsind wood fragments and solitary
corals, in association with the above mentionecktfassils, may indicate that LF5 was
deposited in a distal inner-platform setting, jostow fair-weather wave base under
relatively high-energy conditions and well-oxygesthbottom waters. This depositional
setting was probably associated with energetiobotturrents, which were able to rework
and agitate fine-grained sediments from the sutes(sensu Reid et al., 1990).

The extensive burrowing of this lithofacies indesthat the rates of sediment
accumulation were relatively low. Moreover, thegominance of sparry calcite,
pervasively cementing uncompacted pore-space ghacreg primary matrix components,
together with the presence of pyrite and rhombddletiriomite, suggest that the pervasive
carbonate precipitation took place during earlygdigesis, probably in association with

bacterial sulphate reduction linked to organic-evatiecay (Berner, 1981; Reid et al.,
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1990; Reid and Macintyre, 1998). Furthermore, Reidl. (1990) demonstrated that
microcrystalline calcite (“microspar”) precipitatican be very common within fine-
grained, high-energy deposits. Under these circamests, the presence of fine-grained
carbonate having an authigenic origin is signiftcas interpretations based on uncritical
use of carbonate classification schemes, assumimgfy deposition of fine-grained
carbonate in a low-energy environment, are mistep@ensuReid et al., 1990).

4.5.6. LF6: Bioturbated, Organic-Matter -, Coccoliths-, Planktonic Foraminifera- and
Shell-Fragments-Bearing, Sparry-Calcite-Rich Packstone

4.5.6.1. Description

LF6 is mainly developed in the upper part of thelBubunit (Figure 4.5). It is
characterised by its grey and very-dark grey colparvasively sparry-calcite-cemented,
uncompacted shell fragments and predominant pawkséexture (Figure 4.11a to.c)
Horizons formed by this lithofacies vary in thiclasérom 0.25 to 0.35 m, and in places
exhibit scoured bases. In addition, these horizvasnoderately bioturbated (attributed to
Planolitesisp. andThalassinoidesisp.). Rare in-place oysters have also been resednin
these units. Moreover, wispy pressure-solution seassociated with organic matter and

clay occur sporadically in these packstones (Figutéb and e).

LF6 is mainly composed of nonferroan sparry cal@tesrage 57.7%), occurring
predominantly as cement in the tests of uncompasttell fragments (including
gastropods, bivalves and ostracods) and as finghtadline (microspar) replacement in
the rock matrix (Figure 4.11b to f). In additiomnkeeled planktonic foraminifera (mainly
Heterohelix spp. with minoHedbergella spp. [Figure 4.11dMacroglobigerinelloides
bentonensis andWhiteinella baltica), disarticulated coccoliths (Figure 4.11e and) a
thin-shelled planktonic bivalves (Figure 4.11c a)éire common in this lithofacies,
together with some benthic foraminifera (includlramticulina spp.; Figure 4.11c),
echinoderm fragments (Figure 4.11c and d), finergichdetrital quartz (Figure 4.11e and
f; average 6.2%), clay (average 3.3%), pyrite (@ager3.0%, both framboidal and euhedral;
Figure 4.11f), calcispheres (includiBgpmiosphaera sphaerica; Figure 4.11c) and very

rare rhombohedral dolomite (average 1.5%), fistrideind wood fragments. Many of the
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illustrating dark-grey, bioturbated, sparry-caldiieh packstone with abundant reworked
shell fragments. Note thin black band composed@radantly of organic matter (om(p)
Thin-section scan showing close-up from (a). Notgudient occurrence of uncompacted,
sparry-calcite-cemented shell fragments of maimlgtigppods (gf) and some bivalves (bf).
Note also wispy solution seams (ss) associatedavganic matter (om), and hardly-
distinct mottling in the lower half of the scan doebioturbation(c), (d) Low-power
optical micrographs, both under PPL, illustratiogne of the microfossil components of
LF6 that include gastropod (gf) and echinoid (edigments, planktonic bivalves (pb),
calcispheres (cshenticulina spp. Le), Heterohelix spp. Het) andHedbergella spp.

(Hed). (e), (f) High-power, backscattered, electron-optical micapds showing matrix
components of LF6, comprising calcite spar and osigar, with coccolith plates (cp),
organic matter (woody [wom] and amorphous [aomJgrig (qz) and pyrite (framboidal
[fp] and euhedral [ep]). Note the pervasively spaalcite-cemented planktonic forams.
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bioclastic grains of this lithofacies are densedghed and stacked, providing evidence of
skeletal concentration. Despite being sparry-caligh and having the packstone texture,
this lithofacies contains considerable amount gharc matter (up to 5.0% TOC, average
about 3.6%). Organic matter here is very likelyiatore of both woody and amorphous

types (Figure 4.11e and f).

4.5.6.2. Interpretation

The packstone texture and the common occurrencertdeeled planktonic foraminifera,
disarticulated coccoliths and planktonic bivalvegiether with reworked shell fragments
and some smaller benthic foraminifera and calcisgshanay indicate that LF6 was
deposited in an energetic, open-marine, middlequiat environment, below fair-weather
wave base, where wave and/or current energy wdieisnt to concentrate skeletal grains
but not to remove all carbonate mud (sensu Fli&§$l4). The scoured bottoms of this
lithofacies may also suggest sediment reworkingtbyms (e.g. Brookfield and Brett,
1988). The bioturbation and benthic fauna indicdbed stable oxygenated conditions
existed at the seafloor.

The considerable amount of organic matter presarve&6 might indicate that this
lithofacies was deposited when organic-carbon prtd in the water column was very
high, coupled with high input of woody organic neatinto the platform, and perhaps
higher local rates of sediment accumulation (cfdstn and Matrtill, 1991).

The majority of the pervasive, nonferroan carborataent and replacement in this
lithofacies might have been precipitated early mnassociation with the degradation of
organic matter (e.g. Machent et al., 2007). Thegmee of pyrite suggests that part of this
early diagenesis involved bacterial sulphate radode.g. Taylor and Macquaker, 2000b).
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4.5.7. LF7: Organic-Matter -, Sparry-Calcite-, Coccoliths-, Planktonic-Foraminifera-
and Bivalve-Bearing Floatstone

4.5.7.1. Description

LF7 is developed in few horizons in the B2-1 subbumaking 0.05- to 0.30-m thick,
bivalve floatstones (‘shell beds’; Figure 4.12a &ijdThe calcitic in-place bivalves present
in this lithofacies are a combination of thick-dbdloysters and thin-shelled pectens,
forming a primary biogenic shell concentration (Fgy4.12a to c). These bivalves are in
some places associated with in-place calcareouswdres (serpulids; Figure 4.12b and
c). Shells are articulated, and the degrees ofifeagation and abrasion are very low.
The matrix of these floatstones is composed of @itbs and planktonic foraminifera
(mostly asHeterohelix spp., with rardHedbergella spp. andAhiteinella spp.), together

with nonferroan calcite microspar (average 29.884) @redominantly amorphous organic
matter (up to 7.0% TOC, average 3.6%) [Figure 4102l The tests of these planktonic
foraminifers are commonly pervasively cemented dayfarroan sparry calcite, but some
are infilled with organic matter, pyrite (Figurel2e and f) and/or kaolinite. Additionally,
some ostracods (includir@ytherella spp.), planktonic bivalves, and minor detrital dmar
(average 5.3%) are present in the background,hiegetith rare clay (average 3.2%), fish
debris (average 2.5%), benthic foraminifera, py@eerage 2.3%) and nonferroan
dolomite (average 1.3%) [Figure 4.12d to f].

4.5.7.2. Interpretation

The abundance of articulated, life-positioned hiealtogether with common pelagic
sediment (including planktonic foraminifers, plamkic bivalves and coccoliths) in this
lithofacies indicate deposition in a relatively l@mergy, outer-platform environment
(Flugel, 2004), well below fair-weather wave baBee presence of these in-place
bivalves, together with ostracods and benthic fanéera, also indicate that oxygenated
bottom-water conditions occurred during depositibime absence of trace fossils in this
lithofacies, however, might indicate a comparagnMelv oxygen concentration (cf. Allison
and Brett, 1995).

The high organic-matter content in this lithofadgegrobably a result of high primary

122



Al Balushi (2010) PhD Thesis Natih-B Source Rock

Q
e

(ox
|

Figure4.12. (a) Core photograph of LF7 (sample P56; see Figuréot.8ample location
and other characteristics) illustrating dark-gtayalve floatstone (‘shell bed’{b) Thin-
section scan showing a close-up from (a). Notetireary biogenic shell concentration
formed by the in-place growth of oysters (oys) pedtens (pct), as well as serpulids (spd).
(c), (d) Low-power optical micrographs of the same sampd¢h under PPL, illustrating

the internal microstructures of oysters, pectemssanpulids, and other microfossils
present in LF7 including planktonic foraminiferdfjpplanktonic bivalves (pb) and fish
debris (fd).(e), (f) High-power, backscattered, electron-optical micapps of the same
sample illustrating the matrix components of LFGmrising nonferroan sparry-calcite
cement (infilling forams’ tests) and nonferroanct& microspar replacement, together
with coccolith plates (cp), organic matter (woodymn] and amorphous [aom]), quartz
(qz), pyrite (framboidal [fp] and euhedral [ep])daciay (cly). Note also the presence of
euhedral dolomite rhombs (do). TOC content of saisiple is 2.8%.

123



Al Balushi (2010) PhD Thesis Natih-B Source Rock

organic production at the surface waters, acconagldny episodically-high local rates of
sediment accumulation and burial (cf. Hudson andiMa 991). Evidence for the latter
factor is also provided by the abundant preseraatfcarticulated shells (cf. Brett and
Allison, 1998; Lazo et al., 2005).

4.5.8. LF8: Partially-Bioturbated, Organic-Matter -, Sparry-Calcite-, Coccoliths- and

Planktonic-Foraminifer a-Bearing Mudstone-Wackestone

4.5.8.1. Description

This lithofacies is very important in the Natih-Bekhber, occurring frequently in the upper
units (B2-1 and B1), mainly in alternation with LEBigures 4.5 and 4.13). In particular, it
accounts for most of the source rock intervalsqaes the Natih Formation in general
and Natih-B Member in particular. Horizons represdrby this lithofacies can reach up to
13.7% in TOC (average about 6.1%; 35 samples offtd@ Natih field), and vary in
thickness from 0.015 to 1.650 m (average aboutS0m)

These horizons are usually grey to very dark-gnegolour, partially bioturbated, and in
some places exhibit relict, very thin genetic b@&ito 30 mm thick), which may have been
mistaken for genetic laminae by some geologisiguféi 4.14a and b). The partial
bioturbation here is mainly attributed to horizdratad compacte®lanolitesisp. (Figure
4.14a and b), and less commonly to srRalfcosiphon isp. andThalassinoidesisp. In
addition, in-place, articulated thick-shelled oysténcludingExogyra spp.and

Amphidonte spp.) and flattened pectens (Figure 4.14a andebdfaen well preserved in
these horizons, together with some fragmented W@gahnd fish debris (Figure 4.14b and
c), and few echinoid spines and ostracods (mosihrticulated). Rare small benthic
foraminifera have also been detected in some aktherizons, including the calcareous
Eouvigerina spp.,Lenticulina spp. (Figure 4.14c) arfflilostomella spp. benthics, and the

agglutinatedViarssonella spp. andSpiroplectammina spp. foraminifers.

These mudstone-wackestone horizons are also chasact by the abundant accumulation
of calcareous microplankton (planktonic foramirgeand nanoplankton (coccoliths) that
are usually contained in faecal pellets. The plamiktforaminifera here are represented

primarily by nonkeeledHeterohelix spp. (includingHeterohelix reussi, H. moremani and

124



Al Balushi (2010) PhD Thesis Natih-B Source Rock

A5 - o = - e

Figure 4.13. (a) Outcrop photograph (Jabal Nahdah) from the middke @f the Natih-B
Member (B2-1 unit) illustrating the stacking pattesf the intrashelf-basinal lithofacies
(LF8: organic-carbon-rich mudstone-wackestone af@t Isparry-calcite-rich wackestone-
packstone) that alternate with one another. Naeelatively soft and fissile nature of LF8
and hard, well-cemented LF9, and the sharp boueslagtween them. LF8 and LF9
together stack into shallowing-upward sequencesaggguences) that are capped by
marine flooding surfaces (MFS), associated withingahardgrounds at top of LF@)

Core photograph (Natih field; see Figure 4.5 fangkes depth and other characteristics)
from a roughly time-equivalent interval to (a) shiogvLF8 and LF9 alternating with one
another. Note the 50-mm-deep scour feature (arrpatetthe base of LF9. Note also the
common bioturbation especially in LF9. See Figudé&4or more details on sample P47.
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Figure 4.14. (a) Core photograph an(th) thin-section scan of LF8 (sample P77; see Figure
4.5 for sample location) illustrating partially-biwbated, organic-carbon-rich mudstone.
Burrowing here is mainly attributed to horizontailghly-compactedPlanolitesisp. (PI).

Note occurrence of in-place pectens (pct) and dthgmented bivalves (bf) and oysters
(oyf) present at disrupted and discontinuous begldinfaces that bound relict thin beds.
Note also the irregular and discontinuous lamirfaaganic matter throughout the sample.
(c), (d) Low-power optical micrographs, both under PPlusttating some of the
microfossils present in LF8 that include planktoialves (pb), fish debris (fd),
Lenticulina sp. (€). Note common occurrence of faecal pellets (fptl@sing planktonic
foraminifers (plf).(e), (f) High-power, backscattered, electron-optical micaphs
illustrating the matrix components of LF8, whichhgarise sparry-calcite-cemented
planktonic forams (plf), organic matter (om), digarlated coccolith plates (cp),
microcrystalline calcite (“microspar”; mcc), quaftgz), clay (cly) and pyrite (framboidal
[fp] and euhedral [ep]). Note faecal pellets (fpiat predominantly enclose coccoliths.
TOC content of this sample is 9.9%.
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H. pulchra; Figure 4.14d and e) with a fadedbergella spp. (includingH. planispira) and
scarcéhhiteinella spp. (including\V. baltica), Dicarinella spp.,Guembelitria spp.,
Macroglobigerinelloides spp. (includingV. bentonensis) andRotalipora spp. (includingR.
appenninica), in addition to indeterminate, predominantly nealed planktonic
foraminifera (disaggregated small and large forl@&articulated coccolith plates
frequently dominate the rock matrix of these u(figure 4.14e and f), present in
association with some fragments of planktonic fargi@ra, microcrystalline calcite
(“microspar”) replacement, organic matter, togetigh minor to trace amounts of very
fine-grained quartz (average 6.3%), clay (averag&o4including kaolinite), dolomite
(average 3.4%), pyrite (average 2.9%, both euhedciframboidal) and phosphatic debris
(average 2.9%). Organic matter here is probablynabination of both woody and algal-
marine types. Additionally, thin-walled planktorboralves are present in this lithofacies

(Figure 4.14c) and become frequent in the uppdrgiddatinh-B.

Many of LF8 samples are also characterised by tbsepce of nonparallel (inclined)
lenticular laminae that contain faecal pellets (iFgg4.15). This type of low-angle lamina
texture could be mistaken for parallel planar laation (sensu Macquaker and Bohacs,
2007). Partial bioturbatiorPfiycosiphon isp. andPlanolitesisp.) in these samples

disrupted some of these laminae.

The faecal pellets in LF8 are composed of fragnientenkeeled planktonic foraminifera
(predominantly asleterohelix spp.) and disarticulated coccolith plates (Figudetd to e).
These pellets vary in size from 0.1 to 0.5 mm asedcammonly flattened by physical
compaction parallel/subparallel to bedding. Théstesthe planktonic foraminifera are
commonly infilled with nonferroan sparry-calcitencent (Figure 4.14e), but organic
matter and rare kaolinite, pyrite and/or doloma@ @lso take part. Few of the planktonic
foraminifera have been crushed by compaction.

There is no evidence of stylolites or fracturinghese pelagic, organic-carbon-rich

sediments.
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Figure 4.15. (a) Core photograph(p) thin-section scan an@) low-power optical

micrograph illustrating characteristic depositiofestures of LF8 (sample P47; see Figures
4.5 and 4.13b for sample location and other charitics). Note the nonparallel lenticular
lamination (nll) that is partially disrupted by dimative burrows, mainly attributed here to
Phycosiphon isp. (Ph). These lenticular laminae are composed of fagekdts, which
enclose foraminiferal tests and coccolith plateguie 4.14d and e). Note also the remnant
thin beds (especially in [a] and [b]) that are babiny laterally-discontinuous bedding
surfaces associated with flattened pecten shellmp® P47 is also characterised by its
high TOC content, reaching 11.6%.

