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Abstract: The end-Triassic mass extinction (ETME) which occurred around 201 Ma is known as one of “the big
five” mass extinction events of the Phanerozoic eon. Its effects were most severe on marine ecosystems, resulting in
a global decline of invertebrate taxa and the complete extinction of the conodonts. The cause of the ETME can be
attributed to the volcanic activity of the Central Atlantic magmatic province (CAMP), which resulted in drastic
emissions of volcanogenic gasses such as CO, and SO,. These eruptions caused severe environmental changes such
as global warming and ocean acidification, which made the ETME particularly selective for acid sensitive taxa.
These conditions also resulted in an almost global depositional hiati at the time of the Triassic — Jurassic boundary.

In this study, marine strata from the Triassic — Jurassic boundary interval at Wadi Ghalilah in the United Arab
Emirates have been petrographically and geochemically analysed. The examined strata are part of the Ghalilah For-
mation, namely the uppermost Sumra (Rhaetian) and the Sakhra (Hettangian) Members. The study had the goal to
describe the geological, geochemical, and environmental conditions present after the ETME. Results were also
compared with other Triassic—Jurassic boundary sections in order to understand the effects of the ETME on global
and regional scales.

Through the analyses conducted in this study, it seems evident that the ocean acidification caused by CAMP was
indeed widespread enough to affect the southern latitudes of the UAE at the time. This can be seen in the form of a
submarine dissolution surface and subsequent deposition of oolites and microbialites as anachronistic facies. The
globally recognized Hettangian transgressions are also supported from Wadi Ghalilah, and was likely strongly in-
fluenced by the disappearance of carbonate producing organisms. Analyses of major, trace, and rare earth elements
in ooids indicate a slight increase in anoxia after the onset of the Hettangian, as well as increased continental weath-
ering which could be coupled with the start of increased biological productivity after the extinction.
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Sammanfattning: Det sen-Triassiska massutdéendet (STM) som intraffade for omkring 201 miljoner &r sedan ar
ként som ett av ’de fem stora” massutddendena under Fanerozoisk tid. Massutddendet péverkade frimst marina
ekosystem, vilket resulterade i en global minskning av ryggradsldsa djur och utddendet av konodonterna. Orsaken
till STM kan anknytas till utbrotten av den Central-Atlantiska magmatiska provinsen (CAMP), vars utsldpp av
vulkanogena gaser sdsom koldioxid och svaveldioxid resulterade i drastiska milj6fordndringar sasom global upp-
viarmning och forsurning av haven. Detta medforde att organismer som var speciellt kénsliga for ldga pH-nivaer
drabbades hardast. Dessutom orsakade denna forsurning avbrott i depositionen av karbonater under den Triassiska
— Jurassiska 6vergangen pé ett flertal platser globalt.

I denna studie har marina avlagringar fran slutet av trias och borjan av jura fran Wadi Ghalilah i Férenade Arabemi-
raten petrografiskt och geokemiskt analyserats. Det undersokta intervallet ingér i Ghalilahformationen och bestér av
oversta delen av Sumraledet (rdt) och Sakhraledet (hettang). Malet med undersokningarna har varit att beskriva de
geologiska och geokemiska forhallandena som radde efter STM. Resultaten har dven jamforts med andra likaldriga
avlagringar for att f en uppfattning om hur omfattande paverkningarna av STM har varit pa global och regional
skala.

Analyserna som utforts i denna studie tyder pé att forsurningen av havet maste varit omfattande nog for att ocksa
paverka de tropiska breddgraderna dar Wadi Ghalilah en gang lag. Detta kan ses i form av marina uppldsningsytor
och efterfoljande deposition av ooliter of mikrober i form av anakronistiska facies. De globalt igenkdnningsbara
transgressioner som forekom under hettang kan dven observeras vid Wadi Ghalilah, och var sannolikt paverkade i
hog grad av forsvinnandet av karbonatproducerande organismer. Analyser av grund- och sparimnen samt sillsynta
jordartsmetaller i ooider indikerar en ldtt 6kning av syrefattiga férhallanden efter borjan av hettang, samt 6kad kon-
tinental vittring vilket skulle kunna kopplas till borjan av en langsam 6kning av biologisk produktivitet efter mass-
utdoendet.

Nyckelord: sedimentologi, karbonatbergarter, geokemi, ooliter, ooider, thromboliter, mikrober, trias, jura, hettang,
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1 Introduction

It should undoubtedly have escaped no one, that pre-
sent day greenhouse gas emissions and associated
global warming poses a significant threat to the contin-
ued survival of many species on Earth. The IPCC
states that “Any increase in global warming is project-
ed to affect human health, with primarily negative con-
sequences” and that “The risk of irreversible loss of
many marine and coastal ecosystems increases with
global warming, especially at 2°C or more” (IPCC
2018). Although global warming in the Anthropocene
is one of the largest crises humanity has faced thus far,
it is far from the first time that earth has undergone
drastic environmental changes. In the geologic record,
the sudden demise of broad ranges of taxa can some-
times be linked with such perturbations, resulting in
what are known as mass extinction events. After such
events, both environment and fauna undergo dramatic
changes.

My master’s thesis will focus on the aftermath
of one of these events, the end-Triassic mass extinc-
tion (ETME). By petrographically and geochemically
analyzing sediments from a marine carbonate succes-
sion of Rhaetian and Hettangian age in the United Ar-
ab Emirates (UAE), it will be possible to gain a unique
insight into the direct consequences of the extinction.
The formation which will be analyzed is named the
Ghalilah Formation, and outcrops in Wadi Ghalilah,
which is the main locality for this study. Within the
Ghalilah Formation, it is particularly the Sakhra Mem-
ber which will be in focus, as it contains marine sedi-
ments from the Triassic — Jurassic (T-J) boundary in-
terval and the earliest Jurassic Hettangian stage.

At the time of the T-J transition, large parts of
the Arabian shelf were covered by the Tethys Ocean.
Productivity in the Tethys Ocean was high, which dur-
ing the Permian and most of the Mesozoic promoted
deposition of carbonates and organic rich shales,
which in present day constitute much of the oil and
natural gas used for our worldwide energy needs. By
the transition into the Jurassic, there is a distinct ob-
servable change in the lithological and paleontological
record. This change can be directly linked to the ET-
ME and the events leading up to its occurrence.

The post extinction intervals displayed in the
Ghalilah Formation at Wadi Ghalilah contain anachro-
nistic facies such as microbialites and ooids, which are
facies typical for pre-phanerozoic times (Sepkoski et
al. 1991; Groves & Calner 2004; Baud et al. 2007).
Interestingly, these types of facies can be found rather
regularly in the direct aftermath of phanerozoic mass—
and smaller scale extinction events such as the Permi-
an mass extinction and the Silurian Lau event
(Sepkoski et al. 1991; Groves & Calner 2004; Baud et
al. 2007). Petrographic and sedimentological analysis
on these deposits will allow for an improved under-
standing on how the sea level and the depositional
environment varied through time, and how this can be
correlated on regional and even global scales. Further-
more, applying LA-ICP-MS analysis on these sedi-
ments allows for an improved understanding of the
environmental, chemical, biological, and geological
settings of the area at the time of formation. This is
achieved by directly measuring which types of major

and trace elements are present in the ooids, cement,
and matrix, and to what extent. Individual ooids were
studied in order to gain information about elemental
changes on a yearly or decadal base, as well as to ana-
lyze larger scale changes and trends in carbonate depo-
sition. Observations using Scanning Electron Micro-
scope (SEM) were also conducted in order to analyze
and characterize ooids in greater detail, and will com-
plement the observations made from thin sections us-
ing optical microscopes.

Furthermore, results from the locality at Wadi
Ghalilah are compared with a nearby locality named
Wadi Milaha located 24 km SSE of the main locality
where an outcrop of the Ghalilah Formation is also
exposed. This will provide a basis for paleoenviron-
mental reconstruction on a regional scale. Moreover, it
will simplify correlation between other globally recog-
nized T-J boundary sections to those in the UAE, as
both the placement of the T-J boundary and the effects
of the ETME at these localities have long been debat-
ed. The results from Wadi Milaha have been obtained
by supervisor Ingrid Urban as part of her PhD project
dealing with geochemical characterization of ooids
during the aftermath of mass extinctions.

2 Background

2.1 The end-Triassic mass extinction

2.1.1 The Triassic—Jurassic GSSP & terrestrial
effects of the ETME

The ETME which occurred around 201 Ma at the very
end of the Triassic period is widely regarded as one of
the “big five” mass extinction events of the Phanero-
zoic eon (Sepkoski, 1982). During this time-period
marine biota in particular was severely affected. This
led to the decline of several invertebrate taxa such as
molluscs (Kiessling 2007), as well as cnidarians and
other reef builders (Stanley 1988, 2003; Stanley &
Beauvais 1994). In addition to causing major changes
in plankton communities (Richoz et al. 2012), the most
typical markers for the extinction event and the T-J
boundary are the complete extinction of the conodonts
and the first appearance of the Jurassic ammonite
Psiloceras spelae in the Hettangian (Hillebrandt et al.
2007). A global stratotype section and point (GSSP)
was not set for the base of the Jurassic until 2008,
which has made correlation of early Jurassic strata
notoriously difficult. The GSSP is presently placed in
the Kuhjoch section of the Austrian Karwendel moun-
tains (Hillebrandt et al. 2007, 2013). The section in-
cludes the first occurrence of Psciloceras spelae 6 m
above the boundary between the Rhaetian Kossen For-
mation and the Kendelbach Formation, which repre-
sents the extinction level (Hillebrandt et al. 2007,
Hautmann 2012, Hillebrandt et al. 2013). It should be
noted that this GSSP has in recent years been debated,
and arguments have been made regarding a change of



locality from the Kuhjoch section (Lucas et al. 2019).

In the terrestrial realm, there has been wide-
spread debate over the last decade whether vegetation
underwent a substantial decline during the T-J transi-
tion (Lucas & Tanner 2008; van de Schootbrugge et al.
2009; Hautmann 2012). While Lucas & Tanner (2008)
argue that there is no evidence of a global mass extinc-
tion of terrestrial vegetation at the T-J boundary, van
de Schootbrugge et al. (2009) suggest that sharp in-
creases of atmospheric sulphate aerosols and other
pollutants contributed to a severe and wide-ranging
shift in terrestrial vegetation. This is in part based on
the fact that gymnosperm forests were replaced by fern
-like vegetation, which is a signature flora for dis-
turbed ecosystems (van de Schootbrugge et al. 2009).
In addition, more recent reviews by Lindstrom et al.
(2016) concluded that ecosystems were indeed effect-
ed drastically enough on both hemispheres for signifi-
cant decline in palynoflora to occur. Perhaps the most
notable terrestrial implications for the ETME however,
were the large niches left behind after the extinction of
the Archosaurs and Raudisuchians, which led to the
evolution of the dinosaurs in the late Jurassic (Sereno
1999).

2.1.2 Causes and environmental implications

Several potential causes for this mass extinction, both
terrestrial and extra-terrestrial, have been suggested.
Some of the more notable ones include the discovery
of an iridium anomaly in the Newark Basin coincident
with abundant fern spores, which Olsen et al. (2002)
argued to mean that a bolide impact scenario was the
primary cause for the ETME. In addition to this, sever-
al impact craters with apparent synchronous ages to
the T-J boundary have also been discovered (van de
Schootbrugge & Wignall 2016). The impact hypothe-
sis has however since been disputed and deemed as
improbable due to the non-contemporaneous occur-
rence of the potential impact sites, the sizes of the im-
pact craters and further analysis of the iridium anoma-
ly which argues for a volcanic origin of the anomaly
(Tanner et al. 2016; Tegner et al. 2020). The most
widely accepted model in present day and what I will
use for this thesis states that episodes of Large Igneous
Provinces (LIP) in the Central Atlantic Magmatic
Province (CAMP) before the T-J transition resulted in
severe climate change, which in turn led to the ETME
(Schaltegger et al. 2008; Deenen et al. 2010; Davies et
al. 2017). According to this model, extensive CAMP
volcanism and flood basalt eruptions hundreds of thou-
sands of years before the T-J boundary caused extreme
influxes of sulphate aerosols and carbon dioxide into
the ocean-atmosphere cycle (Schaltegger et al. 2008;
Deenen et al. 2010; Davies et al. 2017; Percival et al.
2017; Tegner et al. 2020).
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Through carbon isotope analyses of various T-J
boundary sediments around the globe, the extinction
can be correlated to a negative carbon isotope excur-
sion (CIE) peak of roughly around -3 to -4%o. (Palfy et
al. 2021). Based on high-resolution U-Pb ages from
CAMP mafic intrusions in various localities in Moroc-
co and North America, the initial magmatic activity of
CAMP can be correlated to just before the globally
recognized negative CIE, indicating that the CAMP
volcanism was indeed a driving mechanism for the
ensuing climate changes and subsequent faunal decline
(Davies et al. 2017; Percival et al. 2017; Heimdal et al.
2019, 2020). Moreover, it has been shown that clear
increases in Hg and Hg/TOC (total organic carbon)
ratios occur in T-J boundary sediments (Percival et al.
2017). This resulted in perturbations in the global Hg
cycle at the time, which can be led back to the pulsato-
ry volcanism of CAMP (Percival et al. 2017). These
increased Hg concentrations would have strongly af-
fected and delayed ecological recovery for many mil-
lions of years (Percival et al. 2017, Lindstrom et al.
2020).

