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Abstract

The Middle Cretaceous period, spanning from approximately 100 to 89 million years ago,
represents a pivotal era in Earth's geological history. Characterized by a notably warm climate
and the absence of polar ice caps, this epoch is defined by a remarkable global transgression
culminating at the Cenomanian-Turonian boundary approximately 93.5 million years ago. This
transgressive event, lasting 2 to 3 million years, coincided with a profound global anoxic crisis,
known as Oceanic Anoxic Event 2 (OAE2). The impacts of OAE2 are imprinted lithologically,
biologically, and chemio-stratigraphically across sedimentary basins in Africa, Europe, and
America.

Algeria's northern margin, particularly the Tebessa region, was no exception to this
transformative geological episode. The transgression reached into the Saharan Atlas, extending
its influence even to the distant Sahara lands north of the Hoggar Mountains. The result was the
deposition of fossiliferous marl-limestone sediments overlying Albian detrital deposits.

The eastern Saharan Atlas, located at the eastern extremity of the extensive Atlasian system,
assumed the form of a subsiding basin during the Cretaceous. Here, thick sedimentary sequences
accumulated, presenting an excellent opportunity for geological investigation. This research
focuses on four key sections: Djebel Zitouna, Djebel Bekkaria, Blala Oued Meskiana, and Djebel
Boulhaf Dir in Tebessa.

The primary aim of this thesis is twofold. Firstly, it strives to establish a highly precise
stratigraphic framework for the Middle Cretaceous in the region, building upon prior research in
the Atlasian domain. The identification of planktonic foraminiferal zones and stage and sub-stage
boundaries is a key part of this endeavor. Secondly, this research seeks to reconstruct
paleoenvironments using a combination of lithostratigraphy and quantitative micropaleontology,
with a focus on the distribution of benthic and planktonic foraminifera and ostracods.

The microscopic realms of foraminifera and ostracods serve as the lenses through which we
explore the enigmatic geological history of Tebessa during the Cretaceous. Through them, we aim
to unveil the silent testimonies of Earth's ancient environments and unlock the secrets of this
intriguing epoch.

In conclusion, our study of the geodynamical frame and Cretaceous anoxic events in the
Tebessa region provides valuable insights into the ever-changing paleoenvironments, intricately
linked to geological processes. These findings underscore the dynamic nature of the region's
geological history, shedding light on the complex interplay of tectonics, sea level changes,
sedimentary basin evolution, climate, and local geological structures. This knowledge enhances
our understanding of Earth's geological patterns and processes, contributing significantly to the
broader field of geology and paleontology.

Keywords: Late Cretaceous, Geodynamic Frame, Paleoenvironments, Foraminifera,

Ostracods, Sedimentary Basins, Tebessa.




Résumé

La période du Crétacé moyen, s'étendant d'environ 100 a 89 millions d'années en arriere,
représente une ére cruciale de [l'histoire géologique de la Terre. Caractérisée par un climat
nettement chaud et l'absence de calottes glaciaires polaires, cette époque est définie par une
remarquable transgression mondiale culminant a la limite Cénomanien-Turonien, il y a environ
93,5 millions d'années. Cet événement de transgression, d'une durée de 2 a 3 millions d'années, a
coincidé avec une profonde crise anoxique mondiale, connue sous le nom d'Evénement Anoxique
Océanique 2 (OAE2). Les impacts d'OAE2 sont imprimés lithologiquement, biologiquement et
chemio-stratigraphiquement dans les bassins sédimentaires en Afrique, en Europe et en Amérique.

La marge nord de l'Algérie, en particulier la région de Tébessa, n'a pas fait exception a cet
episode géologique de transformation. La transgression a atteint l'Atlas saharien, étendant son
influence jusqu'aux terres lointaines du Sahara au nord des montagnes du Hoggar. 1l en est résulté
le dépot de sédiments marno-calcaires fossiliferes recouvrant des dépots détritiques albien.