4.5.8.2. Interpretation

The increased percentage of planktonic foraminiiethese organic levels of the Natih-B
Member indicates an increasing oceanic influenaavéver, the common occurrence of
predominantly nonkeeled planktonic foraminiferacliuding Heterohelix spp. and
Hedbergella spp.) suggests that the waters were not that *dieemg deposition of LF8
sediments (not deeper than 40 to 60 m). These etetkéorms are considered to be
shallow-water dwellers, and are the first to cabemew seaways and the last survivors
being able to reproduce in shallow waters.
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The lack of preserved parallel lamina, presend@attirbation and occurrence of in-place
benthic fauna suggest that, at the time of dewsithe conditions at the sediment/water
interface were oxic-dysoxic, rather than persisyesmoxic (cf. Hudson and Martill, 1991;
Wetzel and Uchmann, 1998; Macquaker et al., 20@a@)eover, the presence of in-place
oysters as shell pavements (colonisation surfaras)moderate bioturbation in many of
these horizons suggest that the sediment was fathe than “soupy”), and that there
were prolonged breaks between sediment supply {se¢ Kenig et al., 2004; Macquaker
et al., 2007). The breaks in sedimentation muse l@en long enough for some carbonate
precipitation to occur (Raiswell et al., 1988) andke the sediment firm, and to allow
seafloor colonisation by both the burrowing orgarssand oysters.

The lenticular lamina texture and presence of dhediments in LF8 indicate that

relatively more energetic depositional conditiomskt place, influenced by episodic and
advective sedimentation close to storm wave bdse.ificlined laminae, composed of
faecal pellets, are here interpreted as curreptagothat were responsible for the lateral
transport of the pelagic components (planktoniarunifers and coccoliths) from the
surface waters to the basin centre (séviaaquaker and Bohacs, 2007). This interpretation
IS in contrast to traditional assumptions thatrortet their deposition as a result of direct

settlement from suspension in the water column upéssistently low-energy conditions.

The dark colouration of this lithofacies appearbédhe dispersed organic matter with clay
and pyrite. The carbonate cements infilling thengtanic foraminifera tests in these
horizons may be related to very early diagenetic@sses, as the tests are uncompacted.
The presence of a calcite-pyrite cement assemBlaggests that at least part of this early
diagenesis was linked to bacterial decay of orgaratter (cf. Irwin, 1980; Taylor and
Macquaker, 2000a).

129



Al Balushi (2010) PhD Thesis Natih-B Source Rock

4.5.9. LF9: Extensively-Bioturbated, Shell-fragments, Benthic- and Planktonic-
Foraminifera-Bearing, Sparry-Calcite-Rich Wackestone-Packstone

4.5.9.1. Description

LF9 is frequently developed in the upper unitshef Natih-B Member. It repeatedly occurs
in the B2-I subunit and B1 unit, mostly in alteioatwith LF8. LF9 is usually light- to
dark-grey, well-exposed, laterally-continuous, ardy resistant to weathering (Figure
4.13). It is characterised by being strongly calceémented and extensively bioturbated.
Burrowing in this wackestone-packstone lithofaggeattributed mainly td@halassinoides

isp. and rarely t®lanolitesisp. andPhycosiphon isp. Both cementation and bioturbation

resulted in a mottled and recrystallised appearahtas lithofacies (Figure 4.16a and b).

Horizons consisting of this lithofacies vary indkmess from 0.02 to 1.85 m, but average
about 0.21 m. The bases of these horizons arelystalrp and erosive (Figure 4.13), and
comprise a mix of disarticulated shells (includbigalves, echinoderms, gastropods and
brachiopods). They may exhibit scouring featureguie 4.13b) and amalgamations of
several thin (5 to 50 mm thick), normally-gradedjividual beds may occur locally within

these horizons.

LF9 is mainly composed of nonferroan calcite spaetage 74.1%), which occurs in the
tests of bioclasts as sparry cement as well dsimdck matrix as finely-crystalline
(microspar) replacement (Figure 4.16). Reworkedpurpacted shell fragments are
common in this lithofacies, mainly of bivalves (inding oyster and rudist fragments),
together with some ostracods (predominantly disaldted), gastropods (including both
low- and high-spired forms), echinoderms (includaatpinoid spines and plates) and
serpulids (Figure 4.16b to d). Benthic and planktdaraminifera and coccoliths are also
common in this lithofacies, in addition to sparatispheres§omiosphaera sphaerica,

Pithonella ovalis andCalcisphaerula innominata), planktonic bivalves, fine-grained
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Figure 4.16. (a) Core photograph an) thin-section scan of LF9 (sample Y8; see Figure
4.5for sample location) illustrating extensively-bidiated, shell-fragments-bearing,
sparry-calcite-rich wackestone. Bioturbation is mhaattributed toThalassinoides isp.

(Th). Note abundance and diversity of shell debrisysters (oyf), pectens (pct),
gastropods (gf), serpulids (spd) and indetermibatalves (bf).(c), (d) Low-power optical
micrographs illustrating microfossils present indLRat include ostracods (0s), fish debris
(fd), rudist fragments (rf), echinoid spines (ehinoid plates (ep), benthic foraminifera
(calcareous [cbf] and agglutinated [abf]), planktdioraminifera (plf), calcispheres (cc)
and planktonic bivalves (phb(e), (f) High-power, backscattered, electron-optical
micrographs illustrating matrix components of LE®mprising pervasively sparry-calcite-
cemented planktonic forams (plf), disarticulatedamiths (cp), microcrystalline calcite
replacement (“microspar”), quartz (gz), clay (cyd pyrite (framboidal [fp] and euhedral
[ep]). Note the development of stylolite fabricH)(along and through planktonic forams,
associated with organic matter. Note also how s@sits of planktonic forams are being
infilled with pyrite.
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detrital quartz (average 4.8%), rare pyrite (averad.%, euhedral and framboidal),
rhombohedral dolomite (average 2.5%), clay (ave£ag®, mostly as kaolinite) and
organic matter (average 1.1% TOC), and very ratedibris (average 0.6%) [Figure

4.16c to d] and wood fragments (average 0.1%).

The benthic foraminifers present in this lithofacieclude both calcareous forms
(including Lenticulina spp.,Trocholina lenticularis, Rotalia cf. skourensis andGavelinella
spp., among other indeterminate calcareous behtnckagglutinated forms (including
Marssonella spp., Textularidagylarssonella trochus, Spiroplectammina spp. andDorothia
spp., along with other indeterminate agglutinatadrinifera). The planktonic
foraminifers are mostly represented heréHaterohelix spp. (includingH. reussi andH.
moremani), Hedbergella spp. (includingH. planispira andH. delrioensis) andWhiteinella
spp., as well as min@uembelitria spp.,Dicarinella spp.,Macroglobigerinelloides spp.
andPraeglobotruncana spp. Some of the planktonic foraminifers in LF8 aoncentrated
along stylolite fabrics that also in places cubtlgh them (Figure 4.16e).

4.5.9.2. Interpretation

The wackestone-packstone texture, extensive biatioriy and common occurrence of
mixed benthic and planktonic foraminifera and deeereworked shell fragments, with
coccoliths, calcispheres and ostracods, all indit@t LF9 was deposited in a relatively
shallow-marine (open outer platform), high-energg|l-oxygenated environment, above
storm wave base (e.g. Brett and Allison, 1998; \8lednd Uchmann, 1998; Hallam et al.,
2000). The reworked shell fragments and the erdsages, coupled with normal grading
textures, suggest that sediments of this lithotaaiere swept by waning flow currents
(likely distal storms) from the surrounding carbtenplatform down into the intrashelf
basin (cf. Droste, 1990; Hudson and Matrtill, 199%jeger, 1991; Osleger and Read, 1991;
Burchette, 1993). In addition, it is likely thatthorizons of this lithofacies were formed
by the amalgamation and winnowing of individualntier storm-generated beds, resulting
from the reworking of sediment during major storver@s (Banerjee and Kidwell, 1991,
Myrow and Southard, 1996; Varban and Plint, 200@)ticular offshore-directed and
geostrophic currents produced by storms were piglvabponsible for erosion, sediment
mixing, and both shore-parallel and offshore sedini@ansport (Aigner, 1982; Burchette
and Britton, 1985; Leckie and Krystinik, 1989; Duk®90; Duke et al., 1991).
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The abundance of early-marine calcite cement goldeement (predating compaction),
low preserved organic-matter content, and degrdeotdirbation in this wackestone-
packstone lithofacies indicate that there was sigffit time for solutes to be diffused to the
sites of carbonate precipitation, and for the sedinto be extensively burrowed.
Moreover, the abundance Bhalassinoidesisp. here indicates that between storm events
the depositional environment was reasonably garet,that overall rates of sediment

accumulation were relatively slow.

4.6. Discussion

4.6.1. Overall Depositional Environment

The overall stratigraphy, with the dominance oeasively-bioturbated, algal and benthic-
foraminiferal mudstones-wackestones (associatdu alatys) in the Natih-C and lower
Natih-B (B4 and B3 units), extensively-bioturbatedclastic packstones in middle Natih-
B (B2-1l) and partially- to extensively-bioturbatpelagic/bioclastic mudstones-
wackestones in upper Natih-B Member (B2-1 and RhYj the absence of large reefal
structures, suggest that overall deposition wdgllyi occurring in shallow-water platform
environment that passes gradually into proximaéinand mid-ramp environments, and
further seaward, into distal outer-ramp and intetétsbasin conditions (see Appendix C
and Figure 4.17; Smith et al., 1990; Tucker etl&193; van Buchem et al., 2002b; Flugel,
2004; Homewood et al., 2008), with the latter belmgmost abundant. This, generally,
gradually upward-deepening trend represents a @ssiye transgression, which overall
influenced the deposition of the Natih-B MembereTdasal Natih-B4 unit (overlying
extensively-bioturbated, bored and iron-enrichedigigund at top Natih-C) represents the
initial stages of this third-order marine transgres (van Buchem et al., 1996). The
subsequent units (B3, B2, and B1) represent a giysteadily-rising eustatic sea level,
but with several breaks in sedimentation due th{iigquency sea-level fluctuations,
associated with the development of several submdandgrounds that are linked to

breaks in sediment accumulation (Figure 4.13) ddliteon to these sedimentation breaks, a
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Figure4.17. Generalised diagram illustrating depositional madehe Natih-B Member,
with indication of the likely depositional envirommis of the main lithofacies present in
the succession (senBurchette and Wright, 1992). See Figure 4.5 forvibrtical
distribution of the Natih-B units (B1 to B4) anthibofacies (LF1 to LF9), and the text for
their detailed attributes. (MSL = Mean Sea Lev&l/B-= Fair-weather Wave Base; SWB
= Storm Wave Base). Note that palaeopathymetrynesti is based on faunal evidence.

forth-order sequence boundary is placed at thenN&@ito B2 transiotion (see Figure 4.3;
Grélaud et al., 2006; Homewood et al., 2008).

The faunal and floral content (benthic foraminifgrecluding miliolids, miliolinid
alveolinids,Nezzazata spp. andicyclina spp.], planktonic foraminifera, calcareous algal
and shell fragments of bivalves, echinoderms amomds) of the B4 (LF1 to LF4) and
B3 (LF5) units indicates that they were depositedn inner-ramg< 35 m deep)
environment, which changed into a mid-ramp envirentduring deposition of the B2-II
subunit (LF6, bioturbated skeletal packstones wtierse fossils) [Figure 4.17; Appendix
C]. This transgressive event culminated in the bigreent of an outer-ramp and
intrashelf-basin (40 to 60 m deep) environmentsnidated by nonkeeled planktonic
foraminifera, coccoliths and both benthic and ptanic bivalves, together with shallow
ramp-derived bioclasts, calcispheres and somedésinis) in which the pelagic-sediment-
rich B2-1 subunit and B1 unit (LF7 to LF9) were dspied (Figure 4.17; Appendix C). As
sea level rose, accommodation increased, whichteelsn the dispersion of the mud-
dominated carbonate products over wider areasedbaisin, resulting in the spatial and
temporal distribution of the Natih-B lithofacies.

Specifically, sedimentation in the Natih-B is chdesised by the development of stacked
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dm- to m-scale shallowing-upward successions (eigut3), where rates of sediment
supply were greater than available accommodatigterisively-bioturbated and
pervasively-cemented and microcrystallised subredmardgrounds are commonly
developed at the tops of these thin, upward-shgalirtcessions (Figure 4.13). Overall,
these thin, upward-coarsening cycles are intergretde stacked successions of
parasequences that are organised into an ovetraljradational trend (sen€dsleger and
Read, 1991; Tucker et al., 1993; Bosence and WiBdod3; Coe and Church, 2003;
Fltgel, 2004). Evidence for the latter includesalerall thinning-upaward trend of the
alternating LF8 and LF9 horizons (Figure 4.5) abdralance of planktonic bivalves in
LF8 towards the top of Natih-B.

4.6.2. Pelagic Sedimentation

The fine-grained carbonates encountered here domhyr@mprise detritus composed of
coccoliths, planktonic foraminifera and planktohiealves, as well as varying proportions
of transported shallow-water bioclasts (e.g. bigghagments [including rudists],
gastropod debris, and echinoid plates and spiimepjace fauna and flora (e.g. bivalves
[including oysters and pectens], benthic foramnaf@stracods and calcispheres),
authigenic components, organic matter and detilialclastics. Carbonate mudstones and
wackestones that contain assemblages of thisisartchalks’) are typically interpreted
(e.g. Hattin, 1981; Burchette and Britton, 19831kims, 1986; Tucker and Wright, 1990;
Philip et al., 1995; Flugel, 2004; Homewood et 2008) as having been deposited in
open-marine environments as pelagic accumulatexgs Within Upper Cretaceous
deposits from North America, Europe and the Mideiest). Most sedimentologists assume
that such units were deposited as a continuoufanspended sediment that settled
through the water column under quiescent conditionsettings where strong bottom
currents were largely absent (e.g. Hancock, 19Tiuh et al., 1984a; Pickering et al.,
1986; Caus et al., 1993; Wignall, 1994; Stow et18196; Stow and Tabrez, 1998;
Drzewiecki and Simo, 2000; Stow et al., 2001).

While the Natih-B fine-grained carbonates, partclyl in the upper part of the succession
(units B2 and B1, especially LF9 [Figures 4.13 4rib]), have faunal elements that might
indicate this depositional style, they are alsaarged into thin, normally-graded or

amalgamated skeletal beds that have erosionalteng bases and strongly-bioturbated
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tops. Such features suggest that deposition oattnwen episodic waning flows, which
belies their origin as simple suspension-settledjraents deposited as a continuous rain.
Instead, these data suggest that deposition maytheen episodic, and at least in part
driven by erosive events that had the ability toegate some episodic and advective
transport of sediment. In this setting, these diépase likely the products of distal-storm
reworking (see Homewood et al., 2008), and areiplygempestites (sensu Seilacher and
Aigner, 1991; Myrow and Southard, 1996). Such a&erpretation is supported by the fact
that some units (LF8) also contain compacted stharygple (lenticular) laminae composed

of faecal pellets, inclined at low angles (Figurgsj.

The internal characteristics of these particulatsb@rosional bases, shell concentration
and/or amalgamation, overall normally-graded stagkiattern, and current-ripple
lamination) suggest that they were likely produbgatombined flows, such as either
shore-parallel geostrophic currents or wave-entisediment-gravity flows that
impinged on the seafloor (e.g. Duke, 1990; BanajetKidwell, 1991; Myrow and
Southard, 1996; Molina et al., 1997; Pomar and &aop, 2001; Wright et al., 2001,
Friedrichs and Wright, 2004, Ichaso and Dalrymp@)9; Macquaker et al., in press).
Such offshore-directed flows are also likely to édeen responsible for at least some of
the transport of the updip fauna and flora into endowndip settings, which lead to the
intermingling of shallow-water biota in the basiseatting (Figure 4.17; e.g. Aigner, 1982;
Droste, 1990; Tucker et al., 1993; Pomar and Tnope2001; Fligel, 2004; Pomar et al.,
2005; Lasseur et al., 2009).

4.6.2.1 Sediment Reworking, Bioturbation and Dispersion

The abundance of faecal pellets in some units &f (Eigures 4.14 and 4.15), composed of
phytoplankton detritus (specifically coccolith maf foraminiferal tests and amorphous
organic matter), suggests that, at least occasyoiabre was significant primary
production in the surface water, and that muclhefrhaterial in the water column was
bundled by filter-feeding organisms (zooplanktartbiorganominerallic aggregates (sensu
Alldredge and Silver, 1988) prior to being deliwvete the sediment/water interface.
Sediment delivery to the seafloor by this methocbisimonly much more rapid than by

conventional settling of fine-grained sediment aas likely a significant additional
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sediment-delivery process, along with the stormadriadvective flows (e.g. Feazel et al.,
1985; Pevear and Grabowski, 1985; Schatzinger,et@85; Varban and Plint, 2008).

