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Abstract

At present time, it has been stated that “Human activities, principally through emissions of greenhouse gases, have unequivocally caused global warming, with
global surface temperature reaching 1.1°C above 1850-1900 in 2011-2020". Therefore, understanding the consequences of human activities on present and
future climate is one of the most important issues of this century. It is not the first time that extreme climate conditions are recorded in the Earth geologic record.
Sometimes they affected the whole planet so deeply that they led to vast biodiversity breakdowns both in the oceans and on the continents, causing the disap-
pearance of most living species. That is the case of mass extinction events. Looking for reliable proxies to better reconstruct climate conditions during extreme
past events could help to predict climate evolution in high-stressed conditions, such as the one of the last decades. The present dissertation aims at digging into
the broad field of palacoenvironmental reconstruction using a potentially successful proxy: marine ooids and their lithified equivalent, oolites. Ooids are tiny
(less than 2 mm) carbonatic marbles made of exceptionally thin, concentric layers around a nucleus. They accumulated in anomalously thick deposits after major
biodiversity crises. The scope of this dissertation is to recover specific chemical and physical conditions of the ocean water after two mass extinction events, the
end-Permian and the end-Triassic. For the former, I described ooids from the Italian Dolomites and for the latter from the United Arab Emirates, using several
advanced analytical techniques. By using optical and scanning electron microscopy, I carefully described their internal structure and monitored how different
types and sizes of 0oids co-varied in time in the immediate aftermath of the extinction events. I also obtained chemical information from the ooids and other
components of the rock samples by using elemental mapping techniques with scanning electron microscopy and laser ablation coupled to mass spectrometry. In
order to widen our perspective on the environmental consequences of extinction events, I also describe a thick sedimentary section in Wadi Milaha (UAE) and
analyze its 8C_, and 8"*O_ isotopic record. I could demonstrate an original deposition in calcite of this oolite in contradiction with the accepted hypothesis
and give an explanation for this. I could show as well that the formation of ooids after the end-Triassic Mass Extinction was favored by the income of water
rich in phosphate on shallow environments. The end-Permian ooids could show the impact of the diagenesis on these proxies and which chemical elements are
preserved and which are not. The palaconvironmental data I provided add new information on how the oceans reacted to extreme events in the past.
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Below we list the most common abbreviations used
in this thesis.

EPME: end-Permian Mass Extinction

ETME: end-Triassic Mass Extinction

PTB: Permian-Triassic Boundary

BWB: Bellerophon-Werfen formational boundary
TJB: Triassic-Jurassic Boundary

SEM (or FE-SEM): Scanning Electron Microscopy

(or Field Emission-Scanning Electron Microscopy)
EDS: Energy Dispersive X-ray Spectroscopy
EBSD: Electron Backscatter Diffraction

LA-ICP-MS: Laser Ablation-Inductively Coupled
Plasma-Mass Spectrometry

EPS: Extracellular Polymeric Substance
ACC: Amorphous Calcium Carbonate
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Introduction

At present time, it has been stated that “Human activ-
ities, principally through emissions of greenhouse gases,
have unequivocally caused global warming, with global
surface temperature reaching 1.1°C above 1850-1900 in
2011-2020” (IPCC, 2023). Therefore, understanding
the consequences of human activities on present and fu-
ture climate is one of the most important issues of this
century. It is not the first time that extreme climate con-
ditions are recorded in the Earth geologic record. Some-
times they affected the whole planet so deeply that they
led to vast biodiversity breakdowns both in the oceans
and on the continents, causing the disappearance of most
living species. That is the case of mass extinction events.
Looking for reliable proxies to better reconstruct climate
conditions during extreme past events could help to pre-
dict climate evolution in high-stressed conditions, such as
the one of the last decades (Benton, 1995). The present
dissertation aims at digging into the broad field of pal-
eoenvironmental reconstruction using a potentially suc-
cessful proxy: marine ooids and their lithified equivalent,
oolites. In the field of carbonate sedimentology, these
coated grains have always been considered an interesting
object of study. Already in the 19th century, they were rec-
ognized and carefully described (Lyell 1855, Sorby 1879).
Although efforts were put to understand their morphol-
ogy and formation mechanism, it was only since the last
decades that researchers focused on their geochemical sig-
nificance and potentials. Like tree rings, their concentric
layers accrete on a yearly or decadal time interval. A single
grain may form in about 800 years (Beaupré et al., 2015)
and register physicochemical variations occurring in their
ambient environment (i.e., marine or terrestrial). Their
geochemical signature, if original, gives them the potenti-
ality to constitute an archive for paleoenvironmental con-
ditions. This dissertation focuses on marine carbonate oo-
ids that deposited immediately after two mass extinction
events (end-Permian and end-Triassic). Ooid deposition
is considered anomalously if abundant and widespread,
although they are found in most time periods from the
Late Archean (Sumner & Grotzinger 1993) to the present
(Simone 1980). For the end-Permian Mass Extinction
(EPME), we sampled four end-Permian-Triassic sections
in the Italian Dolomites. For the end-Triassic Mass Ex-
tinction (ETME),we sampled a mid-Norian-Hettangian
section in the Musandam Peninsula (United Arab Emir-
ates) and two shorter coeval sections that span through
the ETME interval. The analytical approach is morpho-
logical and geochemical. Optical microscopy and scan-
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ning electron microscopy (SEM) gave insights into mor-
phological features of the ooids structure at mm and pm
scale, while in situ mass-spectrometry (LA-ICP-MS) pro-
vided geochemical data on ooids composition, together
with elemental mapping (EDS and EBSD). Besides, bulk
isotopic analyses for 8"°C_  and 86"*O_, were performed
on different components of post-ETME oolitic samples
(coated grains, matrix, and cement), to be compared with
the general mid-Norian-Hettangian isotopic record.
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MARINE OOLITES AS PROXIES FOR PALAEOENVIRONMENTAL RECONSTRUCTIONS DURING EXTINC-

TION EVENTS

Scope of the thesis

The main aim of this dissertation is to better assess the
potential of ooids for untangling the palacoceanographic
conditions during periods of profound biotic and envi-
ronmental turnovers. To be able to reach this aim I had
several objectives:

1. Provide a detailed morphological description of post-
EPME and post-ETME ooids from key stratigraphic sec-

tions.

2. Investigate the primary mineralogy of post-EPME and
post-ETME ooids, to implement in the global record of
“Aragonite Sea-Calcite Sea” alternation.

3. Distinguish as far as possible the original seawater ge-
ochemical signal in the ooids from diagenetic alteration.

4. Interpret the obtained geochemical signal in terms of
depositional settings.

5. Once the geochemical signal in the ooids has been
separated from interferences due to diagenesis and local
depositional conditions, try to interpret it in terms of
seawater conditions in the aftermath of the EPME and
ETME events.