It has been estimated that a volume of 3 million
km® of magmas were released from CAMP, along with
volcanogenic gases (Marzoli et al. 2018). These vol-
umes make CAMP possibly the largest continental
flood basalt to ever erupt (Wignall 2001; Nomade et
al. 2007; Greene et al. 2012). In regards to this, it has
recently been estimated that the total CO, emissions
could have been as high as 24000 gigatons (Gt) over a
time period of 800 thousand years (kyrs) of volcanic
activity (Heimdal et al. 2020), suggesting that the
amount of released magma is even larger than previ-
ously estimated by McHone (2003). This estimate has
been achieved by analyzing proxies in the form of neg-
ative CIEs from terrestrial and marine sediments
(Heimdal et al. 2020). The emissions caused during
these 800 kyrs is interpreted to have taken place during
five separate pulses and released carbon from three
different sources; volcanic carbon, inorganic thermo-
genic carbon, and organic thermogenic carbon
(Heimdal et al. 2020). The authors argue that the pres-
ence of thermogenic sources are highly plausible due
to the vast amount of emissions predicted by the model
(Heimdal et al. 2020). Indeed, these amounts are not
enough to originate from volcanic carbon alone, as this
is the highest estimate so far (McHone 2003, Heimdal
et al. 2020).

Widespread black shales around the margins of
the Tethys ocean were also being deposited in the ear-
ly Jurassic, marking a distinct change in sedimentation
style (Richoz et al. 2012; van de Schootbrugge et al.
2013). Through uranium isotope analyses on shallow
marine limestones deposited around the T-J boundary,
research has suggested that a 40 - 100 times increase
in the extent of anoxic deposition occurred worldwide
(Jost et al. 2017). This is based on a negative excur-



sion of >**U of about 0.7 %o, and it is suggested that

this widespread anoxia likely delayed ecological re-

covery into the later stages of the Hettangian (Jost et
al. 2017).

Previously one of the least studied and under-
stood mass extinctions, research on the T-J mass ex-
tinction has had a major upswing in the last decade.
The increasing interest is partly due to the progress in
radiometric dating of the CAMP basalts (Hautmann et
al. 2012). It must be noted, however, that there is some
debate regarding the severity of the ETME. Some au-
thors argue that the ETME is rather the result of minor
events on a local scale (Lucas & Tanner 2018). For all
intents and purposes, this thesis is written with the idea
in mind that the end-Triassic mass extinction is in fact,
a mass extinction event on a global scale.

2.1.3 Carbon cycle and ocean acidification

At other localities where marine T-J boundary strata
have been studied, such as Europe, Asia and South
America, the negative CIE from the initial stages of
CAMP differs a few permille from the observed values
at Wadi Ghalilah (Ruhl et al. 2020). Most global and
Tethyan CIE from this interval are usually observed at
around —4 and — 6.5%o (Ruhl et al. 2020), whereas in
the Wadis of UAE it is around —1 and — 3%o (Ge et al
2018, Palfy et al 2021).

Since the volcanic activity roughly tripled the
amount of atmospheric (p) CO, concentrations in the
ocean-atmosphere cycle (McElwain et al., 1999;
Schaller et al., 2011, 2012; Steinthorsdottir et al.,
2011; Ruhl et al. 2020), climate, temperature and pre-
cipitation would have been severely affected (Ruhl et
al 2020). This would have led to increased warming
and humidity in both marine environments and conti-
nental settings (Korte et al., 2009; Bonis et al., 2009;
Bonis et al., 2010; Ruhl et al., 2010; Bonis and
Kiirschner, 2012; Steinthorsdottir et al., 2012; Ruhl et
al. 2020).

Various proxies of pCO, also show a 1700-
2500 ppm CO; increase in the beginning of the Hettan-
gian (Steinthorsdottir et al. 2011). More drastic in-
creases have also been suggested, with numbers as
high as 4400 to 5100 ppm increase directly following
the CAMP eruptions (Schaller et al. 2011; Greene et al
2012).

With the drastic release of greenhouse gases, it
is plausible that there would have been an initial cli-
mate cooling from the release of SO, (Guex et al.
2016) and subsequent global warming and ocean acidi-
fication event where the excess pCO, reacts with sea-
water to form carbonic acid (Greene et al. 2012). This
subsequent warming around the T-J boundary has also
been shown from palynological studies, indicating a 3-
4 degree Celsius increase with climates transitioning
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from arid to more humid at the start of the Jurassic
(McElwain et al 1999; Greene et al 2012).

Considering the increase in atmospheric CO,
and other volcanogenic gases caused by CAMP vol-
canism, there have been several arguments made for
and against the development of ocean acidification
synchronous with the ETME. An ocean acidification
event requires the influx of pCO, to be greater than the
influx (or buffering) of alkaline elements from weath-
ering (Greene et al. 2012). This level of buffering of
ancient oceans is simply not known for such deep time
studies. Factors such as the dissolved inorganic carbon
levels in the ocean also affected how sensitive the Te-
thys Ocean would have been to ocean acidification,
and thus even an increase of 7000 ppm of pCO, does
not guarantee prolonged and significant lowering of
seawater pH (Greene et al. 2012).

The ETME was however selective in nature,
meaning that acid-sensitive and reef inhabiting taxa
were especially affected by the oceanic perturbations
at the time (Kiessling 2007, 2011; Greene 2012). This,
along with widely observed coincident carbonate dep-
ositional hiati in the European Alps as well as North
and South America (Hautmann et al. 2008; Greene et
al. 2012), argues for the fact that CAMP was indeed
significant enough in terms of CO, output to have
caused ocean acidification. As a result, numerous other
T-J marine sections experienced a lack, or at least de-
crease, of carbonate deposition at this time (Greene et
al. 2012).

2.2 Qoids

A major part of the herein described lithology at Wadi
Ghalilah includes the occurrence of ooids. Ooids, and
their lithified equivalents oolites, are millimeter-sized
spherical grains which consist of a nucleus and an out-
er laminated layer called a cortex or laminae (Carozzi
1960). Due to hydrological conditions during their
formation, ooids are usually not larger than 2 mm in
diameter. Larger sizes would inhibit their growth rate
significantly, however there is the exception of some
giant ooids (i.e larger than 2 mm in diameter) (Li et al.
2013). The cortex can be made up out of a variety of
minerals and elemental compositions including iron,
silica, and phosphates. The most common types of
ooids however, are carbonate ooids, which are also in
the focus of this study. Moreover, ooids constitute as
valuable proxies for paleoceanographical reconstruc-
tion where they can aid in the determination of sea-
water chemistry, depth, energy levels, and salinity
(Sandberg 1983; Tucker 1990; Fliigel 2010).

Ooids can be classified differently depending
on the crystal structure of the cortex (Fig. 1), with the
most common classification of ooids being concentric
(Fig. 2), radial (Fig. 3) and micritic. Normally, radial



ooids tend to form in restricted low energy environ-
ments around platform interiors, whereas concentric
ones form during higher energy conditions (Fliigel
2010). Micritic ooids have a random or even absent
laminae due to higher degrees of micritization (Fliigel
2010). Additionally, in cases where the diameter of
the nucleus is larger than the radial of the whole ooid,
they are designated as superficial (Fliigel 2010).

Although ooids occur in deposits as old as the
Mesoarchean, formation remain debated. The for-
mation of smaller sized ooids include formation in
suspension in either high or low water energy condi-
tions (Fliigel 2010), as well as accretion in both marine
and non-marine environments. The most leading mod-
el for many decades states that they tend to form along
the margins of carbonate platforms when certain phys-
ico-chemical conditions are met (Duguid et al. 2010).
These conditions are: 1. Presence of a nucleus. 2. Cal-
cite or aragonite supersaturated water, and 3. An envi-
ronment which allows for the degassing of CO,
(Duguid et al. 2010). When the ooids are no longer
accreting in suspension during higher-energy condi-
tions, post-formation micritization can start (Diaz et al.
2017). The degree of micritization at this stage is then
directly affecting the preservation potential of the crys-
tallized laminae.

Anderson et al. (2020) recently proposed a
model for larger ooids to form within sediment piles.
This model uses modern day ooids as an example
when stating that the threshold for ooids which grow
in suspension is far smaller than more ancient ooids
which have a larger diameter. Therefore, Anderson et
al. (2020) makes the case that carbonate ooids with a
larger diameter grow in dunes, where carbonate satura-
tion state in the pore water is higher than the surround-

ing seawater.

In contrast to this, there have been a number of
suggested models which argue that biological influ-
ence plays a key role in ooid formation. According to
Dupraz et al. (2019), organisms which promote CaCO;
precipitation can adjust pH conditions to more favora-
ble ones for crystal nucleation. In Lake Geneva, mod-
ern fresh water ooids are formed due to the initial cal-
cite precipitation by biofilms around a nucleus, mak-
ing physico-chemical conditions almost irrelevant in
this ooid formation process (Plee et al. 2008; Ariztegui
et al. 2012). With lots of evidence pointing both for
and against a biotic origin for ooids, it is safe to say
that this is still a very much debated topic.

To better understand their formation, several
studies have focused on the formation of ooids in pre-
sent time. Modern day ooids are for example known
from the Bahamas, the Great Salt Lake, and Baffin
Bay, but can differ from ancient ooids in their size and
mineralogy (Anderson et al. 2020). Modern day ma-
rine ooids are all aragonitic. This is due to modern day
oceans being predominantly aragonitic, but the world’s
oceans have oscillated between being calcitic and
aragonitic on scales of 100 -200 Myrs (Stanley & Har-
die 1999). Ancient ooids vary between being domi-
nantly calcitic and aragonitic, depending on the sea-
water chemistry at the time of formation. These differ-
ences between ancient and modern day ooids can re-
sult in difficulties when attempting to draw parallels
between the two and compare how they are formed
(Andersen et al 2020).

In addition to ooids, coated grains and cortoids
have also been used as descriptive terms for rounded
grains in the Wadi Ghalilah carbonate rocks. Coated
grains refer to grains that do not display significant

Microfabric of the cortex

Mineralogy, modern examples

Environment

Concentric Concentric laminae consisting Aragonite: Bahamas, Yucatan, Very shallow, warm low-
(tangential) of tangentially arranged Abu Dhabi, latitudinal seas; common in
ooids crystals whose long axes are Persian Gulf high-energy settings
aligned to the surface of
the laminae. (Great Salt Lake/Utah) | Lacustrine-hypersaline
High microporosity
Low-Mg calcite: Caliche ooids® Terrestrial
Radial Laminae consisting of Aragonite: Persian Gulf, Great Shallow marine, common in
(radial-fibrous) radially arranged crystals; Barrier Reef, (Yucatan,| low-energy settings
ooids long crystal axes perpendicular Shark Bay,
i to the laminae surface Mediterranean)
Gulf of Agaba Sea-marginal hypersaline pool

Great Salt Lake/Utah | Lacustrine-hypersaline

Mg-calcite: (Baffin Bay/Texas)

Marine-hypersaline

Calcite and Low-Mg calcite:

Non-marine
e.g. Cave pearls”

Micritic (random)
ooids

Laminae composed of randomly
arranged microcrystalline crystals
or

Laminae obliterated or absent,
due to a pervasive micritization
of the cortex

Aragonite:

Bahamas Shallow-marine

Figure 1. Fliigels description of the various types of ooids and their respective depositional environments

(from Fliigel 2010).
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Figure 2. Concentric ooids from sample WG14 in this study.

2.3 Microbialites

In two samples collected from Wadi Ghalilah, micro-
bial buildups in the form of thrombolites can be ob-
served. Thrombolites are stromatolite-related benthic
microbes that range from freshwater to deep shelf set-
tings (Fliigel 2010) but differ from stromatolites in
regards to their structure. Instead of exhibiting lamina-
tion like stromatolites, thrombolites have a macroclot-
ted fabric, with clots referring to irregular carbonate
outlines which often form long streaks and irregular
patterns (Fig. 4).