The trace fossilsThalassinoides isp.,Planalites isp. andPhycosiphon isp.) that are
recognised throughout the Natih-B succession sugigasthe substrate was firm (rather
than soupy) and oxygen was available near the ssdimater interface (sen&womley,
1975; Kennedy, 1975; Scholle et al., 1983; EkdakkBromley, 1984; Schatzinger et al.,
1985; Macquaker et al., 2007; Heard et al., 20883n during the deposition of the most
organic-carbon-rich sediments (Al Balushi and Maxdapr, in press). The intense
burrowing in most of the Natih-B sediments is autesf the large benthic population at
the seafloor. Extensive bioturbation and earlyitelcementation and microcrystallisation
in some horizons (e.g. LF9; Figure 4.16) may ingigrp periodic reduction in
sedimentation rates or even nondeposition, whistlted in periodic exposure of the
sediment to prolonged burrowing activity and liitetion by bottom waters, perhaps
connected with an increased current action (PeaeduGrabowski, 1985; Bathurst, 1987;
Garrison et al., 1987). Strong bottom-current digstimay greatly enhance seafloor
lithification by episodically winnowing and sortirige sediment, forming cemented and
recrystallised layers (marine hardgrounds) thatraegularly scattered throughout the
succession (Figure 4.13; Scholle et al., 1983; €uakd Wright, 1990; Philip et al., 1995).
Part of this cementation and microcrystallisationcess was probably associated with the
oxidation of the available organic matter (Al Bdluand Macquaker, in press, and
references therein). Some hardgrounds in the NBatbember can be traced laterally over
distances of 100 km between the sections at thenAezothills (Immenhauser et al.,
2000), reflecting the regionally-consistent andsggtent conditions of seafloor
cementation and recrystallisation (Kennedy andi€amy 1975; Tucker and Wright, 1990)
and the widespread effect of the fundamental ctimgdfactors, likely high-frequency
eustatic sea-level change.

As a result of extensive bioturbation by burroworganisms and sediment mobilisation by
bottom currents, primary sedimentary structureshratecommonly preserved in the highly-
bioturbated, sparry-calcite-rich intervals of thatiN-B (LF1, LF3, LF5, and LF9). The
organic-matter-bearing intervals (e.g. LF8) aresantrast, partially bioturbated. Most of
these organic-matter-bearing intervals were depdsihd buried episodically and rapidly

and, therefore, less affected by burrowing orgasiéf Balushi and Macquaker, in press,
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and references there in). Consequently, thesevadtemay preserve some relict thin beds
or some starved current ripples (Figures 4.14adxal5a, b). The presence of in-place
fauna and burrow fabrics (Figures 4.14a to c at8)4nevertheless, suggest that bottom-
water anoxia did not exist during the depositiothafse organic-carbon-rich units
(Schatzinger et al., 1985; Hudson and Martill, 299&chhour et al., 1998; Schieber,
2009; Al Balushi and Macquaker, in press).

Combined and geostrophic bottom currents (shoralpfralong and across storm-
influenced shelves can rework and resuspend setlinterlags, and may lead to the
accumulation of mud in the mid-shelf belt (Schetal., 1983; Burchette and Britton,
1985; Pickering et al., 1986; Higgs et al., 1990¢Ker and Wright, 1990; Duke et al.,
1991, Varban and Plint, 2008; Plint et al., 20005 very likely that the pelleted carbonate
muds in the Natih-B was frequently resuspendeddyrsactivity in water depths up to 60
m, and advectively transported both across (seftswder and Wright, 1994; Macquaker
et al., in press) and obliquely across the sheligavVarban and Plint, 2008; Plint et al.,
2009). The onset of deposition by bottom curremthée Natih-B Member is signalled by
the development of current-ripple-laminated horzohLF8 (Figure 4.15), implying that
much of the pelagic sediment in these horizongisimply deposited out of suspension
under low-energy conditions (senglacquaker and Bohacs, 2007). Current-ripple laminae
are suggestive of high-energy turbulent conditiang existence of traction-current
activity. However, the absence of buildups in treilNB succession may imply deposition
in very low-gradient (< 1°) settings, perhaps imloclinal, ramp-like shelf margin (sensu
Ahr, 1973; Read, 1982; Cook et al., 1983; Burchatie Wright, 1992; Stanton and Flugel,
1995; Wright and Burchette, 1996; Pomar, 2001b).

Recent studies have suggested that wave-enhantietesg-gravity flows may also play a
significant role in offshore dispersal of fine-grad sediment in some settings (e.g. Wright
et al., 2001; Friedrichs and Wright, 2004; Friedsiand Scully, 2007; Plint et al., 2009;
Macquaker et al., in press). Macquaker et al. (@sg) argued that such flows were
potential dispersal agents of large volumes of maydly across low-gradient (as low as
0.5m/km) shelves. The distribution of these flowd associated deposits across the shelf
is controlled by sediment supply, seabed gradand,spatial distribution of bottom

wave/current energy (Macquaker et al., in press).
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Storm-generated waves and currents may deposietgitgs, which may usually show
sharp and erosional bases, graded beds, accumutdtieworked shells as basal layers,
cross and planar lamination, hummocky cross sitatibn, and starved ripples (Aigner,
1982; Seilacher and Aigner, 1991; Myrow and South&996; Molina et al., 1997; Flligel,
2004). However, most of these primary sedimerg&yctures are rarely preserved in the
Natih-B Member due to bioturbation, which in moases appears to have penetrated
deeply into the seafloor and disrupted the sedirfoerd long period of time after
deposition (Bathurst, 1987; Bentley et al., 200&sdeur et al., 2009; Macquaker et al., in
press). The preservation of some of these strugthmvever, indicates that sediment
delivery was sufficiently rapid, and the recurretioge between delivery events was long
enough to ensure that infaunal colonisation wasfiitsently pervasive to destroy all the
fabrics present (Bentley et al., 2006; Al Balughil dacquaker, in press; Macquaker et al.,

in press).

4.6.2.2. Controlling Factors on Sedimentation and Early Diagenesis

The development of the pelagic succession in tipeupart of the Natih-B Member, in
which organic-matter-bearing horizons (LF8) altéenaith sparry-calcite-rich horizons
(LF9) [Figure 4.13], is probably in part controllegi changes in sedimentation rate, related
to high-frequency variations in eustatic sea lé@etommodation), climate, primary
production (both organic and inorganic), and bottamrents and circulation patterns
(senswKennedy and Garrison, 1975; Scholle et al., 198@k&r and Wright, 1990; Pomar,
2001a; Flugel, 2004). Changes in sedimentationappear to have had strong influence
on both organic-matter deposition (LF8) and eaalfbonate cementation and replacement
(LF9) in this succession. In the dynamic and oxatilNB intrashelf basin, organic matter
in LF8 (average 6.1% TOC) was probably best preseander higher rates of sediment
accumulation at times of relatively high sea-lestainds (increased accommaodation),
associated with increased organic productivity lgartet al., 1984b; Hudson and Matrtill,
1991; Macquaker, 1994; Machhour et al., 1998; Stbal., 2001; Katz, 2005; Macquaker
et al., 2007; Al Balushi and Macquaker, in preBsyh sedimentation rate may lead to the
rapid burial of organic carbon, removing it quickdym the zones of oxic degradation and
anaerobic sulphate reduction and ensuring its prasen to form a source rock. On the
other hand, reduced sediment accumulation ratiémes of relatively low sea-level stands

(decreased accommodation), associated with strqoigesical (e.g. storms) and biological
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(e.g. bioturbation) reworking of the sediment, neajpance carbonate cementation and
recrystallisation (and organic-matter oxidation).F9, extending the sediment residence
time within early-diagenetic zones (Shinn, 1969nKedy and Garrison, 1975; Campos
and Hallam, 1979; Hattin, 1986; Macquaker, 1994/ldraet al., 1995; Macquaker et al.,
2007; Al Balushi and Macquaker, in press). This msghat the pervasively early-
cemented and internally-replaced horizons (hardgispat the top of LF9 were produced
during times of sediment bypass at the turnarofnuas long-term decreasing to
increasing accommodation (seridacquaker, 1994; Mettraux et al., 1999; Taylor and
Macquaker, 2000 It is also likely that authigenic-carbonate ppéation in these
horizons continued through sediment burial as altre$ organic-matter oxidation
reactions in the overlying organic-carbon-rich ntodss-wackestones (LF8; serngaylor
et al., 2000).

Changes in accommodation availability also played@portant role in the lateral
variation of facies across the carbonate ramp (prallocations) and intrashelf basin
(distal locations). In the more proximal locatigimer- and mid-ramp; Jabal Salakh East)
there was less accommodation available for sedsrterdccumulate, which resulted in a
slower sedimentation rate that caused the sedinoétit@se setting to be more strongly
reworked by storms, extensively bioturbated, angdgmvely cemented and replaced early
(sensuMacquaker, 1994; Figure 4.18a and b). Organic-carimh units, similar to LF8 in
Natih filed (Figure 4.14), were not developed a&sth locations, as any organic matter
being produced was substantially degraded in éi&ively shallower, fully oxic
environment, where the sediment remained at thieneed/water interface for a prolonged
period of time (senst@iaylor et al., 1995). Instead, sparry-calcite-nuetits, similar to LF3
and LF5 in Natih field (Figures 4.8 and 4.10), doated these shallower settings.
Moreover, the higher influx of carbonate debrisrrtea basin margin contributed
effectively, causing the organic-matter conterthiese parts of the platform to be
autodiluted (van Buchem et al., 2005).

On the other hand, in the more distal locationsgioramp and intrashelf basin; Jabal
Salakh West, Jabal Nahdah, Jabal Qusaybah, ankl fiédti) and during high relative sea-
level stands, there was more accommodation availatihe basin to accumulate
sediments more rapidly. In these distal locati@spécially Natih field), the depositional

processes (e.g. high organic productivity, highreedtation rate, and dysoxic bottom-
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Figure 4.18. Low-power optical and high-power, backscattereegctedbn-optical
photomicrograph pairs illustrating lateral lithofeg variability between proximal location
(Jabal Salakh East, photomicrographisand[b]) and distal locations (Jabal Nahdah,
photomicrographfc] and[d]; Natih field, photomicrograpHg] and[f]). Samples were
gathered at approximately same timeline in the tqveet of the B2-I unit (Figures 4.4 and
4.5). See Figure 4fbr the lateral spacing between these locationse lfee more
extensive sediment reworking and bioturbation, asime calcite cementation and
recrystallisation, and lack of siliciclastics angyanic matter (only 1.0% TOC, sample
SE13) in the proximal sample from Jabal Salakh,Eastomparison to the distal samples
from Jabal Nahdah (2.0% TOC, sample N13) and Nigtith (7.1% TOC, sample P34, see
Figure 4.5), which are relatively less reworkealbgically and physically) and less
pervasively cemented/recrystallised, with bett@sprvation of organic matter and more
pelagic and siliciclastic components, especiallthim most distal sample from Natih field.
See also Appendix B for more information on themaes.
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water conditions) are favourable to accumulategrelarganic-carbon-rich sediments
(Figure 4.18c to f). However, during low relativeaslevel stands, accommodation was
reduced, sedimentation rate was lowered, and thensat was more strongly winnowed
and bioturbated, resulting in the development eflgeounds (sparry-calcite-rich horizons
[LF9; Figures 4.13 and 4.16] and shell pavemenk¥ [IFigure 4.12]) that indicate breaks
in sediment accumulation (depositional hiatusessskidwell, 1985; Beckvar and

Kidwell, 1988; R6hl and Schmid-Rdohl, 2005; Lasseual., 2009). It appears that drops in
relative sea level (reductions in accommodatiomynduthe deposition of some of the
Natih-B intrashelf-basinal sediments (e.g. LF9)evaufficient to periodically expose these
sediments to winnowing action by storms and prolibveg residence time at the well-
oxygenated sediment/water interface, which resuiteédeir infaunal and epifaunal
colonisation, and in the oxidation of any availabtganic matter (Banerjee and Kidwell,
1991; Taylor et al., 1995; R6hl and Schmid-RohD20Macquaker et al., 2007; Al

Balushi and Macquaker, in press). These interpogtsdemonstrate that there is a close
correspondence between the incidence of hiatusefésimore sediments and
accommodation availability, as a result of highgfrency sea-level fluctuations (e.g.
Scholle et al., 1983; Lasseur et al., 2009).

Fluctuations in relative sea level seem also tehafluenced the amount of terrigenous
material delivered from the hinterland to the basiross the carbonate ramp (e.g. Shinn,
1969; Kennedy and Garrison, 1975; Scholle et 8B31 Taylor et al., 1995). Rising sea
level shifts the shoreline loci towards the lang;lsthat the supply of siliciclastic detritus
retreats away from the basin centre. Under thesarostances carbonate sediments

inevitably dominate the centre of the basin (eaydr and Grabowski, 1985).

It is very likely that the main controlling factofer organic-matter preservation in the
Natih-B Member was very high organic productiorpbf/toplankton (planktonic bloom)
and rapid sinking and incorporation of organic carinto the sediments (high
sedimentation accumulation rate; see Al Balushiladquaker, in press, and references
therein). This is suggested by the abundance cafgellets in the organic-matter-bearing
lithofacies (LF8). Such an increase in organic patigity was probably related to
nutrient-loading of the surface waters by outwellirom land, perhaps due to an increase
in rainfall (sensu Pevear and Grabowski, 1985). el@w, it would be expected that such a

process would be accompanied by an increased sappilciclastics to the basin.
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Consequently, a mechanism for trapping sedimerttgedbasin margins (possibly by
estuaries or coastal swamps; Leinfelder, 1997)re@sired. Moreover, the Natih-B
intrashelf basin was too shallow and too largesféective upwelling to have occurred in
the laterally-extensive Cretaceous carbonate phatfsensu Pevear and Grabowski, 1985;
Figure 4.2).

Organic-carbon content in Natih-B (up to 13.7% amdrage 6.1% TOC, determined from
the cored succession from Natih field) varies terajypat the cm to dm scale, as observed
from the alternating intrashelf-basinal units of8L&nd LF9 (Figures 4.5 and 4.13Db).
Spatially, individual organic-carbon-rich horizoren be traced for over 150 km (van
Buchem et al., 2002b). Kerogen in these units mature, with high hydrogen index (HI)
values (up to 650) and mainly Type Il autochthononggnic matter (van Buchem et al.,
2002Db, based on samples from Natih filed). It isgdale that in other parts of the Fahud
and Qarn Alam salt basins, where the Natih-B Menwburied to greater than 1 km, the
organic matter is nearing the zone of catagenpsisaleum formation). The abundance of
Type Il kerogen suggests that this material is @radantly oil prone (Terken, 1999); that
is, it will produce oil rather than gas at theseele of maturation. However, the
observation of woody (structured) organic mattesame thin sections from this study
(e.g. Figure 4.11e) might suggest the existens®wfe Type Il allochthonous organic
matter, which may generate gas (see lbrahim e2@00Q; Al Balushi and Macquaker, in
press). The observation of wood fragments in sdnmesections (e.g. Figure 4.10d)

provides further evidence for the delivery of woadgterial into the intrashelf basin.

4.7. Conclusions

High-resolution lithofacies analyses using petrpgre, mineralogical and geochemical
techniques, in addition to detailed core and faddcriptions, have been undertaken on
Upper Cretaceous (Natih-B Member), carbonate-dotathauccessions from North Oman,
so that they can be integrated into platform-widpasitional model incorporating an
intrashelf basin. In the studied successions, litinefacies have been identified based on
these analyse3hese lithofacies are differentiated from each ob@sed on their
sedimentary structures and comparative amountstoththonous, allochthonous and
authigenic constituents, as well as their depositextures, with mudstones and
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wackestones being the most dominant, togethermitior packstones and floatstones.
Deposition of these lithofacies occurred in a preshately clastic-starved intrashelf basin
(40 to 60 m maximum water depth) and associateer-oahd inner-ramp setting where
primary production was high and bottom-water candg varied form oxic to dysoxic.
The key factors controlling the development of ivee lithofacies include: sea level,
primary production (both organic and inorganic)itbim-water oxygen concentrations,
sediment accumulation rates, and early diagen&ises50- to 60-m thick Natih-B
succession overall deepens upward with the orgaaiter-poor (average 0.4% TOC)
lagoonal and inner-ramp sediments (B4 and B3 udésgloped towards its lower part, in
contrast to organic-matter-bearing (up to 13.7% Té@¥@rage 3.7%) outer-ramp and
intrashelf-basinal sediments developed towardsitklle and upper parts (B2 and B1

units).

Moreover, detailed analyses of sedimentary strestand rock components demonstrate
that in these relatively “monotonous”, predomingfithe-grained carbonates: a)
lithofacies vary greatly at the cm to sub-mm scal@some of these sediments display
relict, thin (< 5 mm thick) beds; c) many of thganic-matter-bearing sediments are
pelleted and display lenticular bedding, suggedtiag these sediments were mainly
deposited by episodic and advective processesdlatively energetic environment; d) in
some horizons diminutive flattened burrows dismgpositional laminae, whereas in
others extensive bioturbation completely destraysary structures; e) there were major
breaks in sediment accumulation, as indicated éy#rvasively-cemented and
recrystallised horizons that are present wheretheking patterns change, with the
cementation and recrystallisation being promotetkast in part, by the oxidation of
organic matter; f) in addition to this small-schileofacies variability, there is a
considerable temporal and spatial variability ie Matih-B Member that reflects changes
in sediment supply and accommodation availabiis/well as local changes in primary
production and sedimentation and burial ratesftiratamentally controlled organic-matter

enrichment in this carbonate-dominated succession.