In addition to the above-mentioned objectives, in this
work I described the sedimentology, stratigraphy, and the
013Ccarb and 8180carb isotopic records of Wadi Mila-
ha, a key section for the mid-Norian through Hettangian
paleoenvironmental evolution in low latitudes. It gives a

unique insight into the environmental crises at the Nori-
an-Rhaethian Boundary and during the ETME.

12

Background

Oolites and ooids

Oolites are the lithified equivalent of ooids. An ooid is a
spherical or sub-spherical coated grain made of a nucleus
surrounded by concentric layers, which form a laminated
cortex. By definition, ooids diameter is less than 2 mm
(Carozzi, 1960). According to this author, this threshold
is a product of hydrodynamics and abrasion processes. A
grain bigger than 2 mm would not be able to stay suspend-
ed in water for any prolonged time and this would stop
or significantly slow down its growth. Increasing abrasion
would also contribute to limit the size. However, there are
exceptions to this definition, like the case of giant ooids
described in Li et al. (2013) and Tan et al. (2018). The
cortex can be made of carbonate or other minerals, for
instance iron, silica or phosphates (Fliigel, 2010). Ooids
are classified as radial, tangential or micritic, according to
the arrangement of the crystals in the cortex laminae (Fig.
1) (Fligel, 2010). Ooids can be found as single or com-
pound (Fliigel, 2010). Among compound ones are “poly-
ooids”, which are grains whose nucleus is made of two or
more complete ooids bound together (Fliigel, 2012). Oo-
ids are called “superficial” when their cortex is less than
half of the whole diameter (Fliigel, 2010). Both modern
and ancient ooids can nucleate in marine or non-marine
environments. They are considered important proxies for
palacoclimatic and palacoceanographic reconstruction,
e.g., to determine water energy levels, water depths, salin-
ity, sedimentary environment, climate conditions, as well
as seawater chemistry (Bathurst, 1972; Simone, 1980;
Peryt, 1983; Sandberg, 1983; Tucker et al., 1990; Hardie,
2003; Siewers, 2003; Fliigel, 2010).
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Tangential ooid : crystals parallel to laminae.

Radial ooid : crystals perpendicular to laminae.

Nucleus

Cortex

Micritic ooid : crystals of micrite arranged
randomly.

Fig. 1 Classical morphological classification of ooids (Fliigel, 2010).

Formation environments

According to Fliigel (2010) modern marine ooids are
found in intertidal and shallow subtidal marine environ-
ments, restricted to the tropical warm pools (Li et al.,
2019); non-marine ooids form in lacustrine and terrestri-
al settings instead. Ooids can be “high-energy ooids” or
“quiet water ooids”, both forming along ooid shoals (Diaz
etal., 2014). Ooid sand shoals, like those of Bahamas Ar-
chipelago, represent marine sand belts and tidal bar belts
parallel to a carbonate platform margin or platform interi-
or blankets. Ooid shoals are subdivided in three different
environments. In the shoal crest, high hydrodynamic en-
ergy sorts the sediments, which are composed of 90% oo-
ids (active shoal). In the flank of the shoal, hydrodynamic
energy diminishes, as well as sorting and ooids content
in the sediment (60-80%, non-active shoal). Instead, in
topographical lows located on the shoal crest or tidal flat,
the energy regime is extremely low and microbial biofilm
or cyanobacteria coating interact with ooids (microbially
stabilized zones). In addition, quiet water ooids are also
common in lagoons, coastal lakes and other terrestrial or
marine shallow environments not swept by strong waves
but with strong changes in salinity (Fligel, 2010). A qui-
et water ooid is usually less spherical than a high-energy
one, due to minor wind and waves action. Radial oo-
ids form normally in low-energy conditions, while tan-
gential ooids deposit in high-energy conditions (Fliigel,
2010). The same kind of depositional setting is extended
to ancient ooids, with some specific exceptions. For in-
stance, iron ooids were particularly abundant in Ordovi-
cian-Devonian and Jurassic-Early Paleogene in lagoonal
and back-bar environments, as in deeper marine environ-
ments just above the storm-wave base (Utescher, 1992;
Gygi, 1981). However, this example does not contradict
the fact that the majority of ooids found in deep water
are allochthonous shallow-water material transported as
debris flows or turbidites (Fliigel, 2010).

INGRID URBAN

Ooids origin: organic vs. inorganic

Marine ooids have different mineral composition, such
as calcium carbonate (low-Mg and high-Mg calcite and
aragonite), iron, silica and phosphate. They usually form
along the margins of carbonate platforms under specific
physicochemical conditions and requirements (according
to Duguid et al., 2010 these are): 1) Presence of a poten-
tial nucleus (a mineral crystal, a fossil fragment, a fecal
pellet, a rock fragment); 2) Supersaturated water with re-
spect to CaCOs3; 3) An agitated environment allowing
frequent refreshing and degassing of COz. Even if the
physicochemical model has been the leading one for dec-
ades, evidence of biological influences in this process has
been mentioned by several studies. Davies et al. (1978)
already stressed the role of biofilms in favouring cortex
formation in carbonate ooids, directly or indirectly. In-
deed, these organisms can promote CaCOs3 precipitation
in different ways. According to Dupraz et al. (2009), they
can directly control precipitation through their cellular
activities (biologically-controlled mineralization) or set-
ting favourable pH and alkalinity conditions for crystal
nucleation through their metabolic processes (biologi-
cally-induced mineralization); organic matrix, such as
EPS (Extracellular Polymeric Substance), can also act as
a substrate for crystal nucleation (biologically-influenced
mineralization). Several studies, both on fossil and recent
ooids, investigated different aspects of biologically-influ-
enced or biologically-induced mineralization in ooids.
For example, in Quaternary Bahamas oolitic sands, Diaz
et al. (2014) traced all different functional genes in mi-
crobial communities that identify metabolic processes for
carbonate precipitation; a consortium of oxigenic/anoxic
photoautotrophs, oxygenic/anoxic heterotrophs, denitri-
fiers, sulfate reducers and ammonifiers mainly forms such
communities. The authors also detected genes related to
EPS-degrading enzymes (i.e., chitinases, glucoamylase,
amylases), proving the presence of altered EPS in oolitic
sands. Altered EPS releases Ca2* cations from its matrix
and creates accretion spots for CaCO3 (Dupraz & Viss-
cher, 2005; Baumgartner et al., 2006). Diaz et al. (2017)
analysed the same ooids from Bahamas and stressed the
role of altered EPS and different living organisms (fila-
mentous fungi, cyanobacteria, biofilm-forming diatoms)
in promoting the precipitation of ACC (amorphous cal-
cium carbonate). ACC was proved the fundamental met-
astable precursor to aragonite nucleation in ooids laminae
(Diaz et al., 2017). Some evidence of similar interaction
between ooids and bacteria during the formation stage
has been provided also from past oceans. For instance,
Li et al. (2017) investigated Lower Triassic marine ooids
from South China and traced microbial filaments- and
EPS- like structures; higher content in REE and nutri-
ent-like elements as Ba characterize the laminae where
these structures were found. These ooids formation has

13
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been thus explained as a product of organomineralization
by photosynthetic organisms. In specific cases, physico-
chemical conditions are almost irrelevant in shaping oo-
ids, as in the case of modern freshwater ooids in Lake
Geneva (Plee et al., 2008; Aritzegui et al., 2012). De-
spite the provided evidence, a biotic origin for ooids is
still debated and other authors considered ooids only as a
product of chemical and physical processes (e.g., Sumner
& Grotzinger, 1993; Rankey & Reeder, 2009; Duguid et
al., 2010; Trower et al., 2018).