Whereas different types of stromatolites have
been observed in the sedimentological record since the
Archean, thrombolites have only been observed since
the Neoproterozoic (Riding 2011), but were important
constituents to small-scale reef builders in the early
Phanerozoic (Fliigel 2010). After the Ordovician,
thrombolites had a constant decline until the Permian
and Mesozoic (Fliigel 2010). Although increasingly
rarer in the Phanerozoic, microbialite faunas are found
dominating after certain extinction events (Calner
2005; Baud et al. 2007). This phenomenon is known as
anachronistic carbonate facies.

2.4 Anachronistic facies

As previously stated, certain facies which were more
frequently deposited during the Proterozoic and the
early Paleozoic may become dominant for a time fol-
lowing Phanerozoic extinction events (Sepkoski et al.
1991). Examples of these kinds of facies are flat peb-
ble conglomerates, large seafloor carbonate cements as
well as microbial mats and ooids (Sepkoski 1991;
Woods et al. 1999; Groves & Calner 2004). This has

Figure 3.

Radial ooids from sample WG19 in this

study.

for example been the case with the Silurian Lau event
(Calner 2005) and the end-Permian mass extinction
event (Baud et al. 2007), resulting in the deposition of
anachronistic carbonate facies with microbial bound-
stones or widespread oolites. In the case of ooids, it
has been speculated that the large stress a mass extinc-
tion event causes the marine environment results in
alteration of carbonate precipitation (Groves & Calner
2004). The disappearance of many calcifying organ-
isms thereby removes an important seawater carbonate
sink, which allows for more inorganic ooid precipita-
tion as well as widespread deposition of oolites in the
aftermath of extinction events (Groves & Calner
2004).

Similar to post-extinction strata from other are-
as and times, the Sakhra Member includes thrombo-
lites and oolites. It is not entirely known why this phe-
nomenon occurs. Possibly, the abundance of metazo-
ans during the Phanerozoic results in a decline of mi-
crobialites due to grazing and competitiveness. Under
such circumstances a post extinction environment
could be favorable for a sudden increase of micro-
bialites, as this type of depositional environment re-
sembles that of pre-Phanerozoic times when bioturba-
tion was not as pronounced (Riding 2011). However, it
is uncertain whether metazoans significantly affected
the evolution of microbialites or not (Riding 2011).
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Interstitial sediment .-

[ ]

i Thrombolitic
*, stromatolite

Surrounding sediment

]

Dendrolite Thromboalite Stromatolite Leiolite
Microbial Micraobial Microbial Microbial
carbonate carbonate carbonate carbonate
outlines outlines internal internal
are dendritic are irregular fabric fabric
and shrublike equidimensional is laminated is aphanitic
clots that can and thinly
elongate into layered
branches
Macrofabric = Microbial carbonate Macrofabric = Microbial carbonate
outline relative to interstitial sediment internal fabric

Figure 4. Different types of microbial buildups and their general distinctive appearances (Riding 2011).

lithosphere known as the Semail ophiolite (Roberts et
al. 2016) (Maurer et al. 2008). Subsequent tectonic
phases eventually resulted in the formation of the pre-
sent day Musandam Mountains (Maurer 2008). In
comparison to the nearby Oman and Zagros moun-
tains, the Musandam Mountain range has undergone
significantly less tectonic overprint (Maurer et al.
2008). It is here that the study area Wadi Ghalilah and
the Ghalilah Formation is found (Fig. 5). Here, focus
will be made on the post-extinction carbonate rocks of
the uppermost Sumra and Sakhra Member at Wadi
Ghalilah, with comparisons to results from the same
Members at Wadi Milaha. A stratigraphic chart of the
Ghalilah Formation at Wadi Ghalilah can be seen in
Fig. 6, with photographs from the same locality in
Figs. 7 & 8.

3 Geological setting and stratig-
raphy

In the northeastern UAE, T-J boundary interval rocks
outcrop in the Ras Al Khaimah and Musandam Moun-
tains (Maurer et al. 2008), which separates the Gulf of
Oman from the Arabian Gulf. During the Mesozoic,
this modern-day mountain range was part of the tec-
tonically stable southern margins of the Tethys Ocean,
located around 20 degrees South of the Equator at this
time, (Stampfli & Borel 2002; Honig 2017) where a
tropical shallow marine carbonate platform subse-
quently developed (Maurer et al. 2008). This stable
environment allowed for the deposition of over 3 km
thick Permian and Mesozoic sediments (Maurer et al.
2008). Furthermore, paleogeographic reconstructions
have shown that to the east an open marine carbonate
shelf was present and to the west shallower settings
occurred (Ziegler 2001; Al-Suwaidi et al. 2016; Ge et
al. 2018, 2019). These shallow water carbonates are
now exposed in west-verging thrust sheets, caused by
the Cretaceous obduction of large slices of oceanic
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Figure 5. Overview of the Ras Al Khaimah area and the Musandam mountains in the UAE with Wadi Ghalilah and Wadi Mi-

laha marked (Modified from Maurer et al. 2008)
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Figure 6. Stratigraphic chart of the Ghalilah Formation at Wadi Ghalilah, as interpreted in this study. The marked dissolution
surface is however not observable at Wadi Ghalilah, but only at Wadi Milaha. Biostratigraphy is based on field observations
and results from Maurer et al. (2008). The carbon isotope curve is from Al-Suwaidi et al. (2016) and may not correlate perfectly
with this chart, but the negative CIE is still relatively coincident with the ETME. For a full reference on the CIE curve, see Al-
Suwaidi et al. (2016).
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Figure 7. Overlook of the Sumra, Sakhra, and Shuba Members of the Ghalilah Formation and the overlying Musandam

Formation, view towards the East.

Figure 8. Closer overlook of three of the stratigraphic mem-
bers of the Ghalilah Formation: The Sumra, Sakhra, and
Shuba Members. Overlying the Shuba Member is the Mu-
sandam Formation.

3.1 The Ghalilah Formation

The Ghalilah Formation is a mixed carbonate-clastic
unit composed of four Members ranging from the late
Norian to the Sinemurian; The Asfal, Sumra, Sakhra
and Shuba Members. The Late Norian Asfal Member is

ca 120 m thick and constitutes brown and green marl-
stones along with quartz arenites with various car-
bonate intercalations. It is characterized by a typical
Late Triassic fauna with gastropods, brachiopods, cor-
als, bivalves as well as the ammonoid Neotibetites
(Maurer et al. 2008). The overlying 60 m thick Sumra
Member is lithologically similar to the Asfal, but lacks
quartz arenites and is more fossiliferous with the top
part consisting of floatstones with abundant coral and
sponge debris (Maurer et al. 2018). In the overlying 25
m thick Sakhra Member there is a distinct change to
less fossiliferous oolithic grainstones. The uppermost
member of the Ghalilah Formation, the Shuba Mem-
ber, is a 50 m thick unit composed of siltstones, dolo-
mitic mudstones and marlstones, with a low macrofos-
sil content (Maurer et al. 2008).

3.3 The Triassic—Jurassic boundary in
the United Arab Emirates

Maurer et al. (2008) places the T-J boundary at the
base of the Sakhra Member based on the disappear-
ance of the Rhaetian coral-rich floatstone of the under-
lying Sumra Member and the transition into the poorly
fossiliferous beds of the Sakhra and Shuba Members.
This placement of the base of the Hettangian is also
coincident with the results of Al-Suwaidi et al. (2016),
where it is set after the negative CIE that defines the
ETME. Hoénig et al. (2017) on the other hand, place
the T-J boundary in accordance with De Matos (1997)
in the uppermost Shuba Member, close to the bounda-
ry of the overlying Musandam Formation. This place-
ment was made after stratigraphic and biostratigraphic
examinations led to the discovery of Liassic crinoids,
as well as Triassic bivalves and shark teeth (De Matos
1997).



For this study, the same hypothesis as that of Maurer
et al. (2008) and Al-Suwaidi (2016) will be followed,
namely placing the T-J boundary at the base of the
Sakhra Member following the negative CIE, as this is
also the hypothesis used by my supervisors in their
respective projects. The main arguments for this are
that there is no sedimentological reason for the transi-
tion from the fossil rich Sumra Member into the fossil
poor beds of the Sakhra Member, but must have rather
been caused by the ETME. The lower parts of the
Sakhra Member does not constitute a deep sea or
hypersaline setting, which could have otherwise been
reasons for the lack of fossils. Furthermore, the overall
trend of a change from a regression in the Rhaetian to
a transgression in the Hettangian is a globally recog-
nized phenomenon (Palfy et al. 2021) which can be
seen in the lowermost Sakhra Member. Lastly, the
fossils of the Sumra Member are already Rhaetian in
age, and the transition into the Musandam Formation
includes a pavement of typical Pliensbachian lithiotis
bivalves. Therefore, placing the T-J boundary at the
base of the Musandam Formation would mean that the
Hettangian and Sinemurian is missing. Since this study
aims to research post-extinction conditions, focus will
be made on the Sakhra Member in particular with only
the uppermost parts of the Sumra Member also being
analyzed.

4 Methods

4.1 Field work in the United Arab Emir-

ates

Field work was carried out by supervisors professor
Sylvain Richoz and PhD student Ingrid Urban in Janu-
ary of 2020. A section of the Ghalilah Formation at
Wadi Ghalilah was logged and described with samples
collected from the uppermost Sumra Member and
through the Sakhra Member. Samples 1 to 5 were col-
lected from the Sumra Member and 6 to 44 from the
Sakhra Member. The sample resolution was highest at
the base of the Sakhra Member, where it was approxi-
mately 10 cm between each sample. The resolution
was later lowered to about 33 cm between each sam-
ple. No samples were collected between 14 and 19 m
due to the complete absence of oolites in this part of
the formation.
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4.2 Thin sections for optical microscope
and LA-ICP-MS analyses

After macroscopic observation samples WG, 6, 7, 8,
9,11, 12A, 12B, 13, 14, 15, 17, 18, 19,20, 23, 24, 25,
26, 27, 28, 29, 31, 33, 34, 35, 37, 38, 40, and 44 were
selected for thin sectioning. Samples were cut using a
Struers Discoplan-TS saw and the fresh surface was
polished on a Struers Discoplan-25 with a 600 grit
diamond plate. Then, a 5 mm thick slice was cut with
the same dimensions of a glass slide used for the thin
sections, which is about 28X48 mm. Each slab was
then glued on a pre-grinded and signed glass slide with
a bicomponent epoxy resin, in a proportion 15:2 be-
tween Struers’ Epofix Resin and Epofix Hardener re-
spectively. After drying the slabs for two days at room
temperature, they were cut to a thickness of 1 mm us-
ing a higher precision Struers Discoplan-TS cutting
and grinding machine. They were reduced to 40-35 um
thick using the same machine and then polished with a
2000 grit diamond plate. In order to be analyzed at LA
-ICP-MS, thin sections needed to be quickly pre-
ablated to be perfectly clean.

4.3 Optical petrographic microscope

Thin sections have been carefully described at the Ge-
ology Department at Lund University using an Olym-
pus BX53 petrographic optical microscope, equipped
with a digital camera (HD and Cam 6.3 series). 2X and
4X magnification with plane polarized light (PPL) was
used to determine a number of characteristics in order
to describe the samples. These were; lithology accord-
ing to Dunham classification, corresponding standard
microfacies (SMF) (Fig. 9), cement fabric, roundness
scale of the grains (1-4 with 4 being the highest round-
ness, according to Fliigel 2010), visual percentage
scale (how much of the thin section surface area is
covered in grains/bioclasts/ooids compared to matrix
or cement), diagenetic effects, microfossil assemblage,
porosity, binding stage (to what degree carbonate ce-
ment bound certain ooids together, on scales from 1 —4
with 4 being the most connected, see WG19 B in Ap-
pendix 1 for an example of stage 4 binding stage of
ooids) and more (according to Fliigel, 2010). General
sedimentary microstructures were also defined. Mag-
nification 10X and 20X were used to classify ooids
according to their morphological criteria (see chapter
2.2). To understand peculiar extinction patterns and
mineral replacements, cross polarized light (XPL) was
applied when necessary.



SMF 1: Spiculitic wackestone or packstone, often with
calcisiltite matrix. Subtype emphasizes burrowing.

SMF 2: Microbioclastic peloidal calcisiltite with fine
grainstone and packstone fabrics.

SMF 3: Pelagic lime mudstone and wackestones with
abundant pelagic microfossils. Subtypes differenti-
ate the groups of planktonic organisms.

SMF 4: Microbreccia, bio- and lithoclastic packstone or
rudstone.

SMEF 5: Allochthonous bioclastic grainstone, rudstone,
packstone, floatstone, breccia with reef-derived biota.

SMF 6: Densely packed reef rudstone.

SMF 7: Organic boundstone. Subtypes try to differenti-
ate the kind of contribution by potential reefbuilders
to the formation of reefs and other buildups.

SMEF 8: Wackestones and floatstones with whole fossils
and well-preserved endo- and epibiota.

SMF 9: Strongly burrowed bioclastic wackestone.