These high-resolution lithofacies descriptions emerpretations from the Natih-B
Member have permitted standard facies analyses tatried out on predominantly fine-
grained carbonates that span an intrashelf basis@amounding carbonate platform. They

illustrate that lithofacies variability exhibited lsuch carbonate sediments is comparable to
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the variability exhibited by siliciclastic mudrocks continental shelves. This implies that
both types (carbonate and siliciclastic) of fineiged sedimentary rocks can be examined

in the same manner, since the main factors inflingniheir variability are very similar.
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Chapter 5

| nfluence of early oxic diagenesis on sour ce potential and
lithofacies cyclicity: new insight from the intrashelf-basinal
car bonates of the Natih-B Member (Upper Cretaceous Natih

Formation, North Oman)

Said A.K. Al Balushi, Joe H.S. Macquaker, and Catdoylis

5.1. Abstract

The key processes that control organic-carbon lemenit in ancient intrashelf basins,
preserved in carbonate dominated successions amglicated. These data suggest that the
observed diagenetic variability is primarily conked by changes in primary production,
sedimentation rate, accommodation availabilityfdrotcurrent activity, and microbial
processes. All these are related to relative sed-feictuations. Although some of the
processes are relatively well understood, the waryole of microbial metabolism as a
control on early diagenesis has been underestimiaeekstigation of core and outcrop
samples of the Cenomanian Natih-B Member (North @nradicates that this succession
experienced differential diagenetic alterations mdmtely post-deposition, at the
sediment/water interface or under a few centimeifegdiment. Transmitted light,
cathodoluminescence, and backscattered scanniogeglanicroscopy, as well as stable-
isotopic §'°C ands*®0), X-ray diffraction and total organic-carbon (TP&halyses have
been employed to delineate the major controls ercykelic pattern of early diagenesis and
hydrocarbon source potential.

The Natih-B Member is composed of pelagic sedimtgrasexhibit a manifest, high-
frequency cyclicity marked by decimetre-thick litacies alternations, mainly between:
Lithofacies A) compacted, partially-bioturbatedekgtal, organic-carbon-rich mudstone-
wackestone, and Lithofacies B) uncompacted, extehsbioturbated, skeletal, sparry-

calcite-rich wackestone-packstone. Studies inditatesediments were locally reworked
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by bottom currents and storms, although bioturloagiod cementation at the seafloor
obliterated most of the depositional structurepeemlly in Lithofacies B. The individual
units are variously composed of authigenic anddrggcalcite (58.1 to 97.6%, average
78.5%) and organic matter (0.3 to 13.7% TOC, aweff§%), together with minor detrital
guartz and clay, replacive and pore-filling pyated dolomite, and phosphate (fish debris).
Lithofacies A contains relatively more organic reattlay, pyrite, and dolomite than
Lithofacies B, and constitutes an excellent sofwcéydrocarbons. Diagenetic textures of
Lithofacies A are dominated by compactional defdrameof burrow fabrics, faecal pellets
and solution seams, in addition to zoned to brightinescent, nonferroan sparry- and
iIsopachous-calcite cement in and around uncompéatachiniferal tests, in an
uncemented matrix. In contrast, Lithofacies B doasshow any signs of compaction
other than microstylolites, and it is dominatedzbyed to dull-luminescent, nonferroan,
microcrystalline calcite (“microspar”) replacemeintaddition to pore-filling,
predominantly dull-luminescent, nonferroan spamicite cement. Moreover, Lithofacies
B shows evidence of isopachous- and meniscus-sgyfeentation, together with geopetal
structures and mictritic peloids. Stable-isotompmpositions of both lithofacies were
determined from whole-rock samplés>C = —0.9 to +0.9%o, average +0.3%:°0 = -5.6

to —3.7%o, average —4.8%o) and sparry-calcite (betnent and matrix) subsamplé$’c

= —0.6 to +1.2%0, average +0.6%3°0 = —5.7 to —3.7%o, average —4.3%o); all results bein

relative to VPDB (Vienna Pee Dee Belemnite).

These petrographic and isotopic characteristicgestghat the Natih-B abundant calcite
cements and replacements were precipitated eaity,tp compaction, mainly from
‘normal’ (open, oxic) seawater at slightly elevatigpositional temperatures. Some of the
slightly negative5'°C values, however, may argue for an isotopicatifticarbon addition,
probably derived from organic-matter oxidation bgletular-oxygen respiration, to the
‘normal-marine’ porewater during syndepositionaheatation and microcrystallisation.
Based on evidence of extensive seafloor bioturbatitd cementation, and their position
within the depositional succession, the tops diidfiacies B are interpreted as hard-
[firmgrounds (discontinuity surfaces) that cap kivaeing-upward, fifth-order cycles,
formed as a function of sediment starvation andeia®ed bottom-current activity during
relative sea-level falls. In contrast, Lithofacfess believed to reflect high organic
production coupled with high sedimentation rate eapid burial, which limited total

infaunal colonisation and extensive calcite preaitmn, and preserved organic matter
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together with some escape burrows and in-placeafaauggesting episodic sediment influx
when more accommodation was available and seafiagenesis was minimised during
relative sea-level rises. The relatively higher ante of pyrite and dolomite in Lithofacies
A might indicate organic-matter degradation by beat sulphate reduction in anoxic

sediment during shallow burial.

These are the first reported examples of early abmrarine carbonate precipitation and
oxic-respiration processes affecting the Natih-&msents, which also provide new insight
into the overall depositional and diagenetic higfrthis source-rock-bearing succession
that has often been assumed to be dominated byit@mrocesses.

5.2. Introduction

Fewer diagenetic studies have been conducted eemnloasinal, fine-grained carbonates
(mudstones and wackestones) compared to the eguoivalarser-grained platform
carbonates (e.g. grainstones) (e.g. SchneidernrahHflarris, 1985; Moore, 1989; Tucker
and Wright, 1990; Alsharhan and Scott, 2000; Sehatld Ulmer-Scholle, 2003; Fllugel,
2004). This is probably due to the apparently hoemogis appearance of most fine-grained
sedimentary rocks in core and outcrop, the fadtdetermining the origin of the individual
components is difficult to distinguish using cooexcrop-based analytical methods, and
their apparent insignificance as conventional hgdrbon reservoirs (Heydari and Wade,
2002). However, recent high-resolution charactédsautilising optical and backscattered
electron-optical methods, in addition to mineratagiand geochemical techniques,
demonstrate that fine-grained carbonates disptayfgiant depositional and diagenetic
variability at the centimetre to millimetre scalaad that careful analyses using these
techniques allows the origin of the individual campnts to be determined (Heydari and
Wade, 2002; Macquaker and Adams, 2003; Mallon amakr&ick, 2008; Al Balushi et al.,
in review). Moreover, organic-carbon-rich carbomatgdstones can be excellent
petroleum source rocks in carbonate-dominated fvgalbmn systems (e.g. Sassen et al.,
1987; Summerhayes, 1987; Droste, 1990; Klemme dmisblek, 1991; Machhour et al.,
1998; Demirel and Guneri, 2000; Katz et al., 20D@yle et al., 2005; van Buchem et al.,
2005; Al Balushi and Macquaker, in press) and dfoge, warrant further investigation.
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High-resolution sedimentological and stratigrapdtiedies of carbonate source rocks have
improved our understanding of the key factors alig their deposition and distribution
(e.g. Bohacs, 1998; Bombardiere and Gorin, 200§deie and Wade, 2002; van Buchem
et al., 2005; Al Balushi and Macquaker, in prebsgpite of recent advances in
sedimentary petrology and geochemistry, howeverctmtrol on the specific genesis of
primary and diagenetic textures of these rocks mesr@debatable (Munnecke et al., 1997;
Heydari and Wade, 2002). For instance, early diagjerin fine-grained organic-carbon-
rich successions is commonly interpreted to be dated by anoxic processes, with the
diagenetic reactions taking place in a closed &otlyclosed) system that is dominated by
carbonate precipitation/dissolution reactions,onepvaters that are significantly evolved
from marine porewater by contributions due to orgamnatter decay (e.g. Hudson, 1977;
Brand and Veizer, 1981; Baker et al., 1982; Pingit@982; Czerniakowski et al., 1984;
Ricken, 1986; Sansone et al., 1990).contrast to this, some researchers (e.g. Bathurs
1979; Patterson and Walter, 1994; Booler and Ty@@92; Caron et al., 2005; Raven and
Dickson, 2007) have also argued that diagenedisengrained carbonates usually occurs
in an open system as a result of precipitation@atsd with large volumes of migrating,
marine-derived water flushing through the porepeemlly in the presence of active
circulation and bioturbation that also allow coms$tsolutes exchange in the system (see
also Hendry, 1993; Hendry and Kalin, 1997). Thibate centres on the fact that the
degree to which the porewaters are open or clostese systems is commonly not
known. Detailed petrographic, mineralogical, andaemical investigations of the Upper
Cretaceous Natih-B Member (North Oman; Figure Bittashelf-basinal source lithofacies

may help in resolving some uncertainity in this ateb

The effect of carbonate diagenesis within epenitashelf basins was extensive and may
had a significant effect on the macroscopic, micopsc and petrophysical characteristics
of sedimentary successions (e.g. Machent et d&.7;2eltran et al., 2009). Intrashelf-
basinal, fine-grained carbonates may become replaicé cemented during early
diagenesis, prior to significant compaction. Thestrevident form of this early diagenesis
is the development of uncompacted, sparry-cal@iteunits that alternate with compacted
organic-carbon-rich units (e.g. Molenaar and Zigsi997; Westphal and Munnecke,
1997; Westphal et al., 2004; Al Balushi and Macauak press).In these settings, it is

commonly postulated that early carbonate precipitas mainly driven by dissolution
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Figure5.1. Satellite images (source: Petroleum DevelopmentrOiRRO]) illustrating

the area of study in North Oman, mainly Adam Fdistleixposures (Jabal Salakh East,
Jabal Salakh West, Jabal Nahdah and Jabal Qusagtdla) well from Natih field. Note
that in this transect, the well from Natih fieldtilee most distal (i.e. centre of the Natih-B
intrashelf basin) and the section from Jabal Saksst is the most proximal (i.e. margin of
the Natih-B intrashelf basin).

and diffusion in response to disturbances of rqatofiles through bioturbation of
erosional/depositional events (sensu Molenaar dfsird, 1997). This preferential early
diagenesis of basinal carbonates has been intedpi@be dependant upon changes in
several key factors, including primary lithofaciesneralogy, sedimentation rate, climate,
and seafloor currents and circulation patterns K€uand Wright, 1990; Moss and Tucker,
1995).

Cyclic or rhythmic successions with repeated litooés motifs of different ages and
depositional settings are frequent worldwide (&/gedon, 1986; Droste, 1990; Macquaker
and Taylor, 1996; Macquaker et al., 1998; Scassh,2005; van Buchem et al., 2005;
Varban and Plint, 2008). In particular, Upper Cecetaus pelagic sequences with
carbonate-rich/organic-rich alternation have béenfocus of substantial research for
many years (e.g. Scholle and Arthur, 1980; Arthuwale 1984; Hallam, 1987; Ditchfield

and Marshall, 1989; Burchette, 1993; Savrda andi@pti994; Ricken, 1996; Schroder-
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Adams et al., 1996; Kuhnt et al., 1997; Schollalgt1998; van Buchem et al., 2002;
Damholt and Surlyk, 2004; Westphal et al., 2004BAlushi and Macquaker, in press).
These alternating lithofacies record cyclic charigghe amounts of calcium carbonate

and organic carbon, as well as the intensity ofubmtion (Weedon, 1986).

The sole cause of this cyclicity, specificallytifs driven by environmental change or
diagenetic alteration, has been the subject ofig-&tanding debate (see e.g. Hallam, 1986;
Weedon, 1986; Savrda and Bottjer, 1994; Bohm ¢2@03; Biernacka et al., 2005;
Reuning et al., 2006; Badenas et al., 2009). Alghaeelagic carbonate cyclicity in some
sequences is primarily a function of primary deposal processes, as revealed by
differences in texture, mineralogical compositifossil type and content, and amount of
organic matter (e.g. Fischer et al., 1985; WeedwhJenkyns, 1999; Fiet and Gorin, 2000;
Pittet and Mattioli, 2002; Niebuhr, 2005; Tuckelaét 2009), most rhythmites
undoubtedly have, to varying degrees, been diagatigtmodified (e.g. Hallam, 1986;
Ricken, 1986; Bathurst, 1987; Frank et al., 199@s¥hal et al., 2000; Westphal et al.,
2004; Westphal et al., 2008). This is demonstratedifferences in the extent of
bioturbation, volume of carbonate cementation/regri@ent, extent of compaction, and
thier isotopic signature.

Recent work by Al Balushi and Macquaker (in press) Al Balushi et al. (in review)
demonstrates that the decimetre- to metre-scaleitygcouplets composing both
alternating organic-carbon-rich/sparry-calcite-rithofacies) in the Cenomanian-aged
Natih-B Member intrashelf basin reflects the detiinterplay of several depositional and
diagenetic factors, including subtle changes imprajary organic and inorganic
production, b) porewater oxygen concentration a3t input, d) intensity of bottom-
water currents, e) rate of sediment accumulati@ahbamial, f) early (syndepositional)
carbonate precipitation, and g) late (burial) coatipa. All of these factors, with the
exception of the latter (g), appear to be moreess related to high-frequency eustatic sea-
level fluctuations and accommodation availabilifgn Buchem et al. (2005) estimated the
duration of each cycle (couplet) to be in the omfet0,000 to 15,000 years, which
indicates a ffith-order cycle range.

In the light of these overarching controls, thipgaaims to extend the work of Al Balushi

and Macquaker (in press) and Al Balushi et alréwiew), which investigated the
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sedimentological and stratigraphical aspects ofN&eh-B Member, and discussed the
depositional controls on its lithofacies varialyilgnd organic-matter enrichment. In
particular, it aims to illustrate the relative inmfance of differential early diagenesis in
enhancing lithofacies cyclicity and its influenae arganic-matter degradation within a
carbonate-dominated, source-rock-bearing succesasonell as investigating the
processes that fundamentally controlled early aqaab®precipitation in these units. To
meet these aims, detailed description of the natndestyle of the early-diagenetic features
of the two main alternating units (carbonate-riod arganic-rich lithofacies) in the Natih-

B Member have been generated.

The interpretations presented in this paper aretbapon a comprehensive
sedimentological and diagenetic characterisatiah@Natih-B Member in the Adam
Foothills, where it is best exposed, and from thetiauous core within a well in the

nearby Natih field (Figure 5.1). The samples waentanalysed using optical,
cathodoluminescence, backscattered electron-optigaeralogical (X-ray diffraction

[XRD], and geochemical (TOC and stable isotopes)rigues, in order to obtain detailed
textural, mineralogical and isotopic data of thebcaate cements/replacements present.
On the basis of this investigation, an improvedarsthnding of the processes that resulted
in the alternating spar-rich, TOC-depleted carbesiapar-depleted, carbonaceous

mudstones is presented.

5.3. Geological and Stratigraphic Setting of the Natih-B Member

The carbonate-dominated, middle-late Cenomaniamseds of the Natih-B Member
were deposited in an intrashelf (intraplatform)ibakiring a worldwide marine
transgression, surrounded by a carbonate-rampmsy§igure 5.2; van Buchem et al.,
2002; van Buchem et al., 2005; Al Balushi et alraview). The Natih-B Member forms
part of the late Albian-early Turonian Natih Forioat(upper unit of the Wasia Group;
Figure 5.2), which is well known in the subsurfa¢enterior Oman and in the excellent
outcrops of the Oman Mountains (southern flank lodebel Al Akhdar) and the Adam
Foothills in North Oman (e.g. Homewood et al., 20Bure 5.1).
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Figure5.2. Upper Cretaceous stratigraphic columns of Omantahig, illustrating the
regional lithostratigraphic and chronostratigraghgenework of the Wasia and Aruma
groups (modified from van Buchem et al., 2002; ioafjsource: Burchette, 1993). Note
the temporal and spatial distribution of the N&iMember — focus of this study — that is
one of seven lithostratigraphic units (members IN&tito A) within the Natih Formation.
Stage subdivisions for the Wasia Group are basehononites (see van Buchem et al.,
2005), and absolute ages are after Gradstein Qdl4).