L'Atlas saharien oriental, situé a l'extrémité orientale du vaste systeme atlasique, a pris la
forme d'un bassin en subsidence au cours du Crétacé. Ici, d'épaisses séquences sédimentaires se
sont accumulées, offrant une excellente opportunité pour des investigations géologiques. Cette
recherche se concentre sur quatre sections clés : Djebel Zitouna, Djebel Bekkaria, Blala Oued
Meskiana et Djebel Boulhaf Dir a Tébessa.

L'objectif principal de cette these est double. Premierement, elle s'efforce d'établir un cadre
stratigraphique tres précis pour le Crétacé moyen dans la région, en s'appuyant sur des recherches
antérieures dans le domaine atlasique. L'identification des zones de foraminiféres planctoniques
et des limites de stades et de sous-étages en est une partie essentielle. Deuxiemement, cette
recherche cherche a reconstruire les paléoenvironnements en utilisant une combinaison de
lithostratigraphie et de micropaléontologie quantitative, en mettant l'accent sur la distribution des
foraminiferes benthiques et planctoniques et des ostracodes.

Les mondes microscopiques des foraminiferes et des ostracodes servent de lentilles a travers
lesquelles nous explorons I'histoire géologique énigmatique de Tébessa pendant le Crétacé. A
travers eux, nous visons a dévoiler les temoignages silencieux des anciens environnements de la
Terre et a percer les secrets de cette époque intrigante.

En conclusion, notre étude du cadre géodynamique et des événements anoxiques du Crétacé
dans la région de Tébessa fournit des informations précieuses sur les paléoenvironnements en
constante évolution, étroitement liés aux processus géologiques. Ces résultats soulignent la nature
dynamique de [l'histoire géologique de la région, éclairant la complexité des interactions de la
tectonique, des changements du niveau de la mer, de l'évolution des bassins sédimentaires, du
climat et des structures géologiques locales. Cette connaissance renforce notre comprehension des
schémas et des processus géologiques de la Terre, contribuant de maniere significative au domaine
plus vaste de la géologie et de la paléontologie.

Mots-clés : Crétacé supérieur, cadre géodynamique, paléoenvironnements, foraminiferes,

ostracodes, bassins sédimentaires, histoire géologique.
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Thesis structure
Chapter I: Generality
» Introduction
- Setting the stage for the study
- Highlighting the significance of the Middle Cretaceous period
- Discussing the great transgression and global anoxic event (OAE2)
- Introduction to the study area: Tebessa in Algeria
Chapter I1: Materials and Methods
» Introduction
- Discussing the importance of comprehensive materials and methods
- Providing an overview of fieldwork and laboratory procedures
» Fieldwork
- Detailed description of field trips to Tebessa's sections
- Collection and labeling of marl samples, ammonites, and bivalves
» Laboratory Techniques
- Overview of sample treatment processes
- Detailed description of sample preparation techniques
- Introduction of new laboratory methods and their significance
- Thin section analysis and its applications
- Application of calcimetry and Total Organic Carbon (TOC) analysis
Chapter I11: Introduction to Ostracods: Microscopic Shells, Macroscopic Insights
» Introduction

- Establishing the importance of ostracods



- Their significance as paleoenvironmental indicators
- Overview of the diversity and fossil record of ostracods
- Historical developments in ostracod research
Chapter IV: Constraint Optimization
» Introduction
- Highlighting the significance of the Middle Cretaceous Age
- Emphasizing the role of foraminifera and ostracods
- Introduction to constraint optimization as a research concept
» Constraint Optimization
- Detailed explanation of the concept and its application in the study
- Linking various species of foraminifera and ostracods
- Integration of data from different sources to create a coherent timeline
Chapter V: Biostratigraphy and Paleoenvironment
» Introduction
- Emphasizing the role of geology in understanding Earth's history
- Introduction to the study area and its geological significance
» Biostratigraphy and Paleoenvironment

- Exploration of the geological history in four Tébessa sections: Djebel Zitouna, Djebel

Bekkaria, Blala Oued Meskiana, and Djebel Boulhaf Dir
- Detailed paleoenvironmental reconstructions using microfossil data
- Insights into changes in water depth, proximity to the shore, and environmental dynamics