Formation models

The accretion process in ooids follows a complex process,
which has been reproduced through different models.
Davies et al. (1978) proposed a model for ooids grow-
ing in an agitated environment in laboratory conditions,
in which each period of active accretion was followed by
resting and sleeping stages (Fig. 2). For larger grains, the
precipitation of fringing cement in the ooids cortex was
suggested to occur within dune sediment (Anderson et
al., 2020). Diaz et al. (2017) implemented this model
relative to the possible biotic origin of ooids (Fig. 3). They
considered recent Bahamian ooids growing on an active
shoal. During the so-called sleeping stage, EPS can attach
to the outer surface of the ooid and become a substrate

for ACC nucleation. Actual ACC nucleation and trans-
formation into aragonite occurs during the resting stage,
when ooids lay in the shallow subsurface or in low-ener-
gy portions of the shoal. After ooids are exposed to cur-
rents, the outer layers are polished and aragonite needles
are arranged tangentially. When ooids are not exposed
to high-energy, growth mechanism stops and post-for-
mation micritization starts. More recently, Batchelor et
al. (2018) published a third model (Fig. 4). They used a
mathematical approach based on the way avascular brain
tumors propagate in the human body. In a similar way
as reasoned by Diaz et al. (2017), a biofilm colonizes a
spherical surface and is characterized by two regions: an
outer layer supplied by nutrients and an inner zone, where
nutrients cannot diffuse. In the inner zone, organominer-
alization occurs and the ooid growth is radially symmetric
and strictly dependent on the nutrient flux rate. In this
way, the inner part does not grow biofilm anymore be-
yond a threshold size. “Suspension” and “resting” growth
phases by Davies et al. (1978) are thus replaced by an al-
ternation of mineralization driven by biofilm and follow-
ing syngenetic mineral growth, in which organic matter
and impurities do not become part of the growing crystal
and instead are confined to the outer portion of the ooid.
This model attributes the size of a hypothetical ooid more
to nutrient and biomass supply than to physical param-
eter (i.e., water energy).Ooids size is limited as well, but
the 2 mm threshold for ooids diameter is not considered.

THREE WEEKS IN THE LIFE OF AN OQID
SUSPENSION
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Fig. 2: Formation model for ooids in laboratory, under agitated conditions (Davies et al., 1978).

14



LITHOLUND THESES 39 INGRID URBAN

Lo
1]
Q

e

v
W
>

=
o

<
-
o
L
w
©

L

o

E
=

o

Deterioration Pha’sé’hﬁm
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Fig. 4: ooids growth model described by Batchelor et al., 2018. In the first two steps, a biofilm is fed by nutrient, while in the following two
steps the outer part of the ooid gets all the nutrients. In the last step, microbes living in the outer part of the ooid die and mineralization phase

starts (Batchelor et al., 2018).

“Aragonite Sea-Calcite Sea” cyclicity in
the Phanerozoic

In the Phanerozoic oceans, the primary mineralogy of
non-skeletal components and marine cements and oo-
lites have oscillated globally between aragonite + high-
Mg calcite (Aragonite seas) and low-Mg calcite (Calcite
seas), on a 100-200 m.y. scale (Sandberg 1983; Stanley &
Hardie 1999) (Fig. 5). The chemical threshold between
high-Mg calcite and low-Mg calcite is set at 4 mol%
MgCOs. The alternation of Calcite and Aragonite seas
follows a first-order cyclicity. Sandberg (1983) established
two Calcite seas (Cambrian-late Mississippian; late Trias-
sic or early Jurassic to early or mid-Cenozoic), where the
precipitation of aragonite was inhibited, which alternate
with three Aragonite seas (late Precambrian-early Cam-

brian, late Mississippian to late Triassic or early Jurassic;
early or mid-Cenozoic to the present), where aragonite
precipitation was facilitated. The record of Sandberg
(1983), based on marine ooids and cements, was later im-
plemented in datasets on non-skeletal carbonates, KCI/
MgSOs4 evaporites, reef builders and sediment-producing
algae by Hardie (1996) and Stanley & Hardie (1999).
According to Sandberg (1983), the end-Permian and the
early Triassic are comprised in the Aragonite II Sea. In
more recent works (i.e., Li et al., 2015), the primary min-
eralogy of Early Triassic ooids as aragonitic is questioned,
together with the stable geochemical composition of the
ocean where they precipitated (Li et al., 2013). Similar
uncertainties are reported for some transitions such as the
Aragonite I/ Calcite I seas boundary (Cambrian-Ordovi-
cian) and the Aragonite II/Calcite II seas boundary (Late
Triassic or Early Jurassic), as reported by Stanley & Har-
die (1998).
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Fig. 5: Correspondence between secular oscillations for the carbonate mineralogy of dominant hypercalcifying marine taxa, the mineralogy of
marine evaporites and nonskeletal carbonates, and the Mg/Ca ratio and absolute concentration of calcium (Ca) in seawater as calculated by

Hardie (1996). A horizontal line at Mg/Ca = 2 (after Stanley and Hardie, 1998) defines the threshold of 4 mol% MgCOs.
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Mass extinction events

Earth history recorded a significant increase in Life di-
versity in seas and in the continents since the end of the
Precambrian (Benton, 1995; Alroy et al., 2008). The
fossil record also registers several biodiversity crises and
extinction events, which provoked the disappearance of
living families to different extents. Among all extinction
events, Benton (1995) identified several major extinction
events: Early Cambrian, Late Ordovician (Hirnantian,
Katian), middle and late Devonian (Givetian, Frasnian,
Famennian), Late Carboniferous (Moscovian, Gzelian),
Late Permian (Changhsingian), end-Triassic (Rhaetian),
end-Jurassic (Tithonian), mid-Cretaceous (Albian),
end-Cretaceous (Campanian, Maastrichtian) and Late
Eocene (Priabonian). Five of them show particularly
high extinction percentages (Fig. 6) and occurred in Late
Ordovician, Late Devonian, end-Permian, end-Triassic
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and end-Cretaceous. They are traditionally called “the
Big Five” to highlight their deep and sudden impact
on many biotic groups on a global scale. Among them,
the end-Permian one was already considered the most
severe extinction event of the Phanerozoic by Sepkoski
(1982). Different methods have been applied to measure
the effect of mass extinctions on biodiversity, such as the
number of extinct families, percentage of extinction, to-
tal and per-family extinction rates (Benton, 1995). These
approaches can overestimate or underestimate the real ex-
tinction impact, in relation to the chosen time unit or the
relative diversity range for a certain time interval. Several
hypotheses have been proposed on the actual causes of
mass extinction events (for example meteorite impacts,
emplacement of Large Igneous Provinces (LIPs), dramat-
ic changes in global sea level and global changes in oce-
anic and atmosphere chemistry), but the idea of a perio-
dicity due to a common and repetitive cause was refused