During the time from late Albian to early Turonianmajor phase of carbonate-platform

growth took place in Oman, recording the depaositibthe Natih Formation shallow-

water carbonates over siliciclastic-dominated dapad the Nahr Umr Formation (e.g.

van Buchem et al., 2002; Figure 5.2). Seven littadigfraphic units have been identified in
the Natih Formation (members Natih-G to Natih-A ap#y Figure 5.2; e.g. Harris and

Frost, 1984; Hughes Clarke, 198®jth characteristic wireline-log responses. TheifNat

Formation has also been interpreted in terms afjlatesolution sequence-stratigraphic

model, where three third-order and fourteen fowrtther depositional sequences have been

identified (see Grélaud et al., 2006) based ormtherop successions in North Oman (cf.
Philip et al., 1995; van Buchem et al., 1996; varclizzm et al., 2002)plift and erosion

in the Turonian terminated sedimentation on theNarbonate platform, which was

eventually buried beneath an influx of fine-graitnedigenous sediments of the Figa

Formation (Aruma Group) from the Arabian cratotha Santonian (e.g. Robertson, 1987;
Droste and Van Steenwinkel, 2004; Figure 5.2).
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Intrashelf-basins developed at two key periodfienlate Albian-early Cenomanian and
middle-late Cenomanian, in lower Natih-E and ugdgatih-B (Figure 5.2; e.g. van
Buchem et al., 1996), during high relative seallaneareas with minor topographic
depressions and relatively low rates of carbon&tfegm growth, which enhanced the
accommodation availability (van Buchem et al., 2dDste and Van Steenwinkel, 2004).
This study is focused on the Natih-B Member (Figai®), which is around 55 m thick and
includes abundant organic-carbon-rich sedimenéshiag up to 13.7% TOC (average
5.4%). The Natih-B intrashelf-basinal sedimentspiay sourced hydrocarbons to the
adjacent (intraformational) shoal deposits updip(@am et al., 1987; Terken, 1999;
Homewood et al., 2008). These subsurface sourdes are characterised by high
hydrogen index (400 to 650) and dominated by Typeilogen composition (van Buchem
et al., 2005) that indicate the predominance ofrpmaus organic matter, together with
some woody material (see Al Balushi and Macquakepress; Al Balushi et al., in
review). Examples of time-equivalent intrashelfibakcarbonates to those of the Natih-B
Member in the Gulf region include the upper Shildiiatiah Formation of UAE (Figure
5.2), Rumaila Formation of eastern Saudi Arabiay&itland southern Iraq, and upper
Sarvak Formation of southwestern Iran (Alsharhahdairn, 1988; Burchette, 1993;
Agrawi et al., 1998; van Buchem et al., 2002; Taglkaal., 2007).

The Natih-B Member is subdivided in the subsuriate four main lithostratigraphic units
(B4 to B1, bottom to top), based on gamma-ray reggdfrom wells located in more distal
locations of the Natih-B intrashelf basin. Simipettern of subdivision is followed in the
studied cores and exposures, but with the furthledisision of the B4 unit into B4-Il and
B4-I subunits, and B2 unit into B2-11 and B2-I suliis, based on detailed lithological

characteristics (see Al Balushi et al., in reviéigures 5.3 and 5.4).
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Figure 5.3. Looking NNW; outcrop section in Jabal Salakh West Figure 5.1 for
location) showing upper members of the Natih ForomagNatih-C to Natih-A), with
subdivision of the Natih-B succession. The NatiMBmber overlies brownish, iron-
enriched, strongly-bioturbated, bored hardgroung {atih-C), and is overlain by whitish,
well-bedded unit of Natih-A with an eroded top.

169



Al Balushi (2010) PhD Thesis Natih-B Source Rock

Depth (m)
Lithof:
Samples

%T0C % Calcite % Dolomite % Quartz % Clay % Pyrite

A Member

0 5 0 15 20 4 60 80 10 o 0 40 60 0 10 20 30 0 10 O 5 10 1s

NN
cg@aseadl | Fossis

e
o o &8

R

Nath-B
B2

[EN T
& €2

P
Lithologies  Sedimentary Structures Base Boundaries Body Fossils Trace Fossils Lithofacies

E= - —— Shar i i Benthi inifera-Beari ite-Ri
| Wackestone  {2=] Nodules P Shells Intense Bioturbation 1- bated, Benthic-F g, Sparry-Calcite-Rich Wackestone
K

(undifferentiated) s . a
=7 2 - Nodular, i ini hell-F , Pyrite-, Clay-, Quartz- and
Carbonate i —— Erosion . 5
Mudstone % Remanant Lamination Bivalves S Moderate Bioturbation Sparry-Calcite-Bearing Mudstone

— e Gradational
Packstone Current Ripple Lamination Oysters
E Floatstone | ~~| Scours

P
i 3
s
P1
./ 3456789

3- i ioturbated, Shell 5 i gae-,
Minor and Benthi i Bearing, Sparry-Calcite-Rich Wackestone-Packstone

Vertical Burrows 4 - Extensively-Bioturbated, Pyrite-, Clay- and Sparry-Calcite-Bearing,

1

Echinoids Dolomite-Rich

5. i ioturbated, P i and Shell-F Bearing,
Gastropods | = | Horizontal Burrows Sparry-Calcite-Rich Mudstone-Packstone

6 - Bioturbated, Organic-Matter-, C iths-, i and
Solitary Corals Shell-Fragments-Bearing, Sparry-Calcite-Rich Packstone

7 - Organic-Matter-, Sparry-Calcite-, Ct liths-, F i ini and
Brachiopods Bivalve-Bearing Floatstone

8 - Partially-Bi Organic-Matter-, Sparry-Calcite-, Coccoliths- and

P - i
9 Shell Benthic- and i inifera-Bearing,

Sparry-Calcite-Rich Wackestone-Packstone

Figure 5.4. Graphic log of the Natih-B Member based on corenfeowell in Natih field
(see Figure 5.1 for location) illustrating the rmi@l lithostratigraphy and temporal
lithofacies variability (Lithofacies 1 to 9; seesalAl Balushi et al., in review), with
indication of sample locations and their TOC andemalogical percentages (see also
Appendices B and C). Mineralogical contents wetereged from combined XRD and
petrographic analyses. Note the fluctuating treinith@se percentages, especially with
TOC in units B2 and B1, reflecting rhythmic beddipgedominantly between Lithofacies
8 and 9, which are referred to in this study abdfiicies A and Lithofacies B,
respectively. The depth referred to here is didldepth.
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5.4. Methods

5.4.1. Outcrop- and Core-based Analyses

This study is based on macroscopic observatiotieeagxposures and core shed, and on
data from microscopic, mineralogical, and geochaimiovestigations at the laboratory.
Four outcrop Natih-B sections in the Adam FootHillabal Salakh East, Jabal Salakh
West, Jabal Nahdah, and Jabal Qusaybah) and aradescore section in the nearby
Natih field, North Oman (Figure 5.1) were studieldgh-resolution sedimentary logs were
measured (see Appendix A), and samples were cetledbng a 100-km-long transect
from the five locations across the Natih-B intrdshasin. Overall, the logs from these
locations enabled the recognition of recurringdftities and associated carbonate-
cemented horizons, identification of shell concatndns and key surfaces separating the
various lithofacies or groups of lithofacies, arededtmination of sequence architecture and
stacking patterns (e.g. Figure 5.l)entification of the cemented (and replaced) T
was achievable from the studied sections due io ¢haracteristic whitish and light-grey
colour in the core and strong resistance to wegthén the field. Specific horizons were

traced to determine lateral continuity and ovdithlbfacies variability.

The focus of this paper is primarily placed ontiural observations and geochemical
investigations of early-lithified features and nm&icementation and replacement of
calcite.Over 300 fresh, least-weathered samples of splarand organic-rich carbonates
were hand collected from the five-studied sectitm@reparation for detailed petrographic
analyses, 286 polished thin sections8Q0 pum thick) were made. Prior to thin-section
preparation, sliced and slabbed specimens weresdtumhd macro-sedimentary features
were recorded. Compositional and diagenetic charatits of the lithified layers and their
encasing lithologies are based on combined oitdlelectron-optical petrography of thin

sections.

5.4.2. Petrographic Analyses

Thirty four selected thin sections were half stdinsing a combined Alizarin Red S and
potassium ferricyanide solution to differentiatdashoite from calcium carbonate, and also
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to determine whether their cements/replacementeai@an or nonferroan (see Dickson,
1965; Adams and Mackenzie, 1998). All the 286 preghéhin sections were scanned
utilising a flatbed scanner (Epson Perfection 3RF0to) to generate high-quality digital
images of whole thin sections and record textuesits at low resolution (1to 10° m
scale). The thin sections were then examined djgtiaalow to medium resolution under
transmitted light (TL), both plane-polarised ligRPL) and cross-polarised light (XPL),
using a petrographic microscope (Nikon Optiphot®-Pidhe microscope was attached to a
digital camera (Jenoptik Jena D-07739), and afsgh@omicrographs were captured from
142 selected thin sections. This standard petrdgeapvestigation helped to obtain
lithological, textural, compositional, and diagénétformation at 1§ to 10*m scales.

For the discrimination of the different carbonatgrent fabrics, generations and zonations,
68 polished thin sections were investigated by-caltthode cathodoluminescence (CL). A
CITL Cathodoluminescence Unit (Model CCL 8200 mi@)s employed together with an
Olympus BH-2 petrographic microscope. Operatingdttams for the CL Unit were
maintained at approximately 20.0 kV cathode voli@&§®.0uA electron-beam current,

and 0.2 torr vacuum. Photomicrographs (under b&th &d CL) from each thin section
were obtained using a digital camera (Jenoptik De0d739)

After initial optical investigations (TL and CL mimscopy), 133 thin sections were chosen
for detailed electron-optical analyses to examingetéxtures and constituents at even
higher resolution (1&to 10°m scale). A JEOL 6400 scanning electron micros¢siM)
equipped with a solid-state, Link Systems 4-Quatiltzackscattered electron (BSE)
detector was used to analyse the carbon-coatedebiions. The SEM was operated at 20
kV, 2 nA and 15-mm working distance, and BSE photomiaphs were recorded from
each thin section using a Semafore digital framrestdinerals were identified utilising a
semiquantitative, energy-dispersive, X-ray micrdgsia system that determined the major
elemental compositions (including Ca, Si, Al, FeMg), P, and K) of individual grains and
cements/replacements within the samples. The BSEostopy was a crucial element of
this study and was used to characterise and geacélgnmguantify the diagenetic phases

of carbonates and other minerals.

172



Al Balushi (2010) PhD Thesis Natih-B Source Rock

5.4.3. Mineralogical and Geochemical Analyses

The main mineral phases in the different NatihtBdfacies were determined by XRD on
91 bulk samples. A Philips PW1730 X-ray diffractdergCu Kua radiation) was

employed, utilising a tube voltage of 40 kV andibet current of 20 mA, with a step size

of 0.01° and time constant of 2.00 s. During eaBDXanalysis, a thin smear was prepared
by mixing approximately 0.5 g of the powdered sampith a few drops of amyl acetate
and then left to dry on a small glass slide, whscthen inserted in the diffractometer.
Semiquantitative estimations of bulk-mineralogycfrans were carried out using peak area
measurements (sensu Schultz, 1964).

TOC contents were measured by combustion undereoxfygw, utilising an induction
furnace on a LECO carbon and nitrogen analyserSpeaeCN) at the Department of
Environmental and Geographical Sciences, Manchd&&opolitan University (UK). The
TOC measurements were conducted after treatingdivelered bulk samples with
hydrochloric acid (1 M HCI) to remove carbonatebear. Total carbon (TC) of each
untreated sample had been previously determined) tise same furnace. The difference
between the TC and TOC values yielded the totéaraate carbon (TCC) content. Sample

reproducibility is estimated at about 0.1% fonallues.

In addition to whole-rock TOC and XRD data, compareboundances in each sample
were quantified by visual estimation from the optiand electron-optical
photomicrographs, and with reference to standanapemison charts (see Fligel, 2004).
Some of these data are reported in Figure 5.4alseeAppendices B and C).

Carbon and oxygen stable-isotope analyses wererpetl on 25 powdered bulk samples
and carefully-selected subsamples from both inathddasinal, alternating organic-carbon-
rich and sparry-calcite-rich intervals (see Tabled&nd Figure 5.5), in order to unravel the
diagenetic history of these carbonates, which ca@apnixtures of authigenic and biogenic
materials. The subsamples were extracted withed sézdle from the same cut rock faces
from which the thin sections were prepared, so®isubsamples can be directly related
to the microscopically-identified calcite fractioasvhether diagenetic or original. The
separate subsamples were taken from unalteredr@yslepecten shells (5 subsamples),

sparry-calcite-cemented shell fragments (4 subseshpdparry-calcite-cemented
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Tableb5.1. Mineralogical and isotopic compositions of seledtétiofacies A and
Lithofacies B samples (Natih field; see Figure &l Appendix B). Abbreviations: dd =
driller’'s depth; Cal = calcite; Dol = dolomite; Quagquartz; Pyr = pyrite; Cla = clay; WR =
whole-rock sample; M = matrix subsample; CS = ¢taelcemented shell subsample; US =
unaltered shell subsample; CF = calcite-cementazdure subsample.

General Sample Data Whole-Rock Semiquantitative Mineralogical Data (%) 5'3C (%0 VPDB) 5'°0 (%0 VPDB)

Name| Unit| Lithofacies [ Depth (m dd) | TOC| Cal (Total) | Cal (Cement) |Dol [Qua| Pyr [Cla [WR| M | CS |US[CF|WR| M [CS [US | CF
P96 | B1 A 898.50 2.0 77.5 62.5 30[75( 3014019409 |08 [-01 |10 52 |-43 [-38 |-42

X4 [B2-| B 904.60 1.5 86.0 36.0 350145( 15 ] 25106 |0.7 17 113 |-53 [-43 -41 93
P67 |B2-| A 914.00 9.3 67.2 18.2 55160 25 | 50 J05 |04 1.1 56 |-5.7 -4.3

P56 | B2-| A 919.50 2.8 93.6 241 11148] 09 [ 0602 1.2 10.8 -4.9 -40 |-43

P44 |B2-| B 925.50 05 88.3 80.3 55[40( 10 ] 05)-09 [-06 -3.7 |-39

S9 [B2- B 925.65 0.5 97.7 89.0 0110/ 04 ] 01407 ]-02 [1.0 -3.8 |-40 [-37

Y8 |B2-| B 927.90 1.5 86.4 65.4 45105] 55 15 108 |05 1.2 51 |-53 4.7

P31 |B2-Il A 932.00 2.0 87.1 63.2 00[55( 20 ] 301406 07 [1.2 4.7 |-46 [-51

All Stable-Isotopic Compositions
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Figure5.5. Cross-plot showing all the carbon and oxygen stedalopic compositions
from Table 5.1. The red dots refer to Lithofaciead the blue dots refer to Lithofacies B
(see Table 5.1 above for abbreviations). The aeestaple-isotopic composition of all
analysed samples and subsamples of both lithofecie® 6% VPDBS*C and —4.7%o
VPDB §'%0. The average for Lithofacies A is +0.7% VPBBC and —4.7%. VPDB0;
and for Lithofacies B is +0.5%0 VPD&°C and -4.8%. VPDB®0.

microfracture (1 subsample) and sparry-calcite-ehated, fine-grained matrix (7
subsamples), in addition to 8 homogenised bulk $as1(@ from each lithofacies) [see
Table 5.1 and Figure 5.5]. Isotopic analyses dfitaivere conducted after detailed
petrographic study (thin-section staining, TL, @hd BSE microscopy) and XRD and
TOC analyses. Dolomitised samples were not colieftiestable-isotope analyses because
they are rare in the Natih-B intrashelf-basinaliseshts; and it is very difficult to separate

dolomite from calcite and other components duéeir tvery fine-grain size.
Before performing the stable-isotopic analysesthalpowdered samples were treated by

overnight combustion in an oxygen atmosphere aesspre of 0.2 mbar in order to

remove any organic matter. g@ases were generated by reacting around 3.0 mg of
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powdered sample with about 2.0 mL of anhydrous 100%ophosphoric acid @RPQy) in

an online-automated preparation system at 25°G(skttCrea, 1950)he evolved C®
gasesvere collected cryogenically (-200°C) at reguldeimals and analysed for calcite on
an automated VG SIRA-12, gas-sourced mass spedeomehe University of Liverpool
Stable Isotope laboratory (UK) where/**C and'®0/*°0 ratios were measured. Isotopic
ratios were corrected by standard procedures (Seresg, 1957). All results are presented
in conventional deltas] notation as parts per mil (%o) deviation from Wienna Pee Dee
Belemnite (VPDB) international standard (Copler94) The analytical precision is better
than 0.1%. for botls**C and3'®O values.

5.5. Background to all Lithofaciesin the Natih-B Member and their

Depositional Environments

5.5.1. General Characteristics

The majority of the carbonate sediments encountierdte Natih-B Member have
mudstone through to packstone textures, togethrseme floatstones (‘shell beds’).
Mudstones and wackestones, however, are the mostabt (Figure 5.4). High-resolution
lithofacies analyses using petrographic, minera@lgand geochemical techniques, in
addition to core and field descriptions, have eedlbhe identification of nine lithofacies in
this succession (Figure 5.4; Lithofacies 1 to Litlnies 9; see Al Balushi et al., in review
for more detailed descriptions). These lithofa@esdifferentiated from one another on the
basis of their sedimentary structures and relgire@ortions of biogenic, detrital and
authigenic components, as well as their depositi@xaures. In these lithofacies, the
calcite content varies from 19.7 to 97.6% (aver&®8%), quartz content from 0.0 to
29.9% (average 5.9%), clay content from 0.0 to ¥B(dverage 3.9%), TOC content from
0.3 to 13.7% (average 3.3%), with dolomite, pyaitel phosphate (fish debris) each
varying from 0.0 to 55.5% (average 3.2%), 0.2 t8% (average 3.0%) and 0.0 to 5.0%

(average 1.6%), respectively (see Figure 5.4).
The common occurrence of mixed skeletal debrispradence of scoured surfaces and

lenticular laminae suggest that the Natih-B sedisyerere locally reworked by storms and

bottom currents (Al Balushi and Macquaker, in prég¢Balushi et al., in review).
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Bioturbation and carbonate replacement and cementdtowever, obliterated most of the
depositional structures in these sediments, edpertidhe sparry-calcite-rich units (e.g.
Lithofacies 9; Al Balushi et al., in review). Theganic-carbon-rich units (e.g. Lithofacies
8), following compaction, developed thin depositibheds (thin partings) that could be
mistakenly identified as depositional laminae. Mwer, these units contain evidence of
in-place fauna, including thick-shelled oysteratt#ned pectens and benthic foraminifera

(Al Balushi and Macquaker, in press).