- Application of biostratigraphy to date rocks and understand changing paleoenvironmental

conditions

General Conclusion



- Summarizing the key findings of the study
- Revisiting the objectives and contributions of the research

- Reflecting on the significance of the geodynamical frame and Cretaceous anoxic events in

Tébessa
- Discussing the broader implications of the study for the field of geology and paleontology
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General Introduction

The Middle Cretaceous period, spanning approximately from 100 to 89 million years ago,
represents a remarkable chapter in Earth's geological history. It is characterized by a distinctly
warm climate and the conspicuous absence of polar ice caps. The defining feature of this period is
the profound global transgression that reached its zenith at the Cenomanian-Turonian boundary
around 93.5 million years ago. This transgressive episode, extending over 2 to 3 million years,
culminated in a moment when global sea levels soared to their maximum height of around 250
meters above present-day levels, as evidenced in the works of Arthur et al. (1987) and Busson et
al. (1999). This dynamic geological event was closely accompanied by a worldwide anoxic crisis,
denoted as OAE2 (Oceanic Anoxic Event 2) by Schlenger and Jenkyns (1976) and Arthur et al.
(1987).

The effects of OAE2 are manifest lithologically, biologically, and chemio-stratigraphically.
Sedimentary basins across the continents of Africa, Europe, and America bear the enduring imprint
of these transformations. On the northern margin of Africa, and particularly in Algeria, the
transgression permeated the Saharan Atlas, influencing even the distant Sahara lands to the north
of the Hoggar Mountains. Fossiliferous marl-limestone sediments emerged, overlaying Albian
detrital deposits in this region, as observed by Laffitte (1939), Fabre (1976), and Amard et al.
(1981).

Nestled at the eastern extremity of the formidable Atlasian system, the eastern Saharan Atlas
assumed the form of a subsiding basin during the Cretaceous, as delineated by Laffitte (1939),
Herkat (1999, 2002, 2004, 2006, 2007). This period bore witness to the accumulation of extensive
sedimentary sequences. The continuity and fossil richness of these deposits render them
exceptional cross-sections for geological investigation. The chosen study sections, namely

Zitouna, Bekkaria, Blala, and Dir in Tebessa, serve as the epicenter of our research endeavors.

This thesis brings together the fruits of meticulous micropaleontological examinations of
foraminifera and ostracods within these four sections, which collectively encompass the
Cenomanian to Turonian stages. Employing a multifaceted approach that incorporates
micropaleontology and sedimentology, the primary objectives of this research are twofold. First,
it seeks to construct a highly precise stratigraphic framework for the Middle Cretaceous in this

region, complementing prior work conducted by esteemed predecessors in the Atlasian domain




(Laffite, 1939; Benkherouf, 1987, 1988; Chikhi, 1998). This task involves the identification of

planktonic foraminiferal zones and the definition of stage and sub-stage boundaries.

Secondly, this thesis endeavors to reconstruct paleoenvironments through a comprehensive
analysis of lithostratigraphy and quantitative micropaleontology, focusing on the distribution of
benthic and planktonic foraminifera and ostracods. By unraveling the enigmatic geological history
and environmental conditions of the Tebessa region during the Cretaceous period, this research
seeks to contribute significantly to the broader understanding of geodynamic processes and anoxic
events that shaped our planet's past. Through the microscopic worlds of foraminifera and
ostracods, we aim to decipher the silent testimonies of Earth's ancient environments and unlock

the secrets of this intriguing epoch.
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1. Introduction

The study area is located in the northeast region of Algeria, in the province of Tebessa,

bordering Tunisia. It is chosen for its rich geological features, ideal for paleontological studies.

The research methodology employed a systematic sampling approach, focusing on four
distinct sections to represent the region's paleontological and geological features. These sections
cover a variety of sedimentary and geological conditions, crucial for understanding Earth's

history and paleoenvironments.