SMF 10: Bioclastic packstone and wackestone with
abraded and worn skeletal grains.

SMF 11: Coated bioclastic grainstone.

SMF 12: Limestone with shell concentrations. Subtypes
characterize shell-providing fossils.

SMF 13: Oncoid rudstone and grainstone.

SMF 14: Lag deposit.

SMF 15: Oolite, commonly grainstone but also wacke-
stone. Subtypes highlight the structure of ooids.
SMF 16: Peloid grainstone and packstone. Subtypes dif-

ferentiate non-laminated and laminated rocks.

SMF 17: Grainstone with aggregate grains (grapestones).

SMF 18: Bioclastic grainstone and packstone with abun-
dant and rock-building benthic foraminifera or cal-
careous green algae. Subtypes describe the system-
atic assignment of the various groups.

SMF 19: Densely laminated bindstone.

SMF 20: Laminated stromatolitic bindstone/boundstone.

SMF 21: Fenestral packstone and bindstone. Subtypes
characterize fenestral voids and the contribution of
calcimicrobes.

SMF 22: Oncoid floatstone and wackestone.

SMF 23: Non-laminated homogenous micrite or micro-
sparite without fossils.

SMF 24: Lithoclastic floatstone, rudstone or breccia.

SMF 25: Laminated evaporite-carbonate mudstone.

SMF 26: Pisoid cementstone, rudstone or packstone.

Figure 9. List of standard microfacies types. SMF 15 is
further divided into 15C or 15R depending on if the ooids
are concentric (C) or radial (R) (from Fliigel 2010).

4.4 Samples for SEM analyses

Following microscopy, it was concluded that samples
WGS, WG11, WGI2A, WG14, WG17, WG19, and
WG20 would be analyzed with SEM. Small rock piec-
es were cut from each sample (5X5X8 mm). They
were dried for one night in an air oven at 50 °C. The
following day, the pieces were broken in two halves
using a pincer to give the cubes the dimensions 5X5X4
mm. Each small cube was mounted on a SEM stub
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with double-sided tape, with the fresh surface facing
the detectors. To avoid charging effects, the lateral
sides of the sample were sputter coated with 6 nm of
Pt/Pd using a Cressington sputter coater 108 auto.

4.5 SEM (Scanning Electron Micro-
scope)

SEM analyses were performed at the Geology Depart-
ment with a variable pressure Tescan Mira3 High Res-
olution Schottky FE-SEM equipped with an Oxford
EDS detector, scanned at 5 kV. SEM images are ob-
served in order to describe the morphology of laminae
at microscale, as well as peculiar microstructures relat-
ed to microbial interaction and diagenetic processes.

4.6 LA-ICP-MS (Laser Ablation—
Inductively Coupled Plasma—Mass
Spectrometry)

LA-ICP-MS was carried out by Ingrid Urban and Dr.
Tomas Naeraa, who gave all technical parameters. The
thin sections WG8, WG11, WG12A, WG17, WG18,
and WG20 were processed at the Geology Department
with a Bruker Aurora- Elite Quadrupole ICP-MS,
equipped with a 193 nm Cetac Analyte G2 excimer
laser installed with a two volume HelEx2 sample cell
with eQC. Samples were processed with a fluence of
ca. 2 J/cm2 and spot analyses between 45x95X50 pm
and 37X116 pm with a repetition rate of 10 Hz were
carried out. Spot analyses were preferred over line
scans. He (0.8 I/min) was used as carrier gas, while Ar
(0.95 /min) was used as make-up gas. RF power was
ca. 1300 W. For each analysis, background collection
took 30 seconds, while the ablation process needed 30
seconds. Calibration was done with the internal stand-
ards NIST 610, NIST 612, NIST 614, and MACS-3. It
had the following concentrations: MACS-3 (37.7 wt.
%) and ooid (38 wt. %), with MACS-3 being a USGS
reference material (Jochum et al. 2012). Data reduc-
tion was done with Iolite software (Paton et al. 2011).
Stable isotopes of a number of different ele-
ments, both major and trace, were analyzed. Mg” as a
major element, to verify the bulk composition of ooids
(high-Mg calcite, low-Mg calcite, aragonite, dolo-
mite). Among the trace elements, the following were
considered: Sr®, in order to better discriminate be-
tween aragonite and calcite composition of the car-
bonates (Sandberg 1983). Al*” and Ti* to check for
any possible contaminations by silicates. Ba'?, U*®,
and Zn® to correlate the ooids’ interaction with organ-
ic matter and/or bacteria (Smith et al. 1999; Riding
2006; Kamber & Webb 2007; Newsome et al. 2014; Li
etal. 2017). U®, Mn™, P*' in order to investigate
whether oxic or anoxic conditions were present in the
sea water, and to what extent (Klinkhammer & Palmer
1991; Newsome et al. 2014. Rare Earth Elements



(REE) and Yttrium (Y) were analyzed for different
purposes: as indicators for relative water depths
(Piepgras & Jacobsen 1992), redox conditions
(German & Elderfield 1990), microbial activities
(Takahashi et al. 2005; 2007), early diagenetic pro-
cesses (Haley et al. 2004), and contaminations from
silicates (Li et al. 2017). Yttrium is often analyzed
together with REE as the element frequently occurs in
REE deposits.

The particular samples were chosen based on
their relatively low degree of micritization, ensuring
that the elements analyzed came from as unaltered
sources as possible. Analyzes were grouped into four
categories: 1. Nucleus, 2. Cortex/Laminae (sub-
divided into concentric or radial), 3. Cortoids, 4. Ce-
ment. Several ablations also occurred on single ooids,
from the nuclei to the edge of the cortex. These so-
called transects were made to analyze the variation of
trace elements in different parts of the cortex, thereby
providing information of elemental changes that oc-
curred on a yearly or decadal interval. The nucleus
itself is examined to understand its origin, for example
if it derives from a siliciclastic input.

4.7 Processing of LA-ICP-MS data

The data from the analyses were processed using Iolite
software and Microsoft Excel, where the Calcium
weight percentage (Ca wt%) was set to 40% as an in-
ternal standard. Data was processed so that any outli-
ers were removed, and that only data from the time the
spots were being made were analyzed. The internal
and external errors for the values were also calculated
and taken into consideration when producing graphs.
Due to Ca ions having a similar charge and size as,
Mg, Mn, Sr, and Al, it is possible that these three first
elements can replace Ca in Calcite (CaCO3), and that
Al can bond with O to produce silicates.

To solve this, the new (true) Ca wt% (Ca wt%,,) value
is recalculated using the formula:

Where u is referred to the atomic weight of the ele-
ment or compound, Ca wt%, is the old Ca wt% (i.e.
40%), and ppm is the initially measured concentration
of the elements in parts per million.

The new concentration values in ppm for the elements
were then achieved using the following equation:

Ca wr%n}
‘Ca wtlig

ppm, = ppm 5 X

Where ppm,, is the newly calculated concentration, and
ppm, is the old concentration before adjustments to the
Ca wt%,,.

The REE + Y concentrations are then normalized to
the Post Archean average Australian Shale (PAAS)
concentration values, which are concentrations based
on the average of 23 Australian shales of post Archean
age (McLennan 1989; 2001). This was also used for
correlation to Wadi Milaha samples, by applying the
equation:

ppmy,

PPMnpaas = paas value

Where ppm,p44s is the new concentration normalized
to PAAS, and PAAS value is the concentration values
based on the 23 Australian shales previously men-
tioned. This last adjustment is as aforementioned only
applied to the REE + Y.

MgCO ; Al uSrCo
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After ppm,,p44s for every REE has been calculated, it is
possible to use these new values to further draw con-
clusions about redox conditions in the water column at
the time of the oolites’ deposition. Due to the oxidiza-
tion of Ce*" to Ce*" in oxic settings, a negative or posi-
tive Ce anomaly compared to PAAS normalization
constitutes a proxy for redox conditions in marine set-
tings (German & Elderfield 1990; Shields & Stille
2001). A negative anomaly indicates an oxygenated
environment, whereas a positive anomaly indicates an
anoxic or increasingly dysoxic one (German & Elder-
field 1990; Shields & Stille 2001). This can be investi-
gated further by using the REE values normalized with
PAAS and applying the formula:

Where, PrPAAS . CePAAs, and NdPAAS are the DPPMypgas
values for Pr, Ce, and Nd. As suggested by Bau &
Dulski (1996), ratios of > 1 using this formula are
indicative of oxygenated environments, and ratios of <
1 imply a more dysoxic environment.

5 Results
5.1 Logs of the outcrop

The log for the Sumra Member (Rhaetian) is shown in
figure 10, the Sakhra Member (Hettangian) in figure
11, and a legend in figure 12.
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Figure 10: Log of the uppermost Triassic (Rhaetian) Sumra Member.



5.1.2 Log of the Jurassic Sakhra Member
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Figure 11: Log of the Sakhra Member at Wadi Ghalilah with sample sizes and inter-
preted sequence stratigraphical boundaries marked.
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5.1.3 Legend for the logs
@ Limestone
Bioclasticlimestone

Marly limestone
rm'.':=

b Wavybedded limestone

T Tl i Qolitic limestone

D Foraminifer
0070 Lamestonewrth coated o Echinoderm
0 00 grains - Bival
X @®! Peloidallimestone e Coral
o ts ; 5L Crinoid
o Bryozoan
Nodular limestone s Big bivalve
O Sponge
Flaserbedded limestone
6’ Gastropod
Platy limestone . .
| Traceof bioturbation
Laminated limestone G EGB Oolitic/peloidal lenseor peloidal lense
' Pebble
Crossbedded limestone ° Peloid
° Coated grain
00 Ooid
Oolitic crossbedded
limestone = Intraclasts
; Crossbedded limestone —~ Fenestrae
with coated grains ® Reddish ooid
Crossbedded peloidal o Brown grain
x limestone 0] Grain
v Hardground crust
S TN Thrombolite — Boundstorio
] Floatstone
ON.O% e Grainstone
A HPE] Breccia
LAIN: .21 | Packstone
T == Wackestone
BR F G P w Ms Dunham classification scale ) Laminated lime mudstone
| Mudstone/shale

Figure 12: Legend for both of the logs.



5.2 Petrographic descriptions and inter-
pretations of the Wadi Ghalilah
samples

Associated images for all thin sections can be found in
Appendix 1. For sample levels, see Figs. 10 —11.

WG 1 — SMF: 12. Lithology: Floatstone. Sorting:
moderately sorted. Roundness scale: 2. Visual percent-
age scale 10%.

The sample is fossiliferous with foraminifera,
bivalve shells, ornamented gastropods, and more mi-
crofossils which have sharp contacts to the surround-
ing fine-grained matrix. Calcite filled cracks fissures
are observable together with inclusions of pyrite and
oxides, as well as stylolite associated porosity.

WG 6 — SMF: 10. Lithology: Packstone with abundant
peloids. Sorting: poorly sorted. Roundness scale: 2-3.
Visual percentage scale: 40%.

The sample includes gastropods as well as bi-
valves together with several cortoids. Small scale sty-
lolites are also present. Many particles and microfos-
sils have been replaced with calcite.

WGT7 — SMF: 15C. Lithology: Grainstone. Sorting:
well/moderately sorted. Roundness scale: 4. Visual
percentage scale: 60%. Cement fabric: Mainly mosaic
(equant/granular) as well as isopachous around some
of the grains. Binding stage: 4. Porosity: Mainly shel-
tered porosity behind the larger bivalves.

Apart from ooids and cortoids, the sample in-
cludes a high degree of coated and rounded grains.
Bivalve shells and brachiopods are present as well as
aggregate grains, which have likely been transported
given the sharp contacts to the surrounding sediment.
Mineral replacements occur in the form of calcite, par-
ticularly observable in the microfossils.

WG8 — SMF: 15C. Lithology: Grainstone. Sorting:
Well sorted. Roundness scale: 4. Visual percentage
scale: 60%. Binding stage: 2. Cement fabric: Blocky.
Porosity: sheltered and moldic.

The cortoids and skeletal fragments in the sam-
ple have been heavily micritized. Bivalves with infil-
ling of micrite can also be observed, which at often
times have been recrystallized.

WG9 — SMF: 11. Lithology: Grainstone. Sorting: Very
well sorted. Roundness scale: 4. Visual percentage
scale: 50%. Cement fabric: Blocky and isopachous
rims along the grains.

The grainstone includes a high amount of small
scaled coated grains. There are many stylolites
throughout as well as elongated larger grains with a
high degree of micritization, which have some form of
lamination. Large bivalve shells and a possible foram/
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gastropod together with cortoids can also be observed.

WGI11 - SMEF: 15C. Lithology: Grainstone. Sorting:
Moderately sorted. Roundness scale: 3-4. Visual per-
centage scale: 30%. Cement fabric: Isopachous rims.
Porosity: Sheltered porosity as well as fracture and
stylolite associated.