(Benton, 1995).
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Fig. 6: Number of families during the Phanerozoic, with time position of the five mass extinction events highlighted (adapted from Sepkoski,

1990).
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End-Permian Mass Extinction
(EPME) and post-extinction ooids

The End-Permian Mass Extinction (EPME) is consid-
ered the most severe mass extinction event since the be-
ginning of the Phanerozoic eon (Benton, 1995; Erwin
et al., 2002; Erwin, 2006; Payne et al., 2012; Burgess
et al., 2014). According to previous estimates, 90% of
marine species and 70% of terrestrial vertebrate species
went extinct (Maxwell, 1992; Jin et al., 2000; Ward et al.,
2005). Clapham et al. (2009) calculated a loss of marine
invertebrate genera around 78%. The timing of the ca-
tastrophe is still debated, since it is unclear if it occurred
as a unique cataclysmic event or as a gradual succession of
minor events (Magaritz et al., 1988; Holser et al., 1989;
Jin et al., 2000, Song et al 2013, Wang et al., 2014). New
precise U-Pb dating on zircons allowed to determine that
the extinction event lasted between 251.941 + 0.037
and 251.880 + 0.031 Mya (Burgess et al., 2014). Several
studies point to extreme conditions in the oceans dur-
ing this time period. Geological and geochemical data
suggest high temperatures in the shallow tropical ocean
(Joachimski et al., 2012; Sun et al., 2012), expansion of
anoxic waters (Wignall & Twitchett, 1996; Isozaki, 1997;
Brennecka et al., 2011; Lau et al., 2016), low sulfate con-
centrations (Kaiho et al., 2006; Luo et al., 2010), oceanic
acidification (Knoll et al, 2007; Payne et al., 2007; Payne
etal., 2010; Clarkson et al., 2015), metal or mercury poi-
soning (Kump et al., 2005; Grasby et al., 2020). These
factors led to important changes in primary productiv-
ity (Rampino et al., 2005; Grasby et al., 2016). Bolide
impacts, volcanism, ocean anoxia, seafloor and thermo-
genic methane emissions were proposed as causes of this
event (Erwin, 1994; Racki & Wignall, 2005; Retallack &
Jahre, 2008). Among these, the massive emplacement of
flood basalt from the Siberian Traps Large Igneous Prov-
ince (e.g., Dal Corso et al., 2022) is considered the most
likely trigger of the extinction. This type of volcanism led
to the rapid emission of large volumes of sulfate aero-
sols, CO2 (Burgess et al., 2017) and further greenhouse
gases generated by the thermal metamorphism between
sedimentary host rocks and volcanic sills (Retallack &
Jahren, 2008; Svensen et al., 2018; Callegaro et al., 2021;
Sibik et al., 2021). According to Svensen et al. (2009)
the consequent heating of evaporites and organic sedi-
ments in Tunguska Basin released enormous quantities
of halocarbons and greenhouse gases in the atmosphere,
such as CH4 and CO2 (>100,000 Gt of CO2). This was
clearly registered in the Tethys by 813C and 8180 trends
(Payne et al., 2004; Richoz 2006; Richoz et al., 2010;
Korte & Kozur, 2010; Brand et al., 2012). For the Late
Permian, further analyses on Ce anomaly and authigenic
U redox indices highlighted oxic to dysoxic conditions
in the seawater, at least in the western Tethys (Brennecka
etal., 2011; Brand et al., 2012; Zhang et al., 2018). The
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consequences of the Siberian Traps emplacement lasted
for all the Early Triassic (Payne et al. 2004; Horacek et
al., 2007; Posenato, 2008; Stanley, 2009; Brayard et al.,
2011; Chen & Benton, 2012). The biotic recovery was
slow (- 5 Myr) and contrasted by recurrent environmen-
tal perturbations (Wei et al., 2015). These perturbations
caused minor extinctions in the Griesbachian/Dienerian
(Kozur, 1998; Mei et al., 1999) and Smithian/Spathian
boundary (Hallam & Wignall, 1997). They occurred
together with strong climatic warming (probably due to
persisting massive volcanism of the Siberian Traps) and
deep-water anoxia in oceans (Li et al., 2013 and referenc-
es therein). This scenario did not prevent microbial com-
munities to develop and several peculiar “anachronistic
facies” formed in this time interval (Sepkoski et al., 1991,
Baud et al., 1997; 2007). The latter are mainly flat peb-
ble conglomerates, microbialites, wrinkle structures, sea-
floor carbonate cement fans and ooids (Baud et al., 2007;
Li et al., 2013 and references therein). In this scenario,
globally spread abundant ooidal sediments spanned from
immediately after the EPME time interval until the late
Induan (Li et al., 2013; Li et al., 2015). These deposits
formed primarily in shallow water settings between 30° N
and 30° § latitude on the paleo-continent Pangea, mainly
along the costs of Neo-Tethys, western Paleothethys and
Eastern Tethys and within Panthalassa (Fig. 7).

Permian-Triassic interval

[Z] area boundary
[T oolite location
I deep ocean
[ land
shallow-marine
platform

Fig. 7: Palacogeographical distribution of oolites-bearing successions
across the Permian-Triassic border. Numbers highlight each single lo-
cality (Retrieved from Li et al., 2015).
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End-Triassic Mass Extinction (ETME)
and post-extinction ooids