The Tebessa area is part of Algeria's Saharan Atlas Mountains, extending from the western
to the eastern border. It contains Quaternary deposits and intrusive Triassic sequences, disrupting

host rock layers and causing structural features observed in various locations.

Several geological studies, including those by Burollet in 1956, Dubourdieu in 1956 and
1959, and Vila in 1980 and 1996, have contributed to understanding the region's geology.
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2. Geographical Framework

The dissertation's study area is located in the northeast region of Algeria, in the province of
Tebessa. This region shares a border with the neighboring country Tunisia. As a result, it is a
suitable location for various paleontological studies.

The dissertation's research methodology utilized a systematic sampling approach, which
involved four distinct sections. These four distinct sections were selected for the research. Each of
these sections was carefully chosen to exhibit a sample of the regions to represent the various

paleontological and geological features that can be found in this region.

L

El cuenza

o
o Tebesea

Figure.1: study area location
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The sections were selected to cover a similarity of sedimentary and geological conditions,
which are important in comprehending the Earth's history and the region's paleoenvironments. This

feature also helps visualize the locations of the samples collected. (Figure. 1)

e
i

®»  Sections

i D Study Area Border

[ ] Oum ElBouaghi Province Border
E Tebessa Province Border

Figure. 2: Studied sections localities google earth

The map is a valuable reference tool that allows readers and researchers to gain a deeper
understanding of the region's geographical features. The chosen sections and the fieldwork carried

out within the study area are crucial to the dissertation's research objectives. They provide valuable
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information on the region's paleontological and geological history, which can help us better

understand the Earth's past and its environmental changes over time. (Figure. 2)

3. Geological Setting:

The Tebessa area, which is located in Algeria's northeast province, is an important
constituent of the nation's Saharan Atlas Mountains (Figure. 2). Those mountains range,

encompassing Algeria from its western border to its eastern frontier, is a prominent linear anomaly.

Extending beyond Algeria's borders, those mountain ranges are known as the "Tunisia
Atlas," (Ghomsi et al. 2020), and its importance as a geological feature is acknowledged by its
name. Its varied geological characteristics are crucial to comprehending the Earth’s past and its

complex history (Frodeman. 1995).

Numerous Quaternary deposits are also commonly found in the sedimentary sequences of
this region, especially in the flat plains. These archives are regarded as significant geological

repositories and can provide researchers with valuable data on the area's geological history (Muhs.

2013).

The Tébessa region's sedimentary cover is also characterized by the presence of intrusive
Triassic sequences (Figure. 2). These occurrences disrupt the host rock layers, causing structural
features (Bencharef. 2022). These disturbances can cause various changes, such as the reduction
in the thickness of sediment and the inversion of dip angles. They are commonly observed in the
Ouasta, Djebels Djebissa, and Ouenza (Bencharef. 2022). These locations are ideal for conducting

in-depth studies on this topic.

Different geological studies have helped researchers gain a deeper understanding of the
area's geology. Some of the prominent studies that were carried out include those of Burollet in

1956, Dubourdieu in 1956 and 1959, and Vila in 1980 and 1996. (Figure. 3)

Their contributions have helped expand the knowledge base of the region's geology and

provided additional details to the dissertation's research.
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4. Geodynamic Framework

The northern part of Algeria, which is located within the Maghreb region's broader area,
exhibits a layered structure that dates back to the Cenozoic period. This region is also classified
into two structural units: the Saharian Atlas and the Tellian Atlas (Figure. 3). The dissertation's
research focuses on the Atlas region, which encompasses the foreland portion of the Tell-Riif

system and extends north from the Saharan belt.

Figure. 4: Main Structural Domains of the Western Mediterranean (modified from

D. Frizon deLamotte et al., 2000 and Billi et al., 2011 in Leprétre 2012)
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Figure. 5 : Main structural domains (after Michard et al., 2008). The geological "Maghreb"

corresponds essentially to the Rif-Tell and Atlas orogenic domains (Frizon de Lamotte, 2009)

The Atlas domain's geodynamic evolution can be traced back to the early Jurassic period and
the Triassic when a rifting event occurred. This occurrence triggered the development of graben
systems, which eventually evolved into areas of weak geology. (Frizon de Lamotte et al., 2006).
It's important to note that this event occurred at the same time that the Atlantic Ocean started to

open, a process that commenced approximately 180 million years ago in the North Atlantic region.