The sample consists of concentric ooids and
cortoids. Some transport and secondary coating have
occurred which is the cause for many of the sharp
boundaries. Intraclasts are present due to early diagen-
esis, which would have made these ooids protected
from second, later stage diagenesis. Pyrite grains are
abundant, particularly within larger fractures. The
cracks themselves do not go through the ooids, but
rather around them.

WGI12A — SMF: 15C. Lithology: Grainstone Sorting:
very well sorted. Roundness scale: 4. Visual percent-
age scale: 60%. Binding stage: 4. Cement fabric: Bro-
ken blocky cement, with no clear boundaries or rims
around the ooids. Porosity: Sheltered by bivalves.

The concentric ooids in the sample have under-
gone severe diagenetic alteration where they have
started to reach a lumping stage, as well as fitted-
fabric-like patterns with stylolites. Cortoids and bi-
valve shells can still be identified. Pyrite grains are
also prominent throughout as well as mineral replace-
ments in the form of calcite.

WG12B — SMF: 7. Lithology: Thrombolithic bound-
stone.

The sample constitutes microbial build ups with
pyrite throughout. The grey areas are micritic, and
some bivalves and ostracods can be observed within
the thrombolites.

WG13 — SMF: 11. Lithology: Packstone Sorting:
Moderately to poorly sorted. Roundness scale: 4. Visu-
al percentage scale: 20%. Porosity: Sheltered. Cement
fabric: Blocky/mosaic cement which only occurs in
fractures, which does not designate the sample as a
grainstone.

The packstone has undergone a high degree of
micritization, and likely includes remnants of throm-
bolites as in some parts similar microbial fabric from
WGI12B can be observed. The sample goes into a
higher energy environment compared to WG12B,
which can indicate some hiatus due to the change in
environment. Some clear concentric ooids, large bi-
valves and cortoids are also present.

WG14 — SMF: 7. Lithology: Thrombolithic bound-
stone.

The sample has a varying degree of micritiza-
tion, although not particularly heavy. In addition to the
microbial fabric which is clotted, scattered and well
developed concentric and superficial ooids together
with pyrite grains are present, but rare.



WG15 — SMF: 11. Lithology: Coated bioclastic grain-
stone. Sorting: Poorly sorted. Roundness scale: 3. Vis-
ual percentage scale: 30%. Cement fabric: Blocky mo-
saic.

The sample includes a high degree of micritized
bio- & lithoclasts, mostly peloids. It also contains
many elongated skeletal parts and cortoids which are
significantly larger than the micritized grains. Oncoids
are present together with gastropods, bivalves, echino-
derms, and some larger brachiopods.

WG17 — SMF: 15R. Lithology: Grainstone. Sorting:
Very well sorted. Roundness scale: 4. Visual percent-
age scale: 60%. Cement fabric: Blocky mosaic.

Some smaller cracks going through both ce-
ment and ooids can be observed, which is the result
from compaction after lithification. There is little to no
micrite, which could be indicative of a high energy
environment.

WG18 — SMF: 15R. Lithology: Grainstone. Sorting:
Very well to well sorted. Roundness scale: 4. Visual
percentage scale: 50%. Binding stage: 2. Cement fab-
ric: Blocky with isopachous rims.

Radial ooids are dominating in the sample and
there are very few to no superficial or concentric ooids
observable. There has likely occurred some transport
of smaller grains, as they differ from the larger ooids
which makes up the main part of the sample.

WG19 — SMF: 15R. Lithology: Grainstone. Sorting:
Very well sorted. Roundness scale: 4. Visual percent-
age scale: 50%. Binding stage: 4. Cement fabric:
Blocky.

The radial ooids have various shapes and sizes
including asymmetrical/eccentric, distorted/deformed,
half-moon/shrunken. There are also prominent skeletal
fragments and cortoids. Peloids occur in between the
ooids together with bivalves and small particles of
transported extraclasts. Compared to WG18 there is
more micrite which might indicate a transition to a
lower energy environment.

WG20 — SMF: 15R. Lithology: Grainstone. Sorting:
Very well to well sorted. Roundness scale: 4. Visual
percentage scale: 50%. Binding stage: 1-2. Cement
fabric: Blocky and mosaic.

A number of the more developed radial ooids
are mixed with smaller coated grains. Bivalve shells
and cortoids are also present.

WG23 — SMF: 11. Lithology: Peloidal grainstone.
Sorting: Very well sorted. Roundness scale: 4. Visual
percentage scale: 50%. Binding stage: 1-2. Cement
fabric: Isopachous and blocky.

The sample constitutes heavily micritized coat-
ed grains, with lots of cement and bioclasts. A few
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superficial micritized ooids are also present.

WG24 — SMF: 11 Lithology: Grainstone. Sorting:
Very well sorted. Roundness scale: 4. Visual percent-
age scale: 60%. Cement fabric: Blocky.

The sample has a gray homogenous color of
both grains and cement, with some red color streaks in
the sample might suggest iron-enriched porewater
seeped through. All grains are coated, but no real ooids
are actually present.

WG25 — SMEF: 15R. Lithology: Grainstone. Sorting:
Moderately sorted. Roundness scale: 4. Visual per-
centage scale: 60%. Cement fabric: Isopachous.
Radial and superficial ooids are present, and the
sample shows signs of diagenetic processes such as
cracks filled with secondary cement and calcite. Skele-
tal parts and shells of bivalves can also be observed.

WG26 — SMF: 15R. Lithology: Grainstone. Sorting:
Very well sorted. Roundness scale: 4. Visual percent-
age scale: 50%. Binding stage: 3. Cement fabric: Iso-
pachous, probably drusy mosaic.

Some of the ooids in the sample are superficial,
others deformed and elongated. Several skeletal grains
and cortoids are also visible. Compared to the two
previous samples, the ooids are becoming more devel-
oped here.

WG27 — SMF: 15R. Lithology: Grainstone. Sorting:
Moderately sorted. Roundness scale: 4. Visual per-
centage scale: 40%.

Very few skeletal parts are present, however
they are normally larger than the ooids. Calcite crys-
tals are visible in XPL, and in the lower part of the thin
section the color of ooids switches distinctively to red
and the cement fabric is more mosaic in nature. A
large bivalve shell is also visible in this red part even
on a macroscopic scale.

WG28 — SMF: 11. Lithology: Grainstone. Sorting:
Moderately to poorly sorted. Roundness scale: 3. Visu-
al percentage scale: 60%. Porosity: Sheltered. Cement
fabric: Mosaic/isopachous

Skeletal parts are abundant in the sample, along
with mainly peloids and coated grains which are often
elongated and heavily micritized.

WG29 — SMF: 10. Lithology: Packstone. Sorting:
Very well to well sorted. Roundness scale: 4. Visual
percentage scale: 40/60%. Porosity: Sheltered.

The abundant cortoids and skeletal fragments
like the coated bivalve shells in the sample seem to be
aligned laterally, which might indicate water flow di-
rection or be the result of diagenetic compaction pro-
cesses. Given the difference in size between the grains
in the sample and the alignment of the larger grains



however, it is safe to assume a flow direction rather
than diagenetic processes being the reason for this
alignment.

WG31 — SMF: 11. Lithology: Grainstone. Sorting:
Well sorted. Roundness scale: 4. Visual percentage
scale: 60%. Binding stage: 4. Cement fabric: Blocky.

There are coated grains throughout the sample
with a heavy degree of micritization and very few cor-
toids. Stylolites have also formed indicating diagenetic
alteration.

WG33 — SMF: 15C. Lithology: Grainstone. Sorting:
Very well sorted. Roundness scale: 4. Visual percent-
age scale: 60%. Binding stage: 3. Cement fabric: Mo-
saic

Concentric ooids are dominating but most are
micritized which makes distinguishing difficult. Some
ooids and coated grains have been replaced with cal-
cite crystals. These calcite crystals are very abundant
throughout the sample and can be easily seen, espe-
cially in XPL. Sample contains little to no skeletal
parts, but some pyrite grains are present.

WG34 - SMF: 3. Lithology: Mudstone/wackestone
almost entirely of peloidal micrite. Pyrite grains as
well as red-colored stylolites can be observed which
are filled with clay minerals.

WG35 — SMF: 18-For. Lithology: Peloidal bioclastic
packstone. Sorting: poorly to moderately sorted.
Roundness scale: 4. Visual percentage scale: 30-50%.
Binding stage: 1.

The sample includes abundant benthic forami-
nifera, bivalves, and gastropods, as well as cracks
filled with cement. Sharp boundaries between the bio
and lithoclasts are due to transport, and the transported
clasts all have a significantly higher peloid count.

WG37 — SMF: 16. Lithology: Non laminated peloidal
packstone. Sorting: Moderately sorted. Roundness
scale: 4. Visual percentage scale: 60%

The sample mainly consists of coated bioclastic
grains with heavily micritized ooids, remnants of bi-
valve shells, abundant peloids, and pyrite.

WG38 — SMF: 3. Lithology: Peloidal wackestone.
There is a heavy degree of micritization together with
stylolites cutting through the sample with inclusions of
clay minerals and oxides.

WG40 — SMF: 11. Lithology: Grainstone. Sorting:
very well sorted. Roundness scale: 4. Visual percent-
age scale: 50%

Coated grains with a high degree of micritiza-
tion together with bivalve shells and cortoids are the
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main constituents of this sample.

WG44 — SMF: 15C. Lithology: Grainstone Sorting:
Very well sorted. Roundness scale: 4. Visual percent-
age scale: 50/60%.

The sample includes predominantly superficial
concentric ooids and a varying degree of micritization.
This is a distinct change in energy from WG40 where
it goes from smaller grain sizes to larger. Bivalves and
gastropods are present, with some bivalve shells even
being macroscopic.

5.3 Summary of thin section observa-
tions
The vast majority of the analyzed samples are repre-
sented by oolithic grainstone with very few to no mi-
crofossils. The microfossils are almost entirely com-
posed of bivalves, and it is only the thrombolites and
the later occurring foraminifera which seemingly
breaks this trend. The ooids are mainly concentric in
the lower part of the Sakhra Member and transitioning
into radial after the first few meters. All ooids have
been classified as either concentric or radial, without
designating micritic ooids. Although several samples
have endured higher degrees of micritization, the
ooids’ laminae have not been completely obliterated
by this micritization, as distinguishing the crystal ori-
entation is still possible.

The vast majority of the samples are well-
sorted with a high roundness scale, and the main ce-
ment types are mainly alternating between blocky and
isopachous. Mosaic cement becomes more common
towards the top of the member but is far less common
than blocky and isopachous.

Furthermore, micritization throughout the sam-
ples appear to be oscillating in three intervals, which
will be described in the next segment.

5.4 Micritization intervals

In regards to the observed thin sections, there are three
apparent micritization intervals distinguishable. In
these intervals, the laminae of ooids as well as the sur-
rounding matrix and cement, transition from having
been exposed to a high degree of micritization into
being less affected by micritization (i.e. more clear and
distinguishable features in the sample), and finally
back to being more micritized further up in the section.
These micritization intervals have been named MI 1,
MI 2, and MI 3 (Fig. 13), and they all follow the same
previously described “cyclicity” or interval changes.
The three cycles range from WG 7 to WG 17 for MI 1,
WG 17 to WG24 for MI 2, and WG 24 to WG 33 for
MI 3, where after this these types of intervals are non-
observable.



= G32
| =]
= NG27
-
= —WG25
NG23
= _E T WG22
= 10 == < VG21
-
= WG20
- =WG18
9 WG17
aTs WG1s
- 8 +

WG1s

|:| High degree of micritization

|:| Low degree of micritization

—MI 3

— MI2

— MI 1

Figure 13: The three described Micritization Intervals ranged between WG7 — WG17 (MI 1), WG17 - WG24
(MI 2), and WG24 - WG33 (MI 3). Each interval starts with a sample with a high degree of micritization,
transitioning into samples with lower micritization before ending with high degrees of micritization again.

5.5 Sequence stratigraphy

Sequence stratigraphy has been interpreted for the
Sakhra Member at Wadi Ghalilah and is marked in the
log at chapter 5.1.2. The Sakhra Member constitutes
an early transgressive systems tract (ETST) in the first
7 m. Following this, the 5 m of laminated lime-
mudstone is interpreted to indicate the gradual transi-
tion into a late transgressive systems tract (LTST).
Above this mudstone there is a thin layer of breccia,
which is here interpreted as a brief period of a falling
stage systems tract (FSST). The overlying final meters
of the Sakhra Member indicates the start of a new
transgressive systems tract (TST) which can be ob-
served into the overlying Shuba Member. The se-
quence stratigraphy will be further discussed in chap-
ter 6.3.