The Late Triassic (237-201 Ma) has been interpreted as
an ice-free period, with high atmospheric pCO2 levels
(Price, 1999). Comparison between proxies (i.e., paleo-
sols and stomatal index data) and modelling (i.e., Geo-
clim model) resulted in a pCO2 estimate of >4000 ppm
with a peak of 7000 ppm for Late Norian (Goddéris et
al., 2008, 2014). These concentrations were tightly cor-
related with a 3—4 °C increase in Sea Surface Tempera-
ture (SST) associated with a global warming (McElwain
et al., 1999; Knobbe & Schaller, 2018). At the same
time, Earth experienced the end-Triassic Mass Extinc-
tion. It caused the disappearance of several invertebrate
taxa, such as cnidarian and other reef builders (Stanley
& Beauvais, 1994; Stanley, 1988, 2003), and molluscs
(ammonoids, gastropods and bivalves) (Kiessling et al.,
2007). It also prompted significant changes in plankton
communities (Richoz et al., 2012). Unbuffered or ac-
id-sensitive organisms were the most affected by the event
(Hautmann 2004; Knoll et al., 2007; Clapham & Payne,
2011). Ecosystems were altered, as well as sedimentation
patterns in basins (Hallam, 1996; van de Schootbrugge et
al., 2013). In particular, a certain number of T-] marine
sections registered a decrease or a lack of carbonate depo-
sition (Greene et al., 2012b and references therein). The
perturbation of the carbon cycle in the latest Rhaetian is
also marked by three negative Carbon Isotope Excursions
(CIEs) in the 813C record, due to an input of isotopically
light carbon (e.g., Lindstrom et al., 2012, 2017, 2021;
Dal Corso et al., 2014; Marzoli et al., 2018). The idea
of a unique global extinction event is still debated and
some authors consider it as product of more gradual and
localized change, with no collapse of the terrestrial or ma-
rine food chain (Lucas & Tanner, 2018). Despite differ-
ent interpretations of the event, the emplacement of the
Central Atlantic Magmatic Province, CAMP, Marzoli et
al., 1999), a basaltic Large Igneous Province (LIP) looks
the most likely trigger for the extinction event (Marzoli
etal., 2018). Its activity lasted between 600 ka and 1 Ma,
peaking around 201 Ma (Schaltegger et al., 2008; Davies
et al., 2017). A total estimated volume of 3 million km3
of intruded and erupted magmas were released, together
with a sudden input of volcanogenic gases such as wa-
ter vapor, carbon, sulfur dioxide and halogens (Marzoli
et al., 2018). A first peak in volcanic activity is correlat-
ed to the main extinction pulse and initial CIE and was
characterized by relatively low temperature (350-500°C)
heating of sedimentary rocks by intruding sills (Kaiho
et al., 2022). A second extinction pulse, together with
the main CIE, corresponds to higher temperatures and
more effusive volcanism (Kaiho et al., 2022). The em-
placement of the CAMP was large and rapid enough to
cause an acidification event during the ETME time in-
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terval (Hautmann, 2004; Hautmann et al., 2008; Greene
et al., 2012a; Kovdcs et al., 2022). This is revealed by the
selective extinction of unbuffered or acid-sensitive taxa,
the absence of reefal biota and changes in carbonate sed-
imentation in many marine boundary sections (Haut-
mann, 2004; Kiessling et al., 2007; Knoll et al., 2007;
Hautmann et al., 2008; Kiessling, 2010; Clapham &
Payne, 2011; Hillebrandt et al., 2013).

Even if anachronistic facies, such as abiotic seafloor pre-
cipitates, are not detected at the Triassic-Jurassic transi-
tion (Greene et al., 2012b), oolites occur in successions
of the United Arab Emirates (Al-Suwaidi et al., 2016,
Honig et al., 2017; Ge et al. 2018, 2019), in the North-
ern Calcareous Alps (Austria, Felber et al., 2015) and in
the Lombardy basin (Italy, Galli et al., 2007; Bachan et
al., 2012) shortly after the extinction event. These oolites
likely formed in a similar way than those at the Permi-
an-Triassic boundary, as a consequence of the extinction

of skeletal calcifiers (Al-Suwaidi et al., 2016).
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Geological setting and
study areas

Permian outcrops

Four different sections from the Italian Dolomites
(south-eastern Alps) were selected along the Permi-
an-Triassic boundary: Pufels/Bulla, Tesero, Seis/Siusi and
Tramin/Termeno. The studied post-extinction oolites be-
long to a ca. 500 m thick mixed carbonate-siliciclastic
ramp succession (Werfen Formation) that overlies the
shallow-water/lagoonal environment of the upper Permi-
an Bellerophon Formation. During the Permian-Triassic
boundary interval, the Dolomites were part of the Pangea
paleo-continent near the Equator, along the Paleo-Teth-
ys Ocean. The Werfen Formation is Uppermost Permi-
an-Lower Triassic in age (Changhsingian-Olenekian) and
subdivided into nine members: Tesero Member, Mazzin
Member, Andraz Member, Siusi Member, Gastropods
Oolite Member, Campil Member, Val Badia Member,
Cencenighe Member and San Lucano Member. The
post-extinction ooid-bearing units belong to Tesero and
Mazzin members.

Triassic outcrops

The three coeval sections that are the main object of study
for the end-Triassic Mass Extinction are located in Wadi
Milaha (Ras Al Khaimah Emirate, Musandam Peninsula,
United Arab Emirates), on a mountain chain that expos-
es about a 3-km-thick succession of shallow water car-
bonates spanning from Permian to Cretaceous (Maurer
et al., 2009). During the Late Triassic and the Early Ju-
rassic, the area was an equatorial shallow-water carbonate
platform (Ziegler, 2001) belonging to the Arabian shelf
(Glennie et al, 1974), with more open-marine condi-
tions to the north and terrigenous inputs coming from
land areas in the south or south-west (Ziegler, 2001). The
Arabian shelf was bordered by the Arabian shield in the
southwest and the Tethys Ocean in the northeast (Maurer
et al., 2008, Richoz et al., 2014). The studied Milaha and
Ghalilah formations represent the Late Norian, Rhaetian
and Early Jurassic time interval. The Milaha Formation
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is a 250 m thick succession of peritidal carbonates (lime-
stone and dolostone). The Ghalilah Formation, which
includes the Triassic-Jurassic Boundary is a mixed car-
bonate-siliciclastic unit subdivided into four members:

the Asfal, Sumra, Sakhra and Shuba members.

Materials (and prepara-
tion of samples)

Sample collection

The material to be analysed in this project was collected in
three field campaigns: two in the Ras Al Khaimah Emir-
ate (2018 and 2020) and one in the Dolomites (2018).
In the following table, collected samples and related lo-
calities are listed.

SECTION AND |EXTINCTION | NUMBER OF
LOCALITY EVENT ROCK SAMPLES
PUFELS /BULLA | EPME 17

(ITALY)

TESERO (ITALY) | EPME 14

SEIS/SIUSI  (ITA- | EPME 18

LY)

TRAMIN/TER- | EPME 13

MENO (ITALY)

WADI  MILAHA | ETME 317

(UAE)

WADI MILAHA 2 | ETME 22

(UAE)

WADI MILAHA 3 | ETME 18

(UAE)

Samples were prepared in different ways depending on
type of analysis

Thin sections for optical microscope,
elemental mapping and LA-ICP-MS
analyses

Samples were cut in two halves with a Struers Disco-
plan-TS saw and the fresh surface was polished with a
600-grit diamond plate, mounted on a Struers Disco-
plan-25. From one of the halves a slice 5 mm thick was
cut, with the dimension of a glass slide (about 28x48
mm). Each slab was glued on a pre-grinded and signed
glass slide with a bicomponent epoxy resin, in a propor-
tion 5:1 between Araldit DBF by ABIC Kemi and REN
HY 956 by Huntsman. After drying the slabs one night
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in an air oven at 50 °C, they were cut to 1 mm thick
with 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 1200
or 2000 grit diamond plate. To be analysed at LA-ICP-
MS, thin sections were quickly pre-ablated to be perfectly
clean.