The geology of Northern Algeria has been characterized by rift-related structures and
tectonic activities, which have played a significant role in shaping its landscape. Due to these
dynamics, the region's sedimentary deposits, rock formations, and overall geological structure

have remained imprinted, making it an ideal location for further study. (Figure. 05)

The tectonic activities that occurred within the Eastern Atlas region, including areas such
Tebessa, have been particularly noticeable. The tilted blocks that were defined by the faults are
located in an area that's characterized by a network of faults that's trending toward the WNW-ESE
direction. According to Delfaud and Herkat 2000, the activity of these faults started during the
Albian phase.

——
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In 1981, Bismuth reported that a similar structure with tilted blocks was found in central
Tunisia. The region's geology is also characterized by an extensive corridor that's flanked by NE-

SW faults. One of these includes the Kasserine Mole and North-Atlas faults (Figure. 5).

The region's geology features various phases of subsidence during the Cretaceous period,
which is characterized by notable eustatic rises. The beginning of the Turonian phase and the

Albian's end also contributed to the development of the basin's deepening.

The variations exhibited by eustatic cycles can be linked to the outlines of the Haq et al.
curve, which is a well-known reference material in paleogeography. These processes led to the

rapid and substantial deepening of the basins.
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Figure 06: Main Structural Units of the Maghreb (according to Caire, 1970, In Herkat,
1999, modified by Ruault-Djerrab Muriel, 2008). The area studied in this thesis is outlined.

The observed eustatic variations are related to the outlines of Haq et al' 1987 curve, which
is an established standard for paleogeography. The resulting processes led to the swift and

substantial deepening of these basins.
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During the Late Cretaceous period, the various subsidence-related processes decreased
significantly. This change was triggered by the beginning of compressive forces in the margins of

the basin.(Guiraud 1973 and Herkat 1992).

Tectonic transformations and the emergence of diapirism were significant factors that
contributed to the development of the region's geology during the Cretaceous period. This
phenomenon is already apparent during the Saharan Atlas' transition from the Jurassic era to the
Cretaceous. In 1979, Masse and Thieuloy reported the Ouenza incident during the Aptian stage.
(Figure. 6)

Algeria's geodynamic history during the Eocene epoch was subjected to a significant
compression during the Cenozoic era. This event eventually led to the Saharan Atlas' formation.

The ongoing convergence of the Eurasian and African tectonic plates resulted in this phenomenon.

The rate at which the convergence process continues to evolve has been estimated to be
around 5 millimeters a year. In 2006, Yelles-Chaouche and colleagues reported that the region has
been experiencing the emergence of north-south, east-west, and NW-SE compressive forces. The
continuous movement of these tectonic plates has a lasting impact on the region's geology. (Figure.

7)

40*

5" mmfyr

Calais et al.{2003)
Me Clusky et al.(2003)

o 5" mm/yr
Frf—

-10* o 10" 20*
Figure. 7: Convergent movements occurring between the African and Eurasian tectonic plates,
adapted from Calais et al. (2003) and McClusky et al. (2003). The displacements are depicted in

millimeters per year, relative to the Eurasian plate.
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5. Literature review on the study area:

¢ In 1956, Dubourdieu conducted significant geological work in the Ouenza region,
focusing on specific sections like Boukhedra, Haoud-esghir, and Ain-Chenia, where
Middle Cretaceous rock formations are exposed. In his study, he meticulously documented
the diverse fauna he encountered, including ammonites, sea urchins, bivalves, rudists, and
gastropods. This faunal inventory provides valuable insights into the paleobiology and
paleoecology of the area during the Middle Cretaceous. Additionally, Dubourdieu's work
extended beyond paleontology to encompass the broader geological context. He offered an
overview of the tectonic processes that shaped this part of the eastern Saharan Atlas. This
tectonic perspective likely contributed to a more comprehensive understanding of the
region's geological history, providing a crucial framework for future studies in the area.
Overall, Dubourdieu's work is pivotal for both the paleontological and geological
understanding of the Ouenza region during the Middle Cretaceous period. Vila. J.M.,
(1980) created geological and paleogeographical maps which are presented in his study
dedicated to the Alpine chain of eastern Algeria and and the Algerian-Tunisian confines.
oIn 1985, Viviere conducted a study on the Upper Cretaceous in Tébessa. His
research focused on the ostracod fauna, which were small aquatic crustaceans. The study
provided him with valuable information on the region's paleoenvironnementand
biostratigraphy. By evaluating the assemblages and distribution of ostracods, Viviere was
able to provide valuable data that will help scientists understand the environmental and
chronological features of the Upper Cretaceous period in Tébessa. This study also provided
insight into the region's geological history.
¢ Benkherouf research in 1988 focused on the study of planktonic and benthic
foraminifera that lived in the area of Djebel Boulhaf Dir during the Cenomanian Period.
The goal of this study was to provide a comprehensive understanding of the environmental
conditions of the region. Benkherouf also performed a comparative analysis of the
sedimentary sequences in the Maritime Alps. This study provided a better understanding
of the environmental and geological conditions of the region during the Cenomanian.
e Herkat conducted a study in 1999 on the Upper Cretaceous rock deposits in the
eastern Atlas. The research utilized quantitative and qualitative analysis methods to gain a
deeper understanding of the region's ecological and sedimentary features. The study also

revealed how tectonic forces and structural changes affected the sediment deposition in the

——
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eastern Atlas. This work is believed to have contributed to a better understanding of the
region's environmental and geological history.

e Jati.M., (2007), by focusing on the Cenomanian-Turonian interval, conducted a
sequence analysis complemented by a geochemical study of the series of sections, taken in
Algeria, Tunisia, and Morocco, on a platform/basin profile. The results of this work
revealed the existence of a geochemical anomaly in & 13C, characteristic of the global
anoxic event OAE2. Paleogeographical patterns for this episode and correlations with the
stratotype section of Pueblo and Tunisia were proposed.

e In 2008, a study was carried out by Djerrab Ruault in Djebel Chemla . The project
focused on analyzing the history of the area's geology and paleoenvironmental conditions. It
used microfossils to create a chronological record of the past. The information collected from
this study will help improve our knowledge of past ecological factors and climates.

e Maandi Nabila 2011. This study investigates Cretaceous microfauna in five
sections along the northern margin of the Aurés and Southeast Constantine basins in the
Eastern Saharan Atlas. It identifies nearly 100 foraminifera taxa, including the first report of
Rotalipora planoconvexa in Algeria. New biostratigraphic data refines the biozonation,
enhancing stratigraphic resolution. Analyses reveal varying paleodepths, substrate types, and
an Oceanic Anoxic Event 2 (OAE2) geochemical anomaly. These findings indicate diverse
ancient marine environments and hint at connections with the eastern Aurés and the southern
Tethyan margin.

e Salmi-Laouar Sihem. The author discusses the presence of Oceanic Anoxic Event
2 (OAE2) near the southern Tethys margin in the Es Souabaa area. This event is marked by
distinct features in sedimentary records, reflecting transgressive drowning and hypoxic
conditions. The findings indicate a climax of OAE2 around the Cenomanian-Turonian
boundary. Isotopic data suggest significant changes in marine productivity and increasing
temperatures. Comparisons with a nearby section in Tunisia reveal similarities, but OAE2 is
more pronounced in Algeria.