5.6 SEM

Conducting SEM analyses of the samples WGS,
WG11, WG12A, WG14, WG17, WG19, and WG20
had the goal of describing the morphology of laminae
at microscale, as well as peculiar microstructures relat-
ed to microbial interaction and diagenetic processes.
Compared to the optical microscope, the micritization
made it far more difficult for classifying the ooids in
SEM, as it proved difficult to observe any particular
crystallographic orientations. An example of this is
WG12A, where concentric lamination of the ooid cor-
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tex can be observed clearly in the optical microscope,
although not in the SEM (Fig. 14). Ooids in other sam-
ples were simple enough to locate in the SEM, howev-
er there were few new conclusions to be drawn from
this. Examples of this are the radial ooids in WG19
and WG20. Although very clear in the optical micro-
scope, the radial lamination in WG19 and WG20 was
not easily distinguishable in the SEM and if classifica-
tion of these ooids would have been made judging
from only SEM, they would have been distinguished
as micritic or concentric (Figs. 15 & 16). However, the
optical microscope should be favored in this situation.
This is because there are clear radial orientations of the
crystal structure visible in the optical microscope.
Such clear lamination could not have been induced by
microborers, but was rather created when the ooids
were formed in suspension. Micritization of the lami-
nae would almost completely obliterate the crystal
orientation of the calcite growth, and not be so perfect-
ly aligned as we see in the optical microscope.

In samples WGS (Fig. 17) and WG11 (Fig. 18) ooids
were unfortunately cut off in a way that any meaning-
ful conclusions could be drawn. In WG14 (Fig. 19),
the thrombolithic fabric which is seen also in the opti-
cal microscope was dominant, but the clear ooids
which were found at parts throughout this fabric could
not be observed in SEM.
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Figure 14: Concentric 0ooid in sample WG12A in SEM (left). The concentric crystallographic orientation is not visible in SEM,
but more clear in the optical microscope.
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Figure 16: Radial ooid from sample WG 20 in SEM (left) and optical microscope (right).
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Figure 17: WGS in SEM, cut off Figure 18: WG11 in SEM, whole Figure 19: Remnant of ooid in
fragment of ooid, cortoids or coat- ooid. sample WG14

ed grain.

5.7 LA-ICP-MS 5.7.1 Average elemental concentrations

Geochemical results are presented as graphs from both
Wadi Ghalilah and Wadi Milaha. Results from Wadi
Milaha were obtained by Ingrid Urban.

The average elemental concentrations plotted in Fig.
20 shows that the four categories follow the same
trend overall, with mainly the nuclei and radial lami-

nae of ooids having the highest average elemental con-
centrations.

Average elemental concentrations for all categories- Wadi Ghalilah
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Figure 20: Average major and trace element concentrations summarized for all four categories (nuclei, cortex, cement, cor-
toids), with the cortex (laminae) category being divided in concentric and radial. The logarithmic scale shows that all catego-
ries seemingly follow the same trend despite some difference in the order of magnitude. Elements which frequently replace

Ca in CaCOj; and bind with O, to form silicates (Such as Mg, Sr, and Al) have the largest concentrations, with certain trace
elements included exponentially less.
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5.7.2 REE + Y concentrations follow the same trend. As Wadi Ghalilah ooids were
all distinguished as non-micritized, these should be
correlated for the most accurate comparisons. From
the REEs, it is mainly Ce, Pr, and Nd which will be
taken into account in order to draw further conclusions
about the redox conditions at the time of deposition.

REE + Y results are here presented in two graphs,
one for Wadi Ghalilah (Fig. 21) and one for Wadi
Milaha (Fig. 22). Results from both graphs have been
normalized according to PAAS, and they seemingly

REE patterns in ooid laminae - Wadi Ghalilah
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Figure 21: Average REE + Y concentrations from Wadi Ghalilah ooid laminae. Average concentrations in ppm have been
normalized according to PAAS (McLennan 1993). This will allow for certain proxies to be applied regarding redox condi-
tions, and in particular it is the Ce, Pr, and Nd values from this graph which will be used for this purpose.
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10

——AVG radial non
micritized
cortices

——AVG concentric
non micritized
cortices

——AVG non
micritized
cortices

PAAS normalized

0,01
16

‘" la C Pr Nd Sm Eu Gd Tb_ Dy Y Ho Er Tm Yb Lu

Figure 22: REE+ Y concentrations from Wadi Milaha ooid laminae., also normalized to PAAS. AVG = average.
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5.7.3 Ooid laminae major and minor elemental
concentrations

When it comes to major and minor elements analyzed
in the laminae of ooids, there are in general higher
concentrations of most elements in Wadi Ghalilah
samples than Wadi Milaha, and radial ooids have on
average higher concentrations than concentric (apart
from Ni, Cu, and Mo) (Fig. 23). Both localities also
have similarly low-Mg calcite (Figs. 24 & 25). In Wa-
di Ghalilah, the radial ooids become slightly more Mg-
rich than the concentric ones, although still falling

under the category of low-Mg calcite (less than 4%
mol).

Examples of elements which follow the overall trend
of higher concentrations in Wadi Ghalilah as well as
higher concentrations in radial compared to concentric
ooids are: Mn (Figs. 26 & 27) and Ti (Figs. 28 & 29).
Zn (Figs. 30 & 31) and Sr (Fig 32 & 33), however
breaks this trend and Wadi Milaha have slightly higher
Sr concentrations than Wadi Ghalilah, although radial
ooids still have the highest concentration in both local-
ities. All average values and concentrations for both
Wadi Ghalilah and Wadi Milaha are summarized in
table 1. However considering the error margins Zn and

Sr are more or less within the same value range at both
localities.

Average elemental concentrations in ooid laminae - Wadi Ghalilah
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Figure 23: Simplified graph from Figure 20 displaying average elemental concentrations only in ooid laminae plotted in ppm
The orange line representing radial ooids follows the same trend as concentric ooid concentrations but higher, except for Ni,

Cu, and Mo.
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MgCO; (% mol) in ooid laminae - Wadi Ghalilah
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Figure 24: MgCOj3 in 0oid laminae from Wadi Ghalilah. Generally, more than 4% mol is considered high-Mg calcite, below
this as low-Mg calcite. Average values: Concentric = 1,54%, Radial = 1,95%.

MgCO; (% mol) in ooid laminae — Wadi Milaha
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Figure 25: MgCO5 (%) in ooid laminae from Wadi Milaha. 10 & 11 = Radial laminae, 13 & 14 = Concentric laminae, 12 =
Micritized laminae, 15 = Recrystallized laminae, 16 = Laminae from superficially coated grains. Average values: Concentric

= 1,46 %, Radial = 1,7 %.
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Mn ppm in ooid laminae - Wadi Ghalilah
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Figure 26: Figure 30: Mn ppm in ooid laminae from Wadi Ghalilah. Average values: Concentric = 299 (+28,7) ppm, Radial
=385 (£37,9) ppm. See Appendix 3 for more details and images on spot number references
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Figure 27: Mn ppm in ooid laminae from Wadi Milaha. 10 & 11 = Radial laminae, 13 & 14 = Concentric laminae,12 = Mi-
critized laminae, 15 = Recrystallized laminae, 16 = Laminae from superficially coated grains. Average values: Concentric =
120 ppm, Radial =270 ppm.
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Ti ppm in ooid laminae - Wadi Ghalilah
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Figure 28: Ti ppm in ooid laminae from Wadi Ghalilah. Average values: Concentric =273 (+13,5) ppm, Radial = 430
(+17,2) ppm. See Appendix 3 for more details and images on spot number references.
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Figure 29: Ti ppm in ooid laminae from Wadi Milaha. 10 & 11 = Radial laminae, 13 & 14 = Concentric laminae, 12 = Mi-
critized laminae, 15 = Recrystallized laminae, 16 = Laminae from superficially coated grains. Average values: Concentric =
87 ppm, Radial = 280 ppm.
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Zn ppm in ooid laminae - Wadi Ghalilah
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Figure 30: Zn ppm in ooid laminae from Wadi Ghalilah. Average values: Concentric = 3,42 (+0,8) ppm, Radial = 3,98 (+1,0)
ppm. See Appendix 3 for more details and images on spot number references.
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Figure 31: Zn ppm in ooid laminae from Wadi Milaha. 10 & 11 = Radial laminae, 13 & 14 = Concentric laminae, 12 = Mi-
critized laminae, 15 = Recrystallized laminae, 16 = Laminae from superficially coated grains. Average values: Concentric =
2,6 ppm, Radial = 3,5 ppm

35



Sr ppm in ooid laminae - Wadi Ghalilah

450
° o
0O
400 o]
3
O
b 1]
350 =1
b
° —
® ® ® 0
o0 L] L] [ ]
EBDU ® oo . o L ]
L ] L ®
™ * ™ ®
o e o ° ® ° o ° O
250 ® ° L ] e ® .. L] L] -
[ ]
. L ] ... ° ° o
Q.
] E
200 L ] =
150
100
EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEESEEEEEEEEZSEEE
gpoogopgaaapnaanaeaaneannaagaapaaeaaaaanaaaaanannos
"ol uloolmlub—lnl‘b—l\'lal::I;I:I;I:l’_‘.::glglglglglg;_g:;lgl‘:l:l::;'|:|:|SI$I:‘|SI:|Z|S|D:Izlzlilzlzlzlzl‘:lg
0 & W W U U ek kb e kb b b B - [T - (S ™
(=TT - L =
spot number

Figure 32: Sr content in Wadi Ghalilah ooid laminae. Around 8000 ppm is a typical Sr concentration for aragonite. Average
values: Concentric =271 (+10,8) ppm, Radial =283 (£12,2) ppm.
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Figure 33: Sr ppm in ooid laminae from Wadi Milaha. 10 & 11 = Radial laminae, 13 & 14 = Concentric laminae, 12 = Mi-
critized laminae, 15 = Recrystallized laminae, 16 = Laminae from superficially coated grains. Average values: Concentric =
285 ppm, Radial =295 ppm
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Table 1: Summary of the previous graphs. WM = Wadi Milaha, WG = Wadi Ghalilah

Ooid type and locality MgCO; (%) Mn (ppm) Ti (ppm) Zn (ppm) Sr (ppm)
Concentric (WM) 1,46% 120 87 2,6 285
Concentric (WG) 1,54% 299 273 3,42 271

5.8 Transects

As previously stated, radial ooid laminae and their
nuclei tend to be composed of higher concentrations of
almost all the examined elements. Some differences
between the two ooid types are however more noticea-
ble and drastic than others, which allows for some
conclusions to be drawn regarding their respective
formational environments. Six transects, three of con-
centric ooids and three of radial ooids, have been made
for each of the elements Al, Ti, U, Ba, Mn, P, Zn, and
Sr. Here, example comparisons of concentric and radi-
al ooid transects will be shown as well as general trend
from concentric to radial ooids. For full references of
all six transects of every element, see Appendix 2.
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Transects have shown that Al (Fig. 34) and Ti (Fig.
35) are barely present in concentric ooid nuclei but is
later absorbed in the laminae, whereas in radial ooids
these elements are also present in the nucleus to a sig-
nificantly larger extent. It appears therefore that the
concentric ooids do not have a siliciclastic nucleus,
whereas radial ones do. This trend is also followed by
U and Ba (Fig. 36 & 37), and slightly for Mn (Fig. 38,
and P (Fig. 39). It is however not as prominent for Sr
(Fig. 40) and Zn (Fig. 41) (except for Zn in WG18,
which has around 10 times higher concentrations than
the other two radial samples). The concentrations of
most of these elements in different parts of the laminae
seem to be relatively constant except for Sr and Zn,
which really fluctuates the most.
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Figure 34: Al concentrations in concentric ooid (left), and radial ooid (right). Green dot = nucleus. Purple dots = laminae.
Data points further to the right in the diagram represents spots further away from the nucleus. See Appendix for reference of
spots and further Al transects.
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Figure 35: Ti concentrations in concentric ooid (left), and radial ooid (right). Green dot = nucleus. Purple dots = laminae.
Data points further to the right in the diagram represents spots further away from the nucleus. See Appendix for reference of
spots and further Ti transects.
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Figure 36: U concentrations in concentric ooid (left), and radial ooid (right). Green dot = nucleus. Purple dots = laminae. Data
points further to the right in the diagram represents spots further away from the nucleus. See Appendix for reference of spots
and further U transects.
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Figure 37: Ba concentrations in concentric ooid (left), and radial ooid (right). Green dot = nucleus. Purple dots = laminae.
Data points further to the right in the diagram represents spots further away from the nucleus. See Appendix for reference of
spots and further Ba transects.
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Figure 38: Mn concentrations in concentric ooid (left), and radial ooid (right). Green dot = nucleus. Purple dots = laminae.
Data points further to the right in the diagram represents spots further away from the nucleus. See Appendix for reference of
spots and further Mn transects.
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Figure 39: P concentrations in concentric ooid (left), and radial ooid (right). Green dot = nucleus. Purple dots = laminae. Data
points further to the right in the diagram represents spots further away from the nucleus . See Appendix for reference of spots
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Figure 40: Sr concentrations in concentric ooid (left), and radial ooid (right). Green dot = nucleus. Purple dots = laminae.
Data points further to the right in the diagram represents spots further away from the nucleus. See Appendix for reference of
spots and further Sr transects.
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Figure 41: Zn concentrations in concentric ooid (left), and radial ooid (right). Green dot = nucleus. Purple dots = laminae.
Data points further to the right in the diagram represents spots further away from the nucleus. See Appendix for reference of
spots and further Zn transects.
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5.9 Ce anomaly and redox conditions

As mentioned in chapter 4.7, due to the oxidization of
Ce’" to Ce*" in oxic settings, a negative or positive Ce
anomaly compared to the REE normalized with PAAS
constitutes a proxy for oxygen levels and redox condi-
tions in marine settings (German & Elderfield 1990;
Shields & Stille 2001). In the case of Wadi Ghalilah,
concentric ooids on average have a negative Ce anom-
aly, and radial ooids have a positive one (Fig. 25). This
would imply that there is an increase in anoxia be-
tween the lower concentric samples and the radial
ones. This can further be investigated by using the
REE values normalized with PAAS and applying the
formula:

Prpaas
U,SCEPM + UJS Ndpﬂﬂs

As suggested by Bau & Dulski (1996), ratios of > 1
using this formula are indicative of oxygenated envi-
ronments, and ratios of < 1 imply an increasingly
dysoxic environment. For the average of concentric
ooids, this ratio equals 1,07, and for radial ooids this
ratio is = 0,97. This implies, just like the initial PAAS
normalization, an increasingly dysoxic to anoxic envi-
ronment as we go further into the Hettangian.