Samples for SEM imaging

Small chips of rock were cut from each hand sam-
ple (5x5x8 mm). They were dried for one night in an
air oven at 50 °C, then broken in two halves to obtain
small cubes with a fresh surface (5x5x4 mm). Each small
cube was mounted on a SEM stub with carbon tape. To
avoid charging effects, the lateral sides of the sample were
stained with silver paint. Samples were sputter coated
with Pt/Pd (Cressington sputter coater 108 auto, 20 mA,
10 or 20 seconds).

Samples for stable isotopes (3"°C_  and

0'"*O_ ) analyses

b

Hand samples were polished with a 600-grit diamond
plate and then micro-drilled to select specific rock com-
ponents, avoiding visible fossils, veins or fractures. The
powder material was then reacted with phosphoric acid
to extract CO.,.
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Methods

The analytical approach includes petrographic and geo-

chemical methods.

Optical petrographic microscope

Thin sections were carefully described at the Department
of Geology, Lund University, using an Olympus BX50
petrographic optical microscope, equipped with a digital
camera (Olympus SC50). Samples lithology was classi-
fied according to the Dunham classification (Dunham,
1962) as revised by Embry & Klovan (1971) and Wright
(1992). A description of Standard microfacies (SMF) was
provided, following Wilson (1975) and Fliigel (2010)
and introducing new SMFs for specific rock assemblag-
es. Moreover, we focused on the identification of several
kinds of ooids and other coated grains, marking their size
and stratigraphic distribution.

Point counting (modal analysis)

Thin sections were scanned with a Canon slide scanner
at 4000 dpi and then point-counted with JMicroVision®
software (Roduit, 2022). A random grid was used with
spots having a default size of ten pixels (cf. Roduit, 2007).
The number of points counted per section was 300 (cf.

Galehouse, 1971).

SEM imaging (Scanning Electron Mi-
croscopy)

End-Triassic samples were imaged at the Department of
Geology, Lund University, with a variable pressure Tescan
Mira3 High Resolution Schottky FE-SEM equipped with
an Oxford EDS detector, at 5 kV. End-Permian samples
were instead imaged at the Department of Biology (Lund
University) with a variable pressure Hitachi SU 3500 FE-
SEM at 5 kV.
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SEM elemental mapping (EDS and
EBSD)

Elemental mapping of end-Triassic samples was done at
the Department of Geology at Lund University with a
variable pressure Tescan Mira3 High Resolution Schottky
FE-SEM equipped with EDS (at 15 kV) and EBSD (at
20 kV) detectors. 30 um thick thin sections were sputter
coated with Pt/Pd (approximately 7 nm thickness) for
EDS and treated in low-vacuum regime for EBSD, with-
out any coating. Elemental and crystallographic mapping
was realized with AZTEC® software. For EDS analyses,
we consider a wide list of elements, which includes first
Al, Ti, O, Ca, Si, Sr, Fe and Mg and additionally Ba, Mo,
S, C, Br, Mn, Cd, V, Zn, U, Cl, N, Na, B S, K, Pt, Pd as

test-elements for some sample sites only.

LA-ICP-MS (Laser Ablation-Induc-
tively Coupled Plasma-Mass Spec-

trometry)

The end-Permian and end-Triassic samples were pro-
cessed at the Geology Department of Lund Universi-
ty using a Bruker Aurora-Elite Quadrupole ICP-MS.
Analyses were performed on single spots that varied
between 45x95 pm and 37x116 pm (constant area was
kept). For each analysis, background collection took 30
s, while ablation was set to 30 s. Calibration was done
with an internal standard where 43Ca was used, with
the following concentrations: for the primary standard
NIST SRM 610 (8.15 wt.%) and for three secondary
standards: NIST SRM 612 (8.51 wt.%), NIST SRM
614 (8.50 wt. %), MACS-3 (37.7 wt. %). For primary
and secondary standards, we calculated RSD% for each
analysed element to evaluate analytical precision and ac-
curacy of the measurements. Data reduction was done
with Iolite software (Paton et al., 2011). The content of
Ca in samples was set to 40 wt% by default and then cor-
rected for Mg, Mn and Sr as carbonates and Al as oxide.
We used the following formula for the correction: Wt%
Ca*100/40+(Mg_ppm*MgCO,_u/Mg_u+Mn_ppm*
MnCOs_u)/Mn_u+Al_ppm*A1203_u/ A12+ St_ppm*S-
rCO,_u/ Sr_u)/10000, where u is referred to the atom-
ic weight of the element. REE + Y concentrations were
normalized against the PAAS (Post-Archean Australian
Shale) standard (Taylor and McLennan, 1985).

Specific elements were selected for the analyses, with the
purpose of investigating several paleoenvironmental var-
iables. For instance, we monitor the bulk composition of
ooids and other rock components at time of deposition

(MgCO,, Sr), the occurrence of detrital input (Al, Ti,
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V, P), the interaction of organic matter and/or bacteria
within ooids (V, Ba, U, Zn, REE+Y), the incorporation
of nutrients within ooids laminae (P), seawater oxygen-
ation (Mn, V, U), the occurrence of redox conditions
(REE+Y), early diagenetic processes (REE+Y, Mn).

Selected references: Brand and Veizer (1980); Sandberg
(1983); German & Elderfield (1990); Smith et al. (1999);
Algeo and Maynard (2004); Haley et al. (2004); Riding
(2006); Tribovillard et al. (2006); Takahashi et al. (2005;
2007); Kamber & Webb (2007); Sinchez-Beristain &
Lépez-Esquivel Kranksith (2011); Li et al. (2013); New-
some et al. (2014); Li et al. (2017); Smrzka et al. (2019).