5.5.2. Depositional Environments

The overall Natih-B Member depositional environmeagresents a transition from a
proximal lagoon and inner-ramp setting to a distaker-ramp and intrashelf-basin
environment where primary production was high aotddm-water conditions varied form
oxic to dysoxic (Al Balushi and Macquaker, in pre&kBalushi et al., in review). The
presence of benthic foraminifera (including mildsj miliolinid alveolinidsNezzazata

spp. andicyclina spp.), planktonic foraminifera, calcareous algag srells (including
bivalves, echinoderms and ostracods) in the B4(urithofacies 1 to 4; Figure 5.4) and B3
unit (Lithofacies 5; Figure 5.4) suggests that ¢hesits were deposited in an inner-rarap (
35 m deep) environment. Subsequently, the innepramvironment changed into a mid-
ramp environment during deposition of the B2-11 gnib (Lithofacies 6, bioturbated
skeletal packstones with diverse fauna and floigure 5.4). This transgressive event
recorded the development of an outer-ramp andsiél&basin (40 to 60 m maximum
water depth) environment, with sedimentation doteiddy the accumulation of benthic
and planktonic foraminifera, coccoliths, and bo#mthic and planktonic bivalves, together
with shallow-platform-derived skeletal debris, ¢gteres and some fish debris. It was in
this environment that the pelagic-sediment-richIBRbunit and B1 unit (Lithofacies 7 to
9; Figure 5.4) were deposited (Al Balushi et a.raview).

This study is focused on the upper half of the IN&iMember (B2 and B1 units; Figures
5.3 and 5.4) where the pelagic, intrashelf-basideposits occur. Specifically, this
contribution will concentrate on the alternatingamic-carbon-rich (Lithofacies 8)/sparry-
calcite-rich (Lithofacies 9) deposits (see Figute$ and 5.6). In this paper we refer to
Lithofacies 8 as Lithofacies A and Lithofacies 9 lathofacies B, in order to avoid

confusion with our previous work on the Natih-B Masn (Al Balushi and Macquaker, in
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press; Al Balushi et al., in review). Lithofaciesi®\here described as compacted, partially-
bioturbated, skeletal, organic-carbon-rich mudsteaekestone, and Lithofacies B as
uncompacted, extensively-bioturbated, skeletalfrgpzlcite-rich wackestone-packstone.
In this paper, these lithofacies are described mmerpreted in terms of both their
depositional features and their diagenetic ovetpr{imcluding bioturbation, cementation,

recrystallisation, and compaction).

5.6. Detailed Characteristics of Lithofacies A

5.6.1. Description

Lithofacies A represents the bulk of the sourcéeriatervals in the Natih-B Member. It is
characterised by high organic-matter contentsrerath up to 13.7% in TOC (average
about 6.1%, based on 35 samples form a well ilNgtén field; Figure 5.4). Horizons
represented by this lithofacies vary in thicknessnf0.015 to 1.650 m (average about
0.175 m; Figure 5.6). Typically, Lithofacies A iaé-grained, with mudstone to
wackestone textures, compacted, and appears guveyyalark grey, or even black, on
fresh surfaces (Figure 5.6). In the field, the sieithibit a well-defined fissility (Figures
5.6b and 5.7a) with some in-place, thick-shellestens being well preserved along many

thin partings (Figure 5.7a).

Lithofacies A is partially bioturbated (Figure 5)6displaying textures of compressed
Planaolites isp. andPhycosiphon isp. (Figures 5.6a and 5.7b to f), with ratelassinoides

isp. In addition, in-place flattened pectens amam@mnly well preserved (Figure 5.7f),
together with some other undifferentiated bivalkagments and fish debris, and a few
echinoid spines and ostracods (mostly disarticd)ateare small, calcareous, benthic
foraminifera have also been detected in these.uHits partial bioturbation of the

sediment disrupted most of the primary sedimergamctures in the rock, and left only
some remnant thin bedding planes (spaced fronB3B tam apart; Figures 5.6a and 5.7e, f)
and mostly bounded by either flattened bivalvelshelg. pectens; Figure 5.7f) or

concentrations of planktonic foraminifera (Figur@ey.
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Sample P41 (10.9% TOC)

Sample P40 (1.5% TOC) | jf+

Figure5.6. (a) Core photograph (Natih field, lower Natih-B2-1; déigure 5.4 for samples
depth and other characteristics) ghyloutcrop photograph (Jabal Salakh West, upper
Natih-B1), both illustrating macroscopic characgcs of the intrashelf-basinal,
alternating units: Lithofacies A (LA; compactedytly-bioturbated, skeletal, organic-
carbon-rich mudstone-wackestone) and Lithofaci¢sH uncompacted, extensively-
bioturbated, skeletal, sparry-calcite-rich wackestpackstone). Note in (a) the
uncompacted bioclasts and trace fossils (predortiin@halassinoidesisp. [Th]) in
lithofacies B, and relatively compacted bivalved aompressed burrows (predominantly
Planolitesisp. [PI] in lithofacies A, with relict, thin (cm-thick),apositional beds.
Together, these lithofacies form dm- to m-thicklgheing-upward parasequences, capped
by marine flooding surfaces (FS) associated withimezhard-/firmgrounds
(discontinuities). Note, in photograph b, some hg(BG) features at the top of
Lithofacies B. At the exposure, as in (b), Litha&scA appears fissile and strongly
weathered in comparison to Lithofacies B, whichkbard, well-cemented, and more
resistant to weathering. Note also the inclineshpawallel, lenticular lamination in
Lithofacies A, arrowed in (b), enhanced by compmacand weathering.
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12.1% TOC 8.4% TOC

Figure5.7. Outcrop and core photographs and thin-section stassating characteristic
macroscopic features of Lithofacies A (LA Outcrop photograph (Jabal Salakh West,
upper Natih-B2) showing well-developed fissilityliithofacies A, with well-preserved,
in-place oysters (arrowed) present along manyghitings. Note the oyster-colonised
surface at the bottom of the photograph and thekidtesh (least weathered) colour of this
organic-carbon-rich lithofacies. Note also the pHawundary between Lithofacies A and
Lithofacies B (LB). Lens cap 5 cm acrofis) Core photograph (Fahud field, core depth
interval: 584.30 to 583.62 m driller’s depth) illceting evidence of nonparallel, lenticular
lamination (nll), partial bioturbation attributeere toPhycosiphon isp. (Ph), in-place
oysters (oys) and reworked shell fragments in lfabes A.(c) Core photograph (sample
X3; see Figure 5.4 for sample depth and other cleniatics) illustrating similar features
as in (b).(d) Thin-section scan showing detail of ((§) Thin-section scan (sample Y3;
Figure 5.4) showing compressetnolitesisp. (P1) and relict thin beds capped by
discontinuous bands (arrowed) of concentrated peand foraminifera(f) Thin-section
scan (sample P65; Figure 5.4) illustrating simiéatures as in (b), (c) and (d), as well as
the presence of flattened pectens (pct) at beduares of relict, thin, depositional beds.
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Lithofacies A is also characterised by the develephof lenticular (inclined) laminae
(Figures 5.6 and 5.7) that are often disrupted byraowing infauna. These nonparallel
laminae usually contain compacted faecal pelletéchivenclose fragmented planktonic

foraminifera, disarticulated coccoliths, and orgamiatter (Figure 5.8).

The matrix of this lithofacies is dominated by colths and nonkeeled planktonic
foraminifera, together with organic matter (predoamtly amorphous; 2.0 to 13.7% TOC,
average 6.1%, based on subsurface samples), pfamkigalves and rare zoned to dull-
luminescent, nonferroan microcrystalline calcitamiCrospar”) [Figure 5.8]. Minor detrital
quartz (Figure 5.8f; average 6.3%), clay (avera§éo4including kaolinite [Figure 5.8d
and e]) and dolomite (average 3.4%) are presethieimock matrix, together with rare
pyrite (average 2.9%, both framboidal and euhedhigljre 5.8e and f). The dolomite
predominantly occurs as replacive, nonferroan, éxghéplanar-e type) rhombs up to 100
pum across (Figure 5.8e and f), sparsely scattéredghout Lithofacies A. The dolomite
rhombs are also present within and along pressaugien seams (Figure 5.8f), and in
places crosscut by them. Pressure-solution seamgraljuently cut through uncompacted,
sparry-calcite-cemented tests of planktonic foraf@aia (Figure 5.8e and f). They are
commonly associated with concentrations of orgamatter and clay, and exhibit discrete,

wispy (‘horsetail) textures (Figure 5.8e and f).

The majority of the tests of the planktonic foraif@ra are uncompacted, and their shelter
porosity is commonly filled with zoned and brigltslinescent, nonferroan sparry calcite
(Figure 5.8). This shelter porosity is rarely filleo-filled with zoned, nonferroan sparry
dolomite, pyrite (both framboidal and euhedral)l/an kaolinite (predominantly as curved
booklets) that in places is engulfed by growthatite crystals (Figure 5.8e). Moreover,
iIsopachous crusts of fibrous to bladed, nonferrbagh-Mg calcite cements are commonly
well developed around the outer tests of the ptamktforaminifera (Figure 5.8c to e).
Where foraminiferal tests are partly cemented, theaye been crushed by compaction
(Figure 5.8c). The sediment surrounding foraminifégsts is also strongly compacted
(Figure 5.8c to f). In addition to the calcite cerhm the foraminiferal tests, the shelter
porosity of the oysters is commonly infilled witbmferroan sparry-calcite cement (Figure
5.8a and b).
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A

T i plSec s

Figure 5.8. Thin-section micrographs illustrating microscopatures of Lithofacies A.

(a, b) Under PPL and XPL respectively (sample P33; Figu4¢. Note abundance of
uncompacted, sparry-calcite-cemented, nonkeelekigaic foraminifera (npf) and
organic-matter-rich matrix, together with oystergy), planktonic bivalves (pb), fish
debris (fd) and calcareous benthic foraminiferd)(dote also the nonferroan sparry-
calcite cement (scc) in the shelter porosity ofterygc, d) Under PPL and CL respectively
(sample S8; Figure 5.4). Note abundance of comgdatxal pellets (fpt) containing
organic matter (OM) and other aggregates, resuitimgpnparallel, lenticular lamination
(nll), and sparry-calcite-cemented (zoned, nongrj@and porous planktonic forams. Note
also the isopachous calcite cement (icc) arourmdant's test in the middle of the
micrograph. The blue material in (d) is most likkolinite (ka).(e, f) Backscattered
electron micrographs (samples X8 and P39 respdgtivggure 5.4). Note abundance of
nonferroan sparry-calcite cement in the foramdstesccasionally in association with
framboidal pyrite (fp), sparry dolomite cement (sdckaolinite (ka). Note also in (e) the
development of isopachous calcite cements aroursd afidorams’ tests. Finally, note in
both micrographs the rhombohedral dolomite replasem(rdr) and pressure-solution
seams (pss); as well as organic matter (om), q(gz)z euhedral pyrite (ep), and a faecal
pellet enclosing forams, coccolith plates (cp), emdrocrystalline calcite (“microspar”).
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Four samples were chosen for the determinatioteblesisotopic compositions of calcite
in Lithofacies A (see Table 5.1 and Figure 5.5)e Whole-rock samples ga$&’C values
of +0.6, +0.2, +0.5 and +0.9%. (average +0.6%. VPL#BY respectivel§*?0 values of
-4.7,-4.9, -5.6 and -5.2%o (average —5.1%. VPDBYe&matrix subsamples gave
values close to the values of their whole-rock das)p*°C of +0.7, +0.4 and +0.8%o
(average +0.6%o VPDB), artd®0 of —4.6%o, —5.7%0 and —4.3%. (average —4.9%. VPDB).
Additionally, three subsamples from diageneticalhaltered (original) parts of bivalve
shells (oysters and pectens) ga¥i€ values of +0.8, +1.1 and +1.0 (average +1.0%o
VPDB), and respectivel§*?0 values of —4.3, -4.3 and —4.2%. (average —4.3%o. BPD
Finally, three subsamples from sparry-calcite-cee@gastropods and oysters gaWic
values of +1.2, +1.2 and —0.1%o (average +0.8%o VPRB) respectivel§*?0 values of
-5.1, -4.0, and —-3.8%o. (average —4.3%. VPDB). Oveth# average stable-isotopic
composition of all analysed samples and subsangbleshofacies A is +0.7%. VPDB for
8°C and -4.7%. VPDB f08*°0.

5.6.2. Interpretation

The mudstone-wackestone texture of Lithofacies thwabundant planktonic foraminifera
and coccoliths suggest that these organic-cartwbnunits were deposited in an open-
marine, basinal environment (e.g. Markello and R&882; Burchette and Britton, 1985;
Droste, 1990; Philip et al., 1995; van Buchem gtl#196; Kuhnt et al., 1997; Al Balushi et
al., in review). The occurrence of in-place benfhauna (including oysters, pectens and
some small benthic foraminifera) together with sdugows, and the fact that the
planktonic foraminifers are predominantly nonkeglleidures 5.7 and 5.8), indicate that
the depositional intrashelf basin was relativelgliw (probably in the order of 40 to 60
m) and predominantly oxic (Hudson and Martill, 19®achhour et al., 1998; Schieber,
2003; Marynowski et al., 2007; Schieber, 2009; Allhi and Macquaker, in press; Al

Balushi et al., in review).

The preservation of relict thin beds, organo-mihe@ggregates, lenticular lamination and
partial bioturbation in many of these sedimentg(Fes 5.7 and 5.8) suggest that
Lithofacies A, instead of being deposited predomilyafrom suspension settling under
quiet, anoxic conditions, was probably emplacedgat in parts, by episodic and

advective processes in a relatively dynamic, oxeedtic environment, close to storm
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wave base (Schieber, 1994; Macquaker and Boha03; 3e¢hieber et al., 2007; Schieber
and Southard, 2009; Macquaker et al., in pres8aMishi et al., in review). This
depositional setting was very likely associatechwveihergetic bottom currents, which were
able to episodically and advectively rework andatgifine-grained sediments from the
substrate before they were accumulated at the sadliwater interface, where they were
subsequently burrowed by diminutive infauna (seReid et al., 1990)These sediments,
as a result of compaction, developed thin part{sgasu Campbell, 1967; Bathurst, 1987)
that gave them a strongly-fissile appearance (ésheat the exposure, enhanced by
weathering; Figure 5.7a). This well-developed higsis commonly misinterpreted as
depositional parallel laminae (sensu Campbell, 1967

The dark colouration of Lithofacies A is a resultlte dispersed organic matter, together
with clay and pyrite. The high organic-matter cont@ip to 13.7% TOC) in this lithofacies
Is interpreted to be mainly a result of high prignarganic-carbon production in the water
column, coupled with episodically-high local ratdsediment accumulation and burial
(Hudson and Matrtill, 1991; Arthur and Sageman, 1%ahfield, 1994; Hochuli et al.,
1999; Katz, 2005; Macquaker et al., 2007; Al Balwsitd Macquaker, in press). Evidence
for the latter factor is also provided by the alamtdoreservation of articulated shells, as
well as the presence of some relict thin beds antidular laminae (Brett and Allison,
1998; Lazo et al., 2005; Machent et al., 2007; Alu3hi et al., in review; Figure 5.7).

The nonferroan calcite cements infilling the shefierosity of planktonic foraminiferal

tests, as well as the oysters, in this lithofag¢legure 5.8) may be related to very early
diagenetic processes, as these tests appear untechpa g. Bathurst, 1974; Macquaker et
al., 2007). Based on the interpretation that thisofacies was deposited in a relatively
shallow, oxic-dysoxic intrashelf-basinal environmemnith evidence of physical and

biological sediment reworking, isopachous high-Magjlcite cementation around the
foraminifers’ tests (Figures 5.7 and 5.8), and #hable-isotopic compositions of the
various calcite components (Table 5.1 and Figusg &.is very likely that the majority of

the calcite cement in Lithofacies A was derivedifroormal-marine, oxic porewaters (e.qg.
Hudson, 1977; Dickson and Coleman, 1980; Dicks®@851 Curtis and Coleman, 1986;
Muchez et al., 1991; Frank and Lohmann, 1996; AdantsMackenzie, 1998; Nelson and
James, 2000; Scholle and Ulmer-Scholle, 2003; évlist al., 2008). The slightly negative
§'%0 values might suggest that the depositional teatper was relatively high, which was
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likely during the Cenomanian time (cf. de Boer, 2P8An estimate of seawater
palaeotemperature frodt°0 compositions of unaltered bivalves has been kel for
the Natih-B Member (see Section 5.8).