¢ Chaaban Koudair 2015 . In the El Guelb massif (Tébessa), discusses lithological
and microfaunal variations associated with Oceanic Anoxic Event 2 (OAE-2) during the
transition from the Cenomanian to the Turonian. The Cenomanian-Turonian passage is
marked by dark, laminated limestones, abundant planktonic microfauna, and glauconium,

indicative of a deep, oxygen-depleted environment. Notably, the presence of "filaments"

——
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en masse and Whiteinella archaeocretacea suggests significant biological changes. The
Turonian facies, identified by the presence of Helvetoglobotruncana helvetica, includes
siliceous levels with Radiolaria, and a shift from Nassellaria to Spumellaria. These bio-
events reflect environmental modifications, particularly a decline in oxygen levels in the

Upper Cenomanian and Lower Turonian.

6. Research Objectives:
6.1. Stratigraphy:

e The first objective is to establish the stratigraphic position of the studied deposits,
focusing on the Middle Cretaceous period, encompassing the Cenomanian to Turonian
stages. This time frame is particularly notable for its significant geological events and the
presence of various fossil organisms, which serve as invaluable indicators for stratigraphic
analysis. Among these organisms, ammonites, ostracods, bivalves, and planktonic
foraminifera are highly sought-after. (Figure. 8)

e Ammonites, while being prominent stratigraphic markers, present certain
challenges due to their rarity and often poor preservation. As a result, their inclusion in this
study would necessitate more extensive fieldwork, which remains a potential avenue for
future research.

e However, despite the limitations related to ammonites, it is ostracods, and
planktonic foraminifera that have emerged as essential stratigraphic markers for this
investigation. Several biozones are established based on these microfossils, with variations
arising from different authors and geographical regions. These biozones play a crucial role
in the stratigraphic analysis.

e Notably, significant contributions in this field have been made by various
researchers. Robaszynski and Caron (1979, 1995) have provided substantial work in this
area, which is exemplified in Figure 5. Caron (1985) is another noteworthy contributor to
the field. Additionally, the study by Amédro and Robaszynski (2008) stands out for its
proposal of a correlation between ammonite and planktonic foraminifera zonations. This
correlation extends to both the Tethys domain, represented by Tunisia, and the Boreal
domain in Western Europe, illustrating the widespread importance of these microfossils in
establishing zonations. (Figure. 9)

e Beyond these key studies, research on stratigraphy in Algeria and neighboring

Tunisia is extensive, with a historical foundation. When it comes to planktonic foraminifera
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and, to a lesser extent, ostracods, significant contributions have been made by Sigal (1949,
1954, 1956, 1967, 1977, 1987), Dalbiez (1955), Glintzboekel and Magné (1960), Fleury
(1969), Salaj (1980, 1987), Bismuth et al. (1981), and Bellier (1983). These researchers
have collectively advanced the understanding of microfossils' role in stratigraphy and the

unique characteristics of the Cenomanian to Turonian period.
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Figure. 8: Biozonation of the Cretaceous by planktonic foraminifera and radiolarians (figure
slightly modified from Robaszynski & Caron, 1995).
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Figure. 9: Biozonation of the Middle to Upper Cretaceous using ammonites and

planktonic foraminifera (from Amedro & Robaszynski, 2008; Latil, 2011).
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6.2. Paleoenvironment:
The second focus of this research is the paleoenvironmental study. It involves analyzing
various fossils, their abundance ratios, and microfacies to estimate paleo-depths and the seabed's

oxygenation state.

Additionally, this study examines the Cenomanian/Turonian boundary, which is

characterized by a significant oceanic anoxia crisis.

The first to define this event, along with several others of a similar nature, were Schlanger
& Jenkyns (1976). According to these authors, these oceanic anoxic events (OAE), exceptional in
the Earth's history, are characterized by the development of dysoxic to anoxic conditions in most
of the oceans, resulting in the deposition of carbon-enriched layers and modifications in the global
cycle of this element. The mechanisms responsible for the occurrence of these OAEs are still
poorly understood (Westermann et al., 2010). Among the numerous possible causes, are increased
primary productivity, expansion of oxygen minimum zones, and more. and intensification of water
column stratification (Schlanger & Jenkyns, 1976; Arthur & Schlanger, 1979; Jenkyns, 1980;
Scholle & Arthur, 1980; Bralower & Thierstein, 1984