6 Discussion

6.1 Petrographic analyses

As shown in the results and summary of the petro-
graphic descriptions, the main lithology of the Sakhra
Member is constituted of oolithic grainstone with
thrombolites, herein interpreted as anachronistic facies
deposited in connection to the ETME. Although not
visible at the Wadi Ghalilah locality, a sub-marine
dissolution surface believed to be the cause of ocean
acidification is visible between the Sumra and Sakhra
Members at Wadi Milaha, marking the end of the ex-
tinction interval. This erosion surface also aids in cor-
relation with other globally recognized T -J marine
sections and their respective depositional hiati (Palfy
et al. 2021).

The ooids in the Sakhra Member generally tran-
sition from concentric to radial further up in the sec-
tion, with varying degrees of micritization visible in
the samples. The three proposed micritization intervals
(MI 1, MI 2, and MI 3), might be due to the effects of
Milankovitch cyclicity, as the change in water level
(and thereby water energy) could affect to what extent
microbes can break down the ooid laminae in the sedi-
ment. At higher water energy environments, there
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would be less micritization. If the micritization inter-
vals are not caused by Milankovitch cyclicity, it is still
highly plausible that Milankovitch cyclicity on the
scale of 100 kyrs has had an effect on the deposition of
the Sakhra Member. This is because the Ghalilah For-
mation was deposited in a quiet part of the Tethys
ocean where the effects of tectonic activity would have
been limited or non-existing for a long time.

The only part of these three intervals which can
be correlated to geochemical analyses are transects of
U and Ba from WG8 to WG20 in MI1. U seems to
follow the trend displayed in the micritization intervals
(Fig. 16), with relatively higher values in WGS indi-
cating more micritization, decreasing slightly to WG11
and WG 12A, before reaching its highest measured
concentrations in the radial ooids of WG17, WG18,
and WG20. For Ba, the concentrations increase from
WGS8 to WG11 and WG12A, which somewhat contra-
dicts the U observations. It would therefore be interest-
ing to see how for example U and Ba vary further up
in the section. This could result in more accurate inter-
pretations of the micritization intervals which was pre-
sent at the time of deposition, apart from just visual
observations.

6.2 SEM interpretations

SEM observations mainly served as reference material
for the optical microscope. At times, SEM and optical
microscope observations seemed to counteract one
another, however the optical microscope was favored
in these cases. This is due to the nature of the crystal
orientation in the ooids, which could not have been
induced by microborers. More severe microbial inter-
action would have resulted in a more sporadic destruc-
tion of the laminae rather than the oriented structures
which are observable in the optical microscope. Alt-
hough some ooids could be designated as micritic, it
does not change the overall assignment of SMF.

6.3 Sequence stratigraphy

As mentioned in chapter 5.6, between meters 7-14
when referring to the log the Sakhra Member has been
interpreted to initially be in an ETST, where accom-
modation space (AS) is gradually starting to increase.
This is based on the deposition of the cross laminated
oolithic grainstones which constitutes the main litholo-
gy in this part of the formation. This is before transi-
tioning into a LTST with laminated lime-mudstone
between meters 14 and 19 where AS is increasing fast-
er than carbonate production can keep up, resulting in
deeper marine settings than the ETST. Above this,
there is a sharp boundary between the mudstone and a
small-scale breccia, indicating that a regression has
taken place and that we are missing the maximum
flooding interval and subsequent High Stand Systems



Tract (HSST) in this area. Moreover, it is plausible
that the breccia is karstic in nature, as another nearby
locality by the name of Wadi Naqgab (also displaying
the Ghalilah Formation about 30 km SSE from Wadi
Ghalilah), has a clear karst surface with a breccia at
the same level. This breccia interval is then character-
ized as a Falling Stage Systems Tract (FSST) assum-
ing that brief subaerial exposure has occurred. The
final meters of the section are characterized as the start
of another TST which continues into the overlying
Shuba Member. These observations have been made
considering the under and overlying Members in Wadi
Ghalilah as well as Wadi Milaha, in order to get a
sense of the larger scale systems at play. These se-
quence stratigraphy results are also coincident with
more globally observed Hettangian transgressions
(Palfy et al. 2021).

6.4 Milankovitch cyclicity

Given the nature of large parts of the Sakhra Member,
it is highly plausible that it is influenced by Milan-
kovitch cyclicity. Since the Hettangian is a very short
stage of about 2 Myrs, large scale tectonic movements
resulting in significant sea level changes are unlikely
to have caused the high resolution changes displayed
at Wadi Ghalilah. To be able to draw certain conclu-
sions about the effect of Milankovitch cyclicity on the
studied sections there would have been need for other
methods, such as magnetic susceptibility and time-
series analyses. It seems most probable however that
the 100 kyrs eccentricity cycle is dominant, with oblig-
uity and precession being less visible in large parts of
the sections.

6.5 Previous analyses of the Ghalilah
Formation

Al-Suwaidi et al. (2016), Honig (2017), and Ge et al.
(2019), are some of the authors who have examined
the Ghalilah Formation in recent years, and to which I
have looked for comparisons and theories which could
be essential to understand its depositional history.
However, there are several conflicting observations
which would benefit from further work. For example,
Ge et al. (2019) recognizes 3 coarsening upward cy-
cles in the Sakhra Member which these authors con-
nect to Milankovitch cycles about 30-40 kyrs apart.
The warm climate which resulted from the CAMP
volcanism would have also been a reinforcing mecha-
nism for the effects of the cycles (Ge et al. 2019).
Moreover, these coarsening upwards cycles also con-
tain three ooid cycles named C1, C2, and C3 (Fig 42.).
From Cl1 to C3, Ge et al. (2019) show a transition from
mainly calcitic to aragonitic ooids, more micritization,
and all cycles are constituted of mudstone in the lower
part and packstone/grainstone in the top. These three

41

ooid cycles were not recognized in this study partly
due to differences in the examined outcrop (the two
examined localities, while both in Wadi Ghalilah, are
some distance from each other), and the fact that geo-
chemical analyses were only made on the lower part of
the Sakhra Member in this study. Moreover, in this
study point to point analyses (spot analysis) were

made instead of bulk rock analysis, and we could pro-
vide more accurate results on individual categories
such as ooid laminae.

According to Ge et al. (2019) there is a possible
recovery period after the ETME where the ooids are
more Mg-rich. This could be possible for more deeper
marine settings, however in the Sakhra Member the
cement types are mainly blocky cements which are
typical for low Mg-calcite settings. Since the LA-ICP-
MS analyses of the early Hettangian ooids in this study
all implied low-Mg calcite, there is also a contradic-
tion in these results. However, ooids further up in the
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Figure 42: The three proposed ooid cycles in Wadi Ghal-
ilah by Ge et al. (2019).

section should be analyzed in order to fully understand
this trend, as the observations from this study could be
limited to samples in the lower part of the section.
However, Ingrid Urban’s analyses of Wadi Milaha
ooids further up in the section does not imply a change
in this regard, but are still composed of low-Mg calcite
similarly to the ones from the lower Sakhra Member.



Results are more difficult to compare with those from
Honig et al. (2017), as there are conflicting opinions
on the precise placement of the T-J boundary. This is
of course a major bottleneck for accurate correlations
to be drawn concerning post extinction conditions. The
proposed models of sea level evolution used by Honig
et al. (2017) does however seem to correlate regardless
of where the T- J boundary is placed, and the globally
recognized transgressions with a deepening towards
the Shuba Member is quite similar. It is then instead
the cause of the initial transgressions and whether
ocean acidification occurred which seems to be the
major points of contrast.

6.6 LA-ICP-MS interpretations

6.6.1 Average ooid elemental concentrations

Similarly to Wadi Milaha, radial ooids have higher
concentrations in almost all analyzed elements com-
pared to concentric ones except for Ni, Cu, and Mo
where concentric ooids have higher values. Moreover,
there is a higher recorded concentration of all elements
compared to Wadi Milaha. The higher Zn concentra-
tions in Wadi Ghalilah may imply lower water energy
conditions than Wadi Milaha, and the higher Mn con-
tent could constitute more anoxic and dysoxic condi-
tions (Tribovillard et al. 2006). Although the error
margins of the recorded Zn concentrations make these
conclusions more uncertain. As the overall higher Al
and Ti concentrations are interpreted as the result from
more contamination from silicates, this might be an
indication that Wadi Ghalilah was more proximal to
continental sources than Wadi Milaha.

In Wadi Ghalilah, the radial ooids become
slightly more Mg-rich than the concentric ones, alt-
hough still falling under the category of low-Mg cal-
cite (less than 4% mol). This is despite a general arag-
onitic sea at the time (Stanley & Hardie 1999), and as
there is similarly low Mg-calcite in Wadi Milaha, this
could be a phenomenon more locally limited to these
areas at the time of the T-J transition.

It is unclear why Sr seems to be one of the only
elements which occurs in slightly greater concentra-
tions in Wadi Milaha than Wadi Ghalilah. However,
considering the error margins it is more likely that
these concentrations are more or less equal, as Sr
should be equally incorporated in the calcite of Wadi
Ghalilah and Wadi Milaha ooids regardless of the re-
spective localities distance from terrestrial areas
(barring it is not deep enough to be below the CCD,
which of course the localities show no indication of).

In regards to the error margins of the majority
of the other examined elements, they are not signifi-
cant enough to draw away from the conclusions that in
general, higher elemental concentrations are recorded
at Wadi Ghalilah.
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6.6.2 Transects

As the transects have shown, Al and Ti are barely pre-
sent in concentric ooid nuclei but is later included in
the laminae, and is present in the nuclei of radial ooids
to a large extent. If the radial ooids have more si-
liciclastic nuclei, this might indicate an increased de-
gree of continental weathering between the time of
deposition between WG12A and WG17.

In the case of U, the slight increase from the
concentric to the radial ooids might be attributed to
increased microbial activity in the radial samples. This
could also be coupled with the aforementioned in-
crease in weathering and temperature in the early Ju-
rassic, as well as the subsequent transport of nutrients
to the basin. This increase associated with an increase
in P and shift in Ce ratios could as well be attributed to
a decrease in oxic conditions. This will also be dis-
cussed under the next chapter 6.7.

6.7 Redox conditions

6.7.1

Apart from the method used in this study to investigate
redox conditions in marine setting:

Ce ratios and calculations

By
5Ce+0,5 Nd

there is an older and more widely used approach which
can be applied. This method takes into account the La
PAAS normalized concentrations instead of Nd by
using the formula:

Ce
0,5La+0.5Pr

, which when results in ratios <1 indicates oxic condi-
tions, and >1 indicates more dysoxic or anoxic condi-
tions (Bau & Dulski 1996). However, La is not as
commonly incorporated in seawater, which results in
the downside that this ratio could rather represent rela
tive anomalies of La rather than Ce (Bau & Dulski
1996). Therefore, the first proposed ratio has been
preferred in this case.

Still, applying the formula which does take La
concentrations into account, concentric ooids have an
average value of 0,7896, whereas radial ones receive a
value of 1,027, still indicating an increase in dysoxia.