Despite the overriding marine signature recordedtopcally, zoned and bright-
luminescent, nonferroan, pore-filling sparry cagciand both replacive and pore-filling,
nonferroan, finely-crystalline, rhombohedral dolten{cross-cut by solution seams), as
well as the presence of framboidal pyrite (Figur@eband f), are all suggestive of early
diagenetic processes taking place in suboxic cmmditduring organic-matter decay (i.e.
“organogenesis”; e.g. Irwin, 1980; Compton, 198&ldH et al., 1988; Ader and Javoy,
1998; Mazzullo, 2000; Taylor and Macquaker, 200achent et al., 2007; Dickson et al.,
2008; Rachidi et al., 2009). Specifically, it ikdly that bacterial sulphate reduction
occurring within anoxic sediment (< 20 cm below thediment/water interface) was
contributing in the oxidation of organic matterp@ucing hydrogen sulphide (e.g. Berner,
1978; Canfield, 1989, 1994; Taylor and Macquak&Q(b), and liberating bicarbonate
into the porewaters. The zonation of the calcitd dalomite cements and replacements
revealed by CL (Figure 5.8d) implies that the chstrgiof the diagenetic porefluids varied
during carbonate precipitatiqie.g. Azmy et al., 2008). The requisite ¥@nd C4&" ions

for dolomitisation were probably provided by eadiffusion from overlying seawater,
with COs*” ions (plus additional G4ions) being supplied mainly by both organic-matter
degradation and precursor carbonates dissolutiakdiBand Burns, 1985; Compton and
Siever, 1986; Compton, 1988; Mazzullo, 2000; Swasl., 2005). It is noteworthy that the
isotopic data for Lithofacies A does not provideidewnce for organogenesis through
depleteds*C values. This could reflect either the limitatiasfshe sampling, or buffering

of low isotopics'C values by seawater.

The kaolinite cement that co-fills the tests of glenktonic foraminifers (Figure 5.8e) is
interpreted here to have precipitated during latgehesis in either normal-marine or
modified-marine porewaters (sensu Maliva et al.999 The association of kaolinite
cement with organic matter in Lithofacies A mighiggest that late-diagenetic organic
complexingof aluminium was responsible for kaolinite cemepotat(cf. Maliva et al.,
1999) in these organic-carbon-rich carbonate mumeéstavackestones. This was probably a

result of bacterial or thermal decarboxylation afjanic compounds, which perhaps
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released organo-aluminium complexes responsiblthoprecipitation of kaolinite cement
(Maliva et al., 1999).

The development of compacted sediment around tlaeniaiferal tests as well as the
compressed horizontal burrows and faecal pellets tlae occurrence of pressure-solution
seams (Figures 5.7 and 5.8) indicate that bothiphlyand chemical compaction processes
dominated the late diagenetic history of this litwdes (sensu Shinn and Robbin, 1983).
Pressure solution in these organic-rich mudstoaasex the sediment to develop fissility
(Figure 5.7a; cf. Bathurst, 1987). There is nogqugtaphic or isotopic evidence from these

units to suggest a late burial recrystallisation.

5.7. Detailed Characteristics of Lithofacies B

5.7.1. Description

Lithofacies B comprises uncompacted, extensivadyuobated, and pervasively calcite-
cemented and replaced skeletal wackestone-packsttithea relatively low concentration
of organic matter (0.5 to 1.6% TOC, average 1.18é;Kgures 5.4, 5.6 and 5.9). It is well
exposed, laterally-continuous, and very resistamtg¢athering (Figure 5.6b). It varies in
colour from whitish and very light grey to dark gr@igures 5.6a and 5.9a, c, d). Horizons
formed by this lithofacies vary in thickness fromd®to 1.85 m (average about 0.21 m;
Figure 5.6). These horizons commonly exhibit stz erosive bases (including cm-scale
scour-lag features; Figure 5.9¢), frequently asdediwith concentrations of reworked
shell fragments of bivalves, gastropods, echinodeand brachiopods. Amalgamation of
thin (5 to 50 mm thick), normally-graded deposiaibheds may be observed within some
of these horizons (Figure 5.9f). Moreover, LithoéscB shows evidence of macroscopic

geopetal structures (Figure 5.9a).

Overall, extensive bioturbation and carbonate pitation in these horizons have
destroyed most of the primary sedimentary strustuwrausing these units to exhibit a
mottled appearance (Figures 5.6 and 5.9). Burrolwerg is predominantly attributed to
open (unlined)rhalassinoides isp. (Figure 5.6a and 5.9a to d), and rarelllemolites isp.
andPhycosiphon isp. Both bioturbation and carbonate precipitabecome increasingly
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1.4% TOC

Figure 5.9. Hand-specimen photograph and thin-section scas plaistrating

characteristic macroscopic features of Lithofa@le&a, b) Outcrop photograph and thin-
section scan, respectively, of sample Q52 (Jabah¢hah) showing evidence of extensive
bioturbation Thalassinoidesisp. [Th]) and skeletal debris (including oyster [oys] and
rudist [rf] fragments) concentration. Note geopstalicture (gps) in (a) within a gastropod
fragment.(c, d) Core photograph and thin-section scan, respectioélsample Y10
(Figures 5.4 and 5.6a) illustrating similar featuas in (a, b), but note the strongly mottled,
uncompacted appearance as a result of extensiteition and early cementatidp, f)
Core photograph and thin-section scan, respectieélyample S9 (Figure 5.4). Note in (e)
erosive boundary between Lithofacies A (LA) anchbfacies B (LB) associated with a
scour-lag (sl), and progressive increase of biatiob intensity in LA withPlanolites isp.
(P) near the bottom anbthalassinoidesisp. (Th) near the top. Note in (f) amalgamation of
thin, normally-graded depositional beds with coniion of skeletal debris.
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more intense towards the unit tops, in places @ssutwith boring features (Figure 5.6b).

Lithofacies B is largely composed of nonferroanrspaalcite (average 74.1%), which
occupies the pore-spaces of uncompacted skeletatialaand some of the intergranular
porosity as predominantly zoned to dull-luminescergniscus-style cement, as well as the
matrix of the rock as zoned and dull-luminescangly-crystalline spar (“microspar”)
[Figure 5.10]. In addition, isopachous crusts bfdus to bladed, nonferroan, high-Mg
calcite cements are usually well developed arobedésts of the planktonic foraminifera
and some other bioclasts (Figure 5.10a, b, e, afRefvorked shell fragments of bivalves
(including oysters and rudists; Figure 5.9a anasbiyacods, gastropods, echinoderms and
serpulids are common in this lithofacies, togethigh benthic (both calcareous and
agglutinated) and nonkeeled planktonic foraminifeedcispheres, peloids and coccoliths
(Figure 5.10). Many of the skeletal allochems aesagly packed and stacked, providing
evidence of skeletal concentration (Figure 5.9afandther minor components include
fine-grained detrital quartz (average 4.8%), nawi@n dolomite (average 2.5%, mostly as
scattered rhombs), detrital clay (average 2.2%tlnas kaolinite), pyrite (average 2.1%,
both euhedral and framboidal), organic matter @yerl.3%, both amorphous and
woody), fish debris (average 0.6%), and wood fragséaverage 0.1%).

There is no evidence of mechanical compaction indfacies B. However, a few discrete,
low-amplitude microstylolites, associated with arigamatter, are present dissecting both
matrix and pore-filling cements. Lithofacies B Isadissected by nonferroan, bright-

luminescent, sparry-calcite-cemented fracturesuffeié.10c and d).

Four samples were selected for the determinatiatadiie-isotopic compositions of calcite
(both biogenic and authigenic, as well as mixtafdsoth) in Lithofacies B (see Table 5.1
and Figure 5.5). The whole-rock samples g&lV€ values of +0.8, 0.7, —0.9 and +0.6%o
(average —0.1%o VPDB), and respectivéf§O values of -5.1, —3.8, —3.7 and —5.3%o
(average —4.5%0 VPDB). The matrix subsamples (dotathhy microcrystalline calcite
[“microspar”]) gave values close to the valuestmit whole-rock sample$°C of +0.5,
-0.2, -0.6 and +0.7%o (average +0.1%. VPDBY), af® of -4.6, -5.7 and —4.3%o
(average —4.4%0. VPDB). In addition, two subsamptesifdiagenetically-unaltered

(original) parts of shell fragments ga¥&C values of +1.2 and +1.7%. VPDB, and
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Figure 5.10. Thin-section micrographs illustrating microscopatures of Lithofacies B.

(a, b) Under PPL and XPL respectively (sample Y8; Figud) Showing uncompacted,
sparry-calcite-cemented (nonferroan) bioclastduating serpulids (spd), ostracods (0s),
calcareous benthic foraminifera (cbf) and bivakagments (bf), together with micritic
peloids (pld) and less-altered pectens (pct). Mt#e the nonferroan, isopachous calcite
cement (icc) around the serpulid and nonferroaniseas-style calcite cement (mcc)
between the serpulid and pectén.d) Under PPL and CL, respectively (sample S9;
Figure 5.4) showing a mixture of predominantly spanalcite-cemented (scc; nonferroan,
zoned to dull-luminescent) bioclasts, includingdiwe fragments (bf), agglutinated benthic
foraminifera (abf), calcareous benthic foraminiféshf), nonkeeled planktonic
foraminifera (npf) and calcispheres (cc). Not@dlsge sparry-calcite-cemented
(nonferroan, bright-luminescent) microfracture (nfé) f) Backscattered electron
micrographs (sample P90; Figure 5.4) illustratimg tatrix composition, which is
dominated by nonferroan, finely-crystalline caldiiec) [“microspar”]. Note the

pervasively sparry-calcite-cemented (scc; nonferytests of nonkeeled planktonic forams
(npf) and development of nonferroan, isopachousiteatement (icc) around them. Note
also the scarce organic matter (om), rhombohediahaite replacement (rdr), quartz (gz),
coccolith plates (cp), and clay.
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respectivel\5'°0 values of —4.7 and —4.1%. VPDB. Finally, a substenfiipom a sparry-
calcite-cemented shell fragment and another frapaary-calcite-cemented microfracture
gave, respectivelyy*C values of +1.0 and +1.3%. VDPB, a#fO values of -3.7 and
-9.3%0 VPDB. Overall, the average stable-isotopimposition of all analysed samples
and subsamples of Lithofacies B is +0.5%. VPDBJOE and —4.8%. VPDB fos*?0.

5.7.2. Interpretation

The extensively-bioturbated wackestone-packstaoxterte of Lithofacies B and the
common occurrence of mixed benthic and nonkeelaadkpbnic foraminifera, together
with a diverse assemblage of reworked skeletalisletlisarticulated coccoliths and
calcispheres, and the presence of scoured suiflaiceses 5.9 and 5.10) suggest that these
sediments were deposited in an outer-ramp settirrgatively shallower-water, better-
oxygenated, higher-energy conditions, in comparisith Lithofacies A, above storm
wave base (e.g. Brett and Allison, 1998; Wetzelldodmann, 1998; Hallam et al., 2000;
Fltgel, 2004; Al Balushi and Macquaker, in pressBAlushi et al., in review)lhe

frequent occurrence of mixtures of winnowed sh@lgents and the presence of erosive
bases in this lithofacies, associated with normgided, amalgamated, thin beds and
bioturbated tops may imply that these units artatiiempestites (Figure 5.9; e.g. Aigner,
1982; Myrow and Southard, 1996; Meng et al., 199@tina et al., 1997; Savrda and
Nanson, 2003). It is very likely that the majoritfysediment components in Lithofacies B
were derived from the surrounding carbonate platf@wept into the intrashelf basin by
waning flow currents during major storm events (@«field and Brett, 1988; Droste, 1990;
Hudson and Martill, 1991; Osleger, 1991; Oslegef Read, 1991; Burchette, 1993;
Myrow and Southard, 1996; Varban and Plint, 20083&lushi and Macquaker, in press).

The intense burrowing (predominantly attribute@p@nThalassinoidesisp.; Figure 5.9a

to d) indicates that stable and well-oxygenatedsate conditions occurred during
deposition of Lithofacies B (e.g. Fisher and Hudskd87; Ekdale and Bromley, 1991;
Philip et al., 1995; Savrda et al., 2001; Damhoit &urlyk, 2004). Moreover, the three-
dimensional preservation of trace fossils and kistsl, and the formation of geopetal
structures, micritic peloids and meniscus textFégures 5.9 and 5.10) suggest that most
of the calcite precipitation process (both in thegnx and bioclast tests) occurred early,

prior to significant compaction and burial, at @anthe sediment/water interface (e.g.
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Berner, 1981; Ricken and Hemleben, 1982; Reid.e1880; Tucker and Wright, 1990;
Westphal and Munnecke, 1997; Reid and Macintyr@818iall et al., 2004; Westphal,
2006; Breesch et al., 2007; Macquaker et al., 20@1jn et al., 2009). Additionally, both
extensive bioturbation and the pervasive carbocetteentation and replacement,
especially at unit tops, imply prolonged breaksediment accumulation (e.g. Ruffell and
Watch, 1998; Gruszczynski et al., 2008). Thereftire tops of these units, which cap
shallowing-upward parasequences (Figure 5.6; seeAdIBalushi and Macquaker, in
press; Al Balushi et al., in review), may be intetpd as marine hard-/firmgrounds
(discontinuity surfaces; e.g. Philip et al., 199an Buchem et al., 1996; Ruffell and
Watch, 1998; van Buchem et al., 2002; Carmona. g2@07) that were developed when
facies stacking-pattern changes (see discussidhBalushi and Macquaker, in press).
This development was probably a function of sedinséarvation at the seafloor (Savrda et
al., 2001) and increased bottom-current activityrdurelative sea-level fall and associated
decrease in accommodation such that sediment stpptg basin was reduced (Ruffell
and Watch, 1998; Gruszczynski et al., 2008).

The stable-isotopic compositions of the variousitalcomponents (including
replacements and cements, except those from thefraicture; see Table 5.1 and Figure
5.5) of this lithofacies§-*C = —0.9 to +1.7%. [average +0.5%. VPDB}?0 = -5.7 to
—-3.7%0 [average —4.8%0. VPDB]), together with evidentstrong sediment reworking by
storms and burrowing organisms, and precipitatiosapachous cements (Figures 5.9 and
5.10), suggest that the majority of the nonferrcalcite (both replacive and pore-filling)
in Lithofacies B was probably derived from normaknme, fully-oxic porewaters (e.g.
Hudson, 1977; Dickson and Coleman, 1980; MarsimallAshton, 1980; Dickson, 1985;
Curtis and Coleman, 1986; Ditchfield and MarshE89; Muchez et al., 1991; Frank and
Lohmann, 1996; Adams and Mackenzie, 1998; Schalteldimer-Scholle, 2003; Fligel,
2004; Preto et al., 2009). TB¥O values in this lithofacies are very similar tosk of
Lithofacies A (see Table 5.1 and Figure 5.5), megutihat similar elevated seawater
temperature occurred during syndepositional cajogeipitation of Lithofacies B (see
Section 5.8). The more negati®®¥0 value (-9.2%. VPDB) from the bright-luminescent,
calcite-cemented fracture, however, suggests eigtrehtemperature of precipitation, still
more consistent with burial cementation. No evidenas been found to link the negative
880 values to meteoric diagenesis (e.g. subaerial®xp) or late-burial recrystallisation

(e.g. blocky calcite cement).
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The whole-rock and matrix samples of LithofaciearB slightly more depleted &°C,
compared to those of Lithofacies A (see Table Bd Fagure 5.5). This might suggest that
there was a relatively higher input of depletedoarto the system when Lithofacies B
was being lithified early. It is very likely thatis isotopically-light carbon was mainly
produced by oxic respiration of organic-matterat $ediment/water interface (e.g.
Froelich et al., 1979; Berner, 1984; Canfield, 1988ndry, 1993; Reid and Macintyre,
1998; Machent et al., 2007). This argument is alggported by the fact that Lithofacies B
contains less organic carbon than Lithofacies A, lanthe interpretation that it was
deposited very slowly, prolonging the residenceetohresidual organic matter at the oxic
zone and allowing it to be more substantially osedi. The relatively smaller amounts of
both pyrite and dolomite, and the predominantly-tlurhinescent nature of sparry calcite
in this lithofacies might indicate that bacterialghate reduction played a less significant
role in the early organogenesis of these units.slilgatly varying levels of CL of the
various cements and replacements in this lithosa¢tegure 5.10d) suggest that the
porewaters chemistry was fluctuating slightly dgroarbonate precipitation (e.g. Azmy et
al., 2008).