Stable isotopes ratio measurements

Stable isotopes analyses on end-Triassic samples were
done partly at the Institute for Earth Sciences, University
of Graz (Austria) with a ThermoFinnigan Kiel II autosam-
pler connected online to a Thermo-Finnigan Delta V Plus
mass spectrometer and partly at GeoZentrum, University
of Erlangen-Nuremberg (Germany) with a Gasbench 1II
autosampler connected online a Thermo-Finnigan Delta
V Plus mass spectrometer. All values were then report-
ed as per mil relative to V-PDB (Vienna- Pee Dee Be-
lemnite) international standard. Standard deviations (1
0) from NBS19, IAEA-CO9, NBS18 and an in-house
standard were less than + 0,15 %o and + 0,25 %o for 0°C
and 0'%0, respectively.
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Discussion of results

Paper I

Analysis of the Wadi Milaha sections provided new in-
sights into the geochemistry and sedimentology of the
Late Triassic-Early Jurassic. The 8"C_, record presented
in this paper shows a negative excursion for the mid-No-
rian, which however could reflect a local signal due to
water restriction in this shallow setting. Across the Nori-
an-Rhaetian Boundary (NRB), the 6°C_ record is very
stable and in agreement with the data of Kovdcs (2021).
The NRB itself was well constrained due to findings of the
conodonts Epigondolella bidentata and Misikella posthern-
steini and the ammonoid Neotibetites sp. The C and O
isotope data retrieved from post-ETME beds constitute
a robust, non-diagenetically overprinted record, although
the late Triassic marshi CIE is lacking. We demonstrated
the presence of a stratigraphic hiatus of unknown extent
at the extinction level, supported by a clear erosional
surface. This level displays a substantial change in facies
from pre-extinction coral-rich rudstones/floatstones to
post-extinction less fossiliferous packstone/grainstones
with high abundance of ooids. The T]B interval in Wadi
Milaha section preserves the same transgressive trend as
other Hettangian sections around the world. The features
of this transgression can be linked to an abrupt demise
of the carbonate factory at the ETME and motivate an
extension of the “unreefing” model by Palfy et al. (2021)
into southern latitude platforms like the Arabic platform.
Our focus on the coated grains deposited after the ETME
resulted in a new morphological classification. The coars-
ening-upward trend of oolitic cycles C1, C2 and C3
traced by Ge et al. (2018, 2019) is confirmed only for
cycle C1, while we addressed the poor preservation and
deformation of ooids in cycle C2 as strictly local, as well
as the micritic appearance of ooids and the siliciclastic
input in cycle C3. We consider the extreme variability of
post-extinction ooids a product of both water chemistry
(redox conditions, nutrients supply, rate of dissolved car-
bon in marine water) and local sedimentological (wave
energy) factors. In the light of these final considerations,
we discussed the role of the two variables (chemistry vs.
sedimentological) in paper II, providing geochemical in-
vestigations at the ooids laminae scale.
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Paper II

Detailed petrographical and geochemical investigation of
ooids and coated grains deposited in the early aftermath
of the end-Triassic mass-extinction (ETME) at Wadi Mi-
laha support an original precipitation of low-Mg calcite
during a time interval corresponding to the Aragonite Sea
I1. Our data, which implement the already existing data-
sets on the “Aragonite Sea-Calcite Sea” problem, suggest
that the shift from Aragonite Sea II to Calcite Sea II oc-
curred earlier than previously believed. Alternatively, our
results point toward a strong depletion in sulfate, which
could have as well favoured calcite over aragonite depo-
sition. The postulated increase in anoxic area in the di-
rect aftermath of the mass-extinction, with an increase in
sulfide burial could have led to such a dramatic decrease
in seawater sulfate. Further study of Rhaetian ooids will
be needed to define the exact duration (limited to the
ETME aftermath or already starting in the Rhaetian?)
and location (regional or global scale phenomenon?) of
this brief interval of calcitic precipitation. An increase in
detrital elements (Al, Ti, V, Cr, Ni, Ba) is observed in
superficially coated grains belonging to the earliest after-
math of the ETME, reflecting a sudden pulse of detrital
material shortly after the extinction. The best developed,
least micritized and morphologically highly diverse ooids
correspond to a stratigraphic interval with unusually high
P and associated ZREE+Y. We propose that the acidifica-
tion event linked to the ETME transformed the carbonate
platform into a ramp geometry (the “unreefing” model of
Pélfy et al., 2021), allowing deep water, charged in P to
more easily reach the shallow-water platform. These nu-
trient-rich and slightly oxygen depleted waters may have
favoured ooids accretion and may as well explain the Mn
and Ce anomaly signal of the radial ooids, which indicate
local dysoxia in the quieter environment of the shoals.
These final considerations show how this study can be a
new step towards the understanding of the oscillations of
the “Aragonite Sea-Calcite Sea” trend, both on a regional
and global scale, and also highlight the crucial role of oo-
ids and coated grains in tracking post-extinction extreme
environmental conditions in the oceans.

Paper III

This paper provided a detailed petrographical and geo-

chemical investigation of ooids and coated grains de-
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posited in the early aftermath of the end-Permian Mass
Extinction (EPME) in four sections of the Dolomites
(Southern Alps, Italy). These sections were affected by
early diagenetic recrystallization or early dolomitization.
The recrystallization kept the elements linked to Al, in-
creased Mn and decreased all other elements. This trend
is stronger in coarser recrystallization patterns. Early dol-
omitization retains as well the Al group and Mn, and
decrease the ratio of all other elements. Recrystallization
and early dolomitization prevent thus any solid conclu-
sion on the mineralogy of precipitation of the ooids stud-
ied. Fewer environmental factors during the time of dep-
osition can be retrieved from this dataset in comparison
to the well-preserved Emirati ooids. However, we could
demonstrate an enrichment in detrital element rapidly
after the extinction event. This could be the results of a
rapid transgression and/or of catastrophic soil erosion in
the extinction aftermath. This interval with increased el-
ements derived from chemical weathering is shorter than
the interval showing increased terrestrial biomarkers and
pollen. It could thus not sustain a long-lasting anoxia
through eutrophication as cause of the second extinction
level as sometime hypothesized.

Conclusions and future
perspectives

This dissertation shed new light on how multi-technique
petrographical and geochemical investigation can be ap-
plied to characterize post-extinction coated grains. How-
ever, the results presented in the papers leave some open
questions for future research.

Paper I and II

The implementation of the existing global inventory of
post-ETME ooids contributes to the on-going debate on
the exact temporal location of the calcite interval in Arag-
onite Sea II-Calcite Sea II transition. The high-resolution
scale at which geochemical analyses were performed on
ooids and other rock components was new for the Tri-
assic-Jurassic sections of the Arabian Peninsula. It could
be applied in the future to the characterization of oth-
er coeval/comparable sections in the same time interval.
However, few relevant elements were excluded from the
analyses with LA-ICP-MS, due to limitations of the in-
strumentation: Fe, Si and some REE (Pm, Tb, Ho and
Tm). Si was excluded because it has a high baseline due to

24

the presence of glass in the instrumentation, that results
in higher detection limit; it is the same for Ni, where the
presence of nickel cones in the ICP-MS rises its baseline
and low concentrations of Ni are more difficult to de-
tect. Fe was not included because its isotopes *’Fe, *°Fe
and **Fe show interferences with those of Ca, O, H, Ar
and Cr, limiting a correct acquisition of the chemical sig-
nal. Some of the REE were not included to shorten the
list of analyzed elements, as the higher the number the
lower the accuracy of the measurements. This prevented
2REE+Y to be compared as absolute value with previ-
ous publications, but we used them in correlation with
other elements only. Alternative methods can be used to
acquire these “problematic” elements. As Fe is a quencher
in carbonate rocks for luminescence, it could be useful to
acquire some cathodoluminescence data, for a first quali-
tative evaluation. Then, limiting the number of analyzed
elements, SIMS could be used to quantify the concen-
tration of Si, Fe and Ni. This instrument does not imply
the use of plasma, as cause of the interference process in
LA-ICP-MS. A complete retrieval of REE at LA-ICP-MS
could be easier with a second dedicated run of analyses
and a diversification of the acquisition mode of other el-
ements. Another aspect that could be worth deepening is
the gain of higher resolution images and chemical maps
to acquire through synchrotron facilities. This will be a
pioneering approach in ooids studies. This kind of data
could potentially help the reconstruction of post-depo-
sitional features such as microborings, to correlate their
distribution with that of micronutrients in the ooids lam-
inae.