6.7.2 Hypotheses of varying P concentrations in
ooids

The inclusion of phosphorous and phosphate minerals
such as carbonate fluorapatite (CFA) in ooids occurs
in early diagenetic stages in marine environments (Li
et al. 2011). As shown by the transects, P inclusion is
varies between the nuclei and laminae of the ooids. Li
et al. (2011) propose two hypotheses for the inclusion
of P and CFA in ooids on anachronistic carbonate plat-
forms (Fig 43): 1 - deepwater source, and 2 - sediment
source. For deep water source, P enrichment is as-
sumed to originate from the decay of organic matter in
anoxic deep water environments. This P is then intro-
duced to more shallow water environments through
episodes of upwelling. For the sediment source model,
dissolved phosphate is released from the decay of or-
ganic matter in the sediments and reacts with ferric
oxides, before being bound onto the ooid surfaces by
microbes. As the P inclusion in ooid nuclei and lami-
nae generally increases from WGS8 to WG20 (with the
exception of WG12A which has about equal P concen-
trations as WG20), it can potentially be correlated to
the increase of anoxia as evident by the Ce anomaly.
Since the Ce anomaly has shown that there is a slight
increase in dysoxic conditions after the initial transi-
tion into the Hettangian, the increase in P could be

attributed to more dysoxic bottom waters, and when
upwelling occurs it would result in higher P concentra-
tions. It could then be plausible that the deep water
source model can be applied to the events transpiring
at the T-J boundary in Wadi Ghalilah and Wadi Mi-
laha. At WG12A however where there seems to be an
anomaly, it is more likely that it is the sediment source
model which is more prominent, as it occurs directly
below the first layer of thrombolites.

6.7.3 Shift in Ce ratios and its implications

Considering the Ce anomalies in concentric and radial
ooids compared to PAAS (Fig. 21) the depositional
environment at Wadi Ghalilah likely transitioned from
oxic to more dysoxic within the first few meters of the
formation. This can be coupled with the relative in-
crease in P and U, as more dysoxic and anoxic envi-
ronments promotes an increase in P. As this P then
reaches more shallow waters due to upwelling, it in
turn promotes increased microbial activity. This would
lead to an increase of U in the laminae of ooids
(Newsome et al. 2014).
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Figure 43: Liet al. (2011)’s two hypotheses for P (CFA) inclusion in ooids from the end-Permian mass extinction recorded in
Southern China: A - Deep water source, B — Sediment source.
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The initial cause of the dysoxic conditions might be
attributed to increased continental weathering, as evi-
dent by the increase of silicates in radial ooids com-
pared to concentric. This initial weathering would
bring in nutrients to the water which causes an in-
crease in biological productivity and thereby slightly
increased bottom water anoxia.

6.7.4 Th/U ratios as redox proxies

In addition to the previously mentioned Ce proxy for
measurements of marine redox conditions, U is also a
valid proxy of the same conditions which is unrelated
to detrital contamination (Tribovillard et al. 2000).
Under oxic settings U and Th coexist as soluble ions,
but under anoxic conditions the U ions become insolu-
ble and bind to the sediment floor (Wignell & Twitch-
ett 1996). Th ions on the other hand are not affected by
anoxia in the same manner as U ions, which results in
a relative enrichment of U ions in anoxic environments
(Wignell & Twitchett 1996). Higher values of the Th/
U ratio would then imply higher oxidized environ-
ments. This method is however not as effective when
it comes to analysis of limestone and carbonates
(Klinkhammer & Palmer 1991), which is why Th has
not been analyzed in this study and the Ce anomaly
has been preferred as a redox indicator.

6.8 Ocean acidification

6.8.1 The “Unreefing” model and global per-
spectives
Palfy et al. (2021) analyzed several T-J boundary sec-
tions in the Transdanubian Range in Hungary and
made comparisons with the Dachstein platform in the
Austrian Alps. Comparisons were also made with nu-
merous other T-J boundary sections including results
from Wadi Milaha made by Al Suwaidi et al. (2016).
The authors describe the demise of the Dachstein coral
reef in the Northern Calcareous alps using a new mod-
el termed “Unreefing”. By correlating the results from
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the examined localities, the authors suggest that the
environmental crisis of the ETME resulted in the ex-
tinction of reef builders, in turn leading to the transi-
tion from a rimmed carbonate shelf into a carbonate
ramp system related to the early Hettangian transgres-
sion. The transgression was then likely more related to
the fact that carbonate production was halted rather
than tectonic activity (Palfy et al. 2021). This made the
Dachstein lagoonal area become unprotected and ex-
posed to wave erosion, and ocean acidification halted
carbonate production and even led to dissolution in the
shallower environments (Palfy et al. 2021). This phe-
nomenon resembles closely that of what we see in the
UAE, where the coral boundstones and floatstones
with coral residue of the underlying Sumra Member
disappear in a similar manner to the Dachstein coral
platforms. Palfy et al. (2021) however claim that the
vulnerability of the Dachstein could be related to its
geographic origins, which is in more northern latitudes
than the UAE at that time.

Palfy et al. (2021) base their claim on the fact
that many other carbonate platforms survived the cri-
sis, and include the Ghalilah formation as an example
(Fig. 44). The authors stress the importance of further
studies investigating the latitudinal threshold of the
“unreefing” model, and state that “Validity of the
model could be verified by finding examples of other
reef crises and coincident platform terminations in the
global stratigraphic record”. Considering the results
from this study, it seems plausible that the unreefing
model can also be applied to the Ghalilah formation on
the Arabian platform. This is in the sense that the earli-
est Hettangian transgressions were coupled with the
demise of corals, calcareous sponges, and many other
carbonate producing organisms. The demise of the reef
-builders were, similarly to the Dachstein, likely
caused by ocean acidification as the sub-marine ero-
sion surfaces in Wadi Milaha, anachronistic oolites
and thrombolite facies would suggest. All of these
parallels speak for the fact that this model is applicable
to these localities as well.
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Figure 44: A comparison of seven T-J boundary sections from different studies. In this figure, Wadi Milaha (i.e. the Ghalilah

Formation) has not been assigned a red line indicating a carbonate depositional hiatus (from Palfy et al. 2021).



6.8.2 Ocean acidification in Wadi Ghalilah

Past studies of the Ghalilah Formation (e.g. Al-
Suwaidi et al. 2016 & Honig et al. 2017) have mainly
proposed that ocean acidification was not a global phe-
nomenon which affected the Wadi Ghalilah and Wadi
Milaha after the ETME. However, field observations
from this study did conclude that there is a sub-marine
dissolution surface just below the first oolites in the
Sakhra Member, indicating that a brief period of ocean
acidification is still feasible despite the continuous
carbonate deposition later on. This erosion surface is
not visible in Wadi Ghalilah but can be seen clearly in
Wadi Milaha below the Sakhra Member. Field evi-
dence such as this smooth dissolved surface, nearby
recycling of clasts, as well as the absence of cavities
over a large area implies that this erosive surface was
rather caused by acidification as opposed to subaerial
exposure. Moreover, the selective nature of the extinc-
tion, its presence during a TST at the start of the Het-
tangian which is also visible on more global scales,
tend to support the hypothesis of a short term acidifi-
cation event even at these tropical latitudes (around 20
degrees South at this time, Stimpfli & Borel 2002).
The presence of the subsequent distinctive anachronis-
tic facies is then caused by the oversaturation of car-
bonates following the acidification event.

This would imply that there have been a wide-
spread, perhaps even global, ocean acidification as a
result from the CAMP eruptions. We do however not
know with certainty how much of the Hettangian is
actually missing in the geological record due to the
resulting halt in carbonate deposition. Estimates of the
Hettangian’s duration is highly controversial, with
ages of 2.0 +- 0.5 Ma suggested in the present Geolog-
ical Time Scale based on U-Pb dating from volcanic
ashes (Ogg et al. 2016), 4.1 Myr by Weedon et al.
(2019) based on ammonoid biostratigraphy and argu-
ments of previously undiscovered hiati. Estimates
from the Mochras core in Wales which has an ex-
tremely well-preserved Early Jurassic record implies a
2.3+-0.5 Myr age interval for the Hettangian (Storm et
al. 2020). Most suggested ages fall around the 2.0 Myr
range and considering these and a number of other
suggested ages, Palfy et al. (2021) argue that the hiatus
at the T-J boundary is likely not longer than a few hun-
dreds of thousands of years.

6.9 Comparison to modern day events

It is particularly interesting to study the ETME and its
implications in regards to the current political climate
and our global greenhouse gas emissions today. The
similarities between the greenhouse gas emissions
from the CAMP eruptions and modern time emissions
are many. With a new historical high of 33,1 Gt in
2019 however, we now emit around 1100 times more
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CO, per year than CAMP did annually during its 800
kyrs of activity, if we compare with the results of
Heimdal et al. (2020) and annual CO; pollution (IEA
2019), and that is not counting any other greenhouse
gases. Since the Earth is vastly different between the
Mesozoic and modern day, applying the ETME as a
perfect model for the future is highly unlikely, but the
similarity between the excess greenhouse gas emis-
sions makes it an interesting point for debate. This is
also due to the fact that ocean acidification is a pre-
dicted effect of anthropogenic CO, emissions
(Wootton et al. 2008, IPCC 2018). It is not possible to
simply compare the difference in emissions and draw
the conclusion that another mass extinction about 1000
times worse than the ETME will take place. Due to the
differences in ocean water chemistry, thermohaline
circulations, and buffering ability modern day oceans
will likely not be affected in entirely the same way and
rate as during the Mesozoic. What can be said howev-
er, is that calcifying organisms such as corals will be,
and already are, particularly vulnerable to the drastic
changes in pH and temperature which are already no-
ticeable in the oceans. We already see the start of this
in the form of coral bleaching, and at the rate this is
proceeding it seems more likely than not that a scenar-
io similar to the EMTE is not far from becoming a
reality. It is therefore up to us if we will allow our own
geological marine records to be erased by acidifica-
tion, and only be followed by anachronistic facies
marking the extinction we caused.

7 Conclusions

The early aftermath of the ETME has been studied in
the Ghalilah Formation at Wadi Ghalilah. The litholo-
gy constitutes oolithic grainstones and thrombolites,
interpreted as anachronistic facies. These facies, to-
gether with an underlying erosive surface visible at
Wadi Milaha, are indications that ocean acidification
was widespread in the Tethys Ocean, as it also affect-
ed the tropical latitudes of the UAE during the time
corresponding to the T-J boundary interval. This acidi-
fication caused the disappearance of reef builders such
as corals and other calcifying organisms, resulting in
the Hettangian transgressions recorded at the boundary
of the Sumra and Sakhra Members. The discussed
‘unreefing model’, as coined by Palfy et al. (2021),
could be used to describe the sea level oscillations
transpiring at Wadi Ghalilah at the time of the T —J
boundary. Mainly that the transgressions of the Het-
tangian can likely be attributed to the demise of many
of the carbonate producing organisms in the Rhaetian,
and that there is a shift from a rimmed carbonate shelf
in the Rhaetian to a carbonate ramp in the Hettangian.
The shallow marine environments present around Wa-
di Ghalilah and Wadi Milaha at the time of the ETME
were highly sensitive to an environmental crisis of this



magnitude, which is also apparent in the ecosystem
changes and the perturbations of the carbon cycle. The
sedimentological, geochemical and biological changes
can be correlated to the extreme influx of CO, to the
ocean-atmospheric cycle at the time. The CAMP erup-
tions have thereby had sedimentological and geochem-
ical consequences noticeable on a global scale.

Geochemical analyses of ooids have shown an
increased amount of silicates in the nuclei of radial
ooids, which could imply increased rates of continen-
tal weathering after the onset of the Hettangian. This
weathering could have brought nutrients to the basin
and promoted an increase in biological productivity at
Wadi Ghalilah, as there is also an increase of P at this
time. This increase can be indicative of higher levels
of bottom water anoxia as a result of the increased
biological productivity. This is also supported by a
shift in Ce ratios between the time of deposition of the
concentric and radial ooids, implying a slight increase
in anoxic conditions.

To further investigate the aftermath of the ET-
ME, more work could be done to analyze ooids from
other globally recognized Hettangian marine sections
to see if they display the same trends as shown in this
study. Furthermore, there are other localities in the
UAE, such as Wadi Naqgab, which can be compared to
these results similarly to Wadi Milaha.
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Appendix 1—Thin section images
Two images (A&B) for each sample.
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Appendix 2—LA-ICP-MS transects

Transects — Green dots represents nuclei, purple represents ooid cortex. As we go to the right
in the diagrams, we go further outwards from the nuclei.
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Appendix 3— LA-ICP-MS Spot reference images for ooids
Images of the ooids which were used for examples of transect graphs in chapter 5.8 and Appendix 2 have
been particularly enlarged here at the bottom of each page.
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