5.8. Discussion and Conclusion

Detailed petrographic, mineralogical, and geochahaoalyses of alternating organic-
carbon-rich/sparry-calcite-rich fine-grained caratas from the Upper Cretaceous Natih-B
Member demonstrate that the manifest, high-frequegclicity expressed by these
intrashelf-basinal lithofacies was to some extafittenced by diagenesis. The organic-
carbon-rich units are strongly compacted and dyspiall-developed fissility, with
insignificant carbonate precipitation in the matsixt with pervasive sparry and isopachous
calcite cementation in the uncompacted tests ofigpdaic foraminifers. In contrast, the
sparry-calcite-rich units are uncompacted and afthndant sparry-calcite cements and
replacements in the bioclasts tests and matriagdition to meniscus-style cements,
micritic peloids and geopetal structures (see Ricked Hemleben, 1982; Westphal and
Munnecke, 1997; Westphal, 2006).

Although these alternating units vary in the degreeompaction, the majority of the
sparry calcite in both lithofacies, however, wasggitated early, prior to compaction and
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significant burial. The stable-isotopic results gesgt that these early cements and
replacements were mainly derived from normal-marixéc porewaters, with little
contribution of isotopically-light carbon from earganogenesis (cf. Raven and Dickson,
2007). The relatively higher amounts of framboioaiite, rhombohedral dolomite and
authigenic kaolinite, in the partially-bioturbateteletal, organic-carbon-rich units might
indicate that the very small amount of isotopicdiliyt carbon in this lithofacies was
produced by organic-matter decay as a result debatsulphate reduction. In contrast,
the relatively smaller amounts of framboidal pyated rhombohedral dolomite, and the
lack of authigenic kaolinite, in the extensivelptirbated, skeletal, sparry-calcite-rich
intervals might suggest that the slightly deplét€€ in this lithofacies was a result of
organic-matter degradation by molecular-oxygenirapn at or near the sediment/water

interface.

The seawater palaeotemperature during depositionh@fNatih-B sediments can be
estimated from th&'®0 composition of diagenetically-unaltered bivahadcite (texturally-
pristine oysters and pectens, nonluminescent ur@ley, as most marine molluscs
(including bivalves) are known to secrete theirllsh@ oxygen-isotopic equilibrium with
the surrounding seawater (e.g. Brigaud et al., 2@08 references therein). There is no
evidence to suggest that the 16%O values of the Natih-B unaltered shells (Table 5.1
average -4.3% VPDB) reflect freshwater input andfeduced seawater salinity. In
calculating the palaeotemperature of calcite, theagon of Epstein et al. (1953) and Craig
and Gordon (1965), as modified by Anderson and r{th983), has been used because it

was primarily based on molluscan-calcite isotopa:da
T=16.00 - 4-14a180calcite_ 8:Lsoseawat@) +0.13 6180calcite_ 8lsoseawate}2

In this equation, T is the temperature in degreelsi@s (°C)5'%Ocacie €quals the oxygen
isotope composition of calcite with respect to MEDB international standard, and
58 0scanaterequates to the oxygen isotope ratio of seawalative to the (Vienna Standard
Mean Ocean Water) VSMOW standard. This palaeotestyner calculation involves an
assumption for the oxygen isotope composition @&ft&reous seawater.880scanaevalue

of —1.0% VSMOW is generally assumed for an “iceefréime period (Shackleton and
Kennett, 1975), which has often been suggestedherUpper Cretaceous due to the
nonexistence of glacial deposits (e.g. Steubet.eP@05, and references therein). Based
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on this assumption and an avera§f..ie value of —4.3%. VPDB from unaltered shells
(see Table 5.1), the mean seawater palaeotempefatuthe Natih-B is worked out to be
31.4°C, varying from 30.1°C (far®Ocacie = —4.1%0 VPDB) to 33.1°C (fo8**Ocaicite =
—4.7%0 VPDB).

The results of our study show the complex interpiaghe different factors that controlled
diagenetic variability and organic-matter preseorain predominantly fine-grained
intrashelf-basinal carbonates. The main factorsdbatrolled these changes are
predominantly related to high-frequency (fifth-ordeale) eustatic sea-level fluctuations
and associated accommodation availability. Theslede changes in primary production,
local rates of sediments accumulation, bottom-auraetivity, and early diagenesis. The
organic-carbon-rich units reflect the processdsigth primary organic production,
episodic, and rapid sedimentation and burial duréigtive sea-level rise and increase of
accommodation, which resulted in the better predem of organic matter by removing it
quickly from the zone of substantial oxic respwatiOn the other hand, the sparry-calcite-
rich units represent relatively higher primary iganic production, increased bottom-
current activity, slow sedimentation and burialidgrelative sea-level fall and decrease of
accommodation, which resulted in the developmemtanly-cemented and replaced hard-
/[firmgrounds, and in the substantial autodilutiowl anineralisation of organic matter in the

oxic zone.

In conclusion, the abundance of normal-marine-@erizalcite precipitates and evidence of
sediment reworking by both bottom currents anddwimg organisms throughout the
Natih-B Member illustrate the significant role theatrly oxic processes played in
controlling lithofacies variability in this sourageck-bearing succession, which is often
misinterpreted to be predominantly controlled bgrales in bottom-water anoxia (e.g.
Murris, 1980; Scott, 1990; Philip et al., 1995; Bioand Van Steenwinkel, 2004;
Homewood et al., 2008).
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Chapter 6

Summary

As outlined in the Introduction Section of the tisg€hapter 1), the purpose of this final
chapter is two fold: a) to draw together the vasioutcomes of the study into a coherent

synthesis, and b) to indicate directions for futwaek in this area of research.
6.1. Overall Study Conclusionsand Synthesis

In Chapters 3 to 5 we discussed various aspecthedey factors controlling lithofacies
variability and organic-matter enrichment withireege intrashelf basins, using the Upper
Cretaceous Natih-B Member of North Oman as an ieeample. By combining optical
and backscattered electron-optical microscopygddtiteon to mineralogical (X-ray
diffraction) and geochemical (total organic carlpp@C] and stable isotope) analyses,
together with the traditional but detailed core anttrop descriptions, we investigated, in
detail, the processes that operated in the NatiititrBshelf basin and fundamentally
controlled: a) organic-matter preservation, b) $malmedium-scale temporal and spatial
lithofacies variability, and c) early diagenesikisTprocess-detailed, multi-proxy approach
proved to be successful in achieving the goalbisfresearch. Also, it significantly helped
to avoid misidentifying some of the primary andgdinetic features within fine-grained,
organic-carbon-rich intrashelf-basinal carbonatt@sinstance description of fissile thin
beds as “depositional laminae” and partially-bibated organic-rich mudstones as
“monotonous black shales”, which led many reseanccto assume that organic-matter
enrichment in these units was a result of high arinproduction, associated with the
presence of persistent bottom-water anoxia anddogrgy suspension-settling processes.
Moreover, careful analyses, utilising these higéshation techniques, enabled the origin
of the individual components of fine-grained carétensediments to be determined, as it is
difficult to achieve this using only core and oofgmethods. Furthermore, this approach
allowed detailed correlation between the exposedigtaphy of the Natih-B Member in
the Adam Foothills to the subsurface stratigraphthe nearby oilfields of North Oman
(e.g. Natih and Fahud fields).
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From this detailed investigation, nine main lithoés were recognised in the Natih-B
Member. The deposition of these lithofacies ocalimea clastic-starved intrashelf basin
(40 to 60 m maximum water depth) and associateer-oahd inner-ramp settings,

recording marine transgression. These lithofadiesldferentiated from one another on

the basis of their sedimentary structures and bkrigroportions of biogenic, diagenetic,
and clastic components, in addition to their priynzarbonate textures. They are composed
predominantly of calcite (as primary skeletal delamd both replacive and pore-filling
spar), together with a subordinate fraction comgadeorganic matter (amorphous and
woody), detrital quartz, detrital and authigeniayglreplacive and pore-filling pyrite and
dolomite, and fish debris. The textures preseryethbse units are predominantly of

mudstone and wackestone, with some packstone aaigtibne (“shell beds”).

As discussed in the previous chapters, the aburedashénce of bioturbation (including
Thalassinoidesisp., Planolites isp. andPhycosiphon isp.) and in-place fauna (including
thick-shelled bivalves and small benthic foramirajethroughout the middle-late
Cenomanian Natih-B succession, even in the mosinicgcarbon-rich lithofacies (up to
13.7% TOC), suggest that persistent bottom-watexian(or “oceanic anoxia”) did not
exist during the deposition of this unit and ivesy likely that at the sediment/water
interface conditions varied from oxic to dysoxiat probably were never anoxic.
Therefore, alternative models to explain the enbdmrganic-matter preservation in this

setting have to be considered.

Based on the observations of relict thin beds,gldrioturbation (predominantly flattened
Planolitesisp.), inclined lenticular laminae (enclosing orgamineralic aggregates) and
abundance of surface-water-derived componentsugitgy) planktonic foraminifera,
coccoliths and organic matter) in the intrasheHltbal organic-carbon-rich mudstone-
wackestone lithofacies that alternate with spaatgite-rich wackestone-packstone units,
might suggest that short-term enhanced organicygtaxh in the water column, coupled
with episodic and rapid sedimentation rates weeekty factors controlling organic-matter
enrichment in the Natih-B source rock. It is likéhat the organic-rich pelagic sediments
were delivered episodically to the sediment/watérface as phytoplankton blooms and
buried rapidly, prior to being significantly mindéisged in the oxic zone, during periods of
high relative seal level and increase of accomniodaln contrast, the relatively lower

proportions of planktonic fauna and flora and restliorganic-matter content (< 1.5%
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TOC) in the sparry-calcite-rich lithofacies, whichve been extensively bioturbated and
contain relatively higher proportions of basin-marderived shell debris, indicate that
organic-matter dilution by carbonate tests (autditin) and early diagenesis (extensive
bioturbation and pervasive carbonate cementatidirgplacement), associated with slow
sedimentation rates, were the main factors redusmuogce potential of these units. The
occasionally encrusted and bored tops of thesg-kinified units are here interpreted to
represent major breaks in sediment accumulatiomgluelatively lower sea level and
decrease of accommodation, associated with thdajswent of hard-/firmgrounds
(discontinuity surfaces). Therefore, these topsipatere stacking patterns change,
capping shallowing-upward parasequences, whiclt@ylgiencompass organic-carbon-

rich mudstone-wackestone overlain by sparry-calotte wackestone-packstone.

Moreover, the evidence of lenticular laminae, fapedlets, relict thin beds in the organic-
carbon-rich lithofacies, and the abundance of bstatoncentrations together with the
evidence of scoured bases and amalgamation ohtnimally-graded beds in the sparry-
calcite-rich lithofacies imply that the Natih-B iashelf-basin was not dominated by low-
energy depositional conditions, associated witpsansion-settling processes. Instead,
these observations indicate that the Natih-B ihetidasin was, to different levels,
energetic and dynamic, and that advective and @pistepositional processes operated, at
least partially, during deposition of both alterngtlithofacies. Specifically, the
observations from the sparry-calcite-rich litho&scsuggest that deposition of these units
was partially influenced by episodic distal storftismpestites”) when the sea level was

relatively lower.

As discussed in Chapter 4, differential early dreeges also played a role in controlling
lithofacies variability and enhancing cyclicitytime Natih-B intrashelf-basinal sediments.
The uncompacted, extensively-bioturbated, sparigitearich wackestone-packstone
lithofacies were pervasively cemented and replaaely, prior to compaction and burial.
In contrast, the partially-bioturbated organic-@arisich mudstone-wackestone interbeds
comprise uncemented matrix which resulted in thagacted (“fissile”) nature of these
units. This differential diagenesis was very likaljunction of changes in sedimentation
rate, related to sea-level fluctuations and accodation availability. When sea-level is
relatively high, there is more accommodation avdéan the basin to accumulate organic-

carbon-rich sediments at the sediment/water interéand then burying them rapidly before
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being significantly mineralised. On the other hanten relative sea level is lower, there is
less accommodation available, resulting in sedisenation at the seafloor and
extending the sediment residence time in the oxnezwhich caused the sediments to be
significantly bioturbated and mineralised. The yagarry-calcite cements (in the
uncompacted bioclast tests of both alternatingfébies) and replacements (“microspar”,
in the matrix of the sparry-calcite-rich units)sasiated with evidence of isopachous
cementation, together with stable-isotopic commsit (average +0.8%:-C and —4.2%o
3'%0 VPDB [Vienna Pee Dee Belemnite]), were predontiyaterived from normal-

marine (open, oxic) porewaters.

Based on the above observations and interpretaiitoren be concluded that the Natih-B
intrashelf basin was probably never too deep, npegsistently anoxic, and never too
quiescent or isolated (“silled”). Instead theseadatggest that this intrashelf basin was
relatively shallow (circa 50 m water maximum wadepth), energetic, open and oxic to

dysoxic.

Overall, this high-resolution, multi-proxy studyrdenstrates the complex interplay
between the mechanisms that underpin organic-mattezhment and lithofacies
variability (both temporally and laterally) withthe Natih-B Member intrashelf-basinal
sediments and associated units. These mechanisrectdrise the delicate balance
between primary production (both organic and inorgja clastic input, bottom-water
oxygen concentrations and energy conditions, @tesdiment accumulation and burial,
and early diagenesis. All of these factors are &nmentally related to high-frequency

changes in eustatic sea-level and associated acodation availability.

Lastly, the final outcomes of this study suggeat #xiting models on intrashelf basins,
which simply rely on the styles of primary prodectiand existence of bottom-water
anoxia, associated with predominantly low-energyodéional conditions, suspension-
settling processes and closed-system (anoxic) déesig are probably erroneous. Instead,
this study, using the Upper Cretaceous Natih-B Memals an ideal example, demonstrates
that deposition and diagenesis of intrashelf-basiadoonate source rocks may occur
under oxic-dysoxic, energetic conditions, assodiati#h advective processes and
predominantly open, oxic calcite precipitation,iwmostly active sediment reworking and

bioturbation. The Natih-B source rock is very ualika unique case of its own, and
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similar outcomes to this study maybe reached friudysng other same- and different-

aged carbonate source rocks worldwide, especfadlgimilar multi-proxy, high-

resolution, process-detail approach is being agpliderefore, the paradigms of carbonate

source-rocks deposition and diagenesis need tomsderably modified, in order to

develop the residual exploration potential, andagicke hydrocarbon exploitation in outer-

platform settings, especially those that occuhanMesozoic petroleum systems of the

Middle East.

6.2. Recommendationsfor Future Research

This PhD work revealed various areas of possiligréuresearch that could develop and

enhance the research undertaken in this studydétaéled scope of this study and

integration of the small-scale datasets have iablytresulted in the exclusion of some

avenues of potential interest from the regionaspective. The endeavour of this section is

to provide some recommendations for future work thay further develop the results of

the study. Some specific indications are outlinelb:

As mentioned above, this study shows how instruatesmthe combined
optical and backscattered electron-optical micrpgan obtaining detailed
information from fine-grained sedimentary rocks ahas, it should always
be considered when studying such sediments, altthgpther techniques.

This study has provided detailed information neadegdhderstand the
fundamental controls over temporal and small-s@atal) lateral

lithofacies variability and organic-matter enrichmevithin the Natih-B
intrashelf basin in North Oman; additional work ltbbhe done to map out
and correlate the regional spatial distributionh&f organic-carbon-rich,
intrashelf-basinal units across the Middle Easgtdeas between Oman and
UAE (see Figure 1.5).

Because this study is mainly focused on Natih-B2@ord outcrop sections
located within the outline of the intrashelf baee Figure 3.1), additional

work could be done on Jabal Madmar and Jabal Madaximal locations,
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carbonate platform) to investigate how does thehNRtsuccession in distal

locations compare to that in proximal locations.

. Additional work is needed to confirm the adequatthe classification
scheme followed in this study for other regional giobal carbonate

depositional systems, associated with carbonatesaacks.

. Given that the Natih-B carbonates are bioturbatedatying degrees, a
further detailed study focused on the trace fosditbese intrashelf-basinal
sediments could be conducted, in order to moreigglcdescribe and
interpret the ichnofabrics. This could, for instanprovide additional
information on bioturbation index of the lithofasjestyles of trace-fossil
tiering, sediment retexturing by burrowers, anddtwrfrequency, size and
infill material. These data could enhance bothgakaeoenvironmental
reconstructions (e.g. oxygenation, nutrition, tigrdepth, sedimentation
rate, hydrodynamic regime, and nature of the satestand sequence-
stratigraphic interpretations (e.g. nature of tbg &tratal surfaces,
genetically-related successions, and event beds).

. Additional work is needed to strengthen our underding of the processes
responsible for dolomite formation within fine-gnad, argillaceous
carbonates (e.g. Lithofacies 4 [LF4], Chapter 4jriging to perform, in
addition to the petrographic analyses from thislgtgeochemical (both
isotopic [including C, O and Sr] and elemental)lgses on the these

microcrystalline rhombohedral dolomites.

. Finally, in order to provide an evaluation of theflamental controls on
organic-matter preservation within intrashelf basiwhich have been
discussed in this thesis, other ancient settingi&ddee investigated,
especially those from neighbouring Middle-Easteyartries. In particular,
it would be very useful to conduct a similar kinfd@esearch on the two
other Cretaceous intrashelf basins in Oman (lowatiiNE and lower
Shu’aiba intrashelf basins; see Figure 4.2) and dut how their
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depositional and diagenetic models compare to thbdee Natih-B
intrashelf basin.
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