On another side, the dataset of oolites presented in both
papers would need to be widened, including Rhaetian
ooids to determine the exact duration and location of the
calcite interval. The analyses of several major and trace
elements in the ooids revealed how phenomena at the
local scale (e.g., major detrital input in the immediate
aftermath of the extinction event) can have an impor-
tant role in testing and updating formational models at
the global scale, such as the one of Pélfy et al. (2021).
The detailed logging and sampling of the Wadi Milaha

section provided the longest continuous 8"°C_ record

in one single section with biostratigraphic conttl')ol until
now, and therefore it could be a good reference for fu-
ture publications; moreover, our focus on mapping later-
al stratigraphical and sedimentological variability of the
Wadi Milaha succession improved our understanding of
the depositional processes and helped discriminating be-
tween primary features of the ooids and post-deposition
imprint.
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Paper 11

The study of post-EPME ooids in the Italian Dolomites
tooks a further step in the application of the multi-tech-
nique approach we had already discussed in papers I and
I1. The recrystallization and dolomitization processes that
affected the documented sections prevented the possibil-
ity to retrieve the original geochemical signature of the
depositional environment (i.e., post-extinction seawa-
ter). However, it was still possible to carefully describe
the morphology of different recrystallization patterns in
ooids cortices and nuclei, providing a detailed mapping
of the distribution of major and trace elements according
to the kind of pattern and process (recrystallization in cal-
cite vs. dolomitization) occurring during the diagenesis.
We showed it is still meaningful to acquire geochemical
data on diagenetically altered samples and coated grains,
as it can be used as a protocol to treat samples from other
localities, stressing the role of more conservative elements
to trace back the original signature of seawater. The pro-
vided geochemical analyses have some limitations that
could be solved as illustrated above for paper II. In the
light of these considerations, a natural implementation
of the present paper would be to collect and characterize
same age oolites with a comparable recrystallization pat-
tern. This is the case of, for instance, Cimmerian sections
from Turkey, also characterized by recrystallized post-
EPME ooids (Li et al., 2015).

In conclusion, we think that future studies on ooids
formed during time periods of extreme environmental
conditions will benefit from the wide-perspective analyti-
cal protocol defined by this dissertation work. The issue of
diagenetic alteration is still currently seen as a big obstacle
to reliable geochemical analyses, but hopefully we here
show how this kind of samples are worth to investigate.

INGRID URBAN
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Populirvetenskaplig sam-
manfattning

Om du tar en handfull sand frin en av Bahamas tropiska
strinder, kommer du att se hur varje korn ir vitaktigt och
runt eller ovalt till formen, som ett litet 4gg. Dessa korn
kallas “ooider” och dr mycket sma (mindre an 2 mm) och
bestir av kalciumkarbonat (kalk). De bestir av excep-
tionellt tunna, koncentriska lager pa lager runt en kirna.
Ooider ir en del av jordens historia sedan den sen-arkeis-
ka tidsperioden f6r ungefir 2800-2500 miljoner &r sedan.
Nir de genom geologiska processer kittas ihop till en ber-
gart bildar de en kalksten som kallas “oolit”. Ooliter ar
potentiellt utmirkta arkiv for att studera jordens tidigare
miljoer. Den forskning som presenteras hir baseras pa ma-
rina ooider, alltsd de ooider som bildats i grunda havsom-
raden i Jordens urtid. Det har visat sig att ooider tenderar
att bildas i onormalt omfattande utstrickning och bilda
tjocka sedimentavlagringar direke efter omfattande kriser
i biologisk méangfald, sa kallade “massutdéenden”. Sidana
katastrofala hindelser 4r ofta f6ljden av extrema klimat-
forhillanden, som ledde till att en betydande del av Jor-
dens arter forsvann, bade i haven och pa kontinenterna.
Det mest omfattande massutdéendet i Jordens historia
dgde rum vid slutet av den permiska tidsperioden for om-
kring 251 miljoner ar sedan. Syftet med denna avhan-
dling 4r att forstd och dokumentera de specifika kemiska
och fysikaliska forhdllanden som radde i havsvattnet eft-
er utdéendena och forstd dess paverkan for miljon och
djurlivet. Vi fokuserade pd tvd massutdéenden, det vis
slutet av perm och det som avslutar tidsperioden trias for
cirka 201 miljoner ar sedan. Fér det forstnimnda utdden-
det beskrev vi ooider frin Dolomiterna i Italien och for
det senare frin Forenade Arabemiraten, med hjilp av flera
avancerade analytiska tekniker. Genom att anvinda op-
tisk mikroskopi och svepelektronmikroskopi beskrev vi
noggrant ooidernas interna struktur och dokumenterade
hur olika typer och storlekar av ooider samvarierade i tid
omedelbart efter utdéendena. Vi analyserade dven kemisk
information fran ooiderna, savil som fran andra kompo-
nenter i bergartsproverna, genom att anvinda elementa-
nalys i svepelektronmikroskop och laserablation kopplad
till masspektrometri. For att vidga vért perspektiv med
avseende pa miljokonsekvenserna av utdéenden beskriver
vi mer omfattande de sedimentira bergartslager som av-
sattes direkt efter utdéendet i slutet av trias i Wadi Milaha
i Forenade Arabemiraten. Dir analyserar vi dven kolets
och syrets stabila isotoper (8"°C_, och 8"O_,). De pale-
omiljodata vi samlat in ligger till ny information om hur
haven reagerade pa extrema hindelser i Jordens urtida
atmosfir och biosfir. Idag stir minskligheten infor nya
utmaningar i det globala klimatet, vilket senast konstat-
erades under 2023 av IPCC (Intergovernmental Panel on

INGRID URBAN

Climate Change): “Human activities, principally through
emissions of greenhouse gases, have unequivocally caused
global warming, with global surface temperature reach-
ing 1.1°C above 1850-1900 in 2011-2020”. Att jimfora
konsekvenserna av minsklig paverkan pa nuvarande och
framtida klimat med tidigare naturliga hindelser, som or-
sakade omfattande kriser f6r den biologiska méangfalden,
kan bidra till att fordjupa var kunskap och for att vidta
begrinsningsatgirder i en av de viktigaste frigorna under
detta drhundrade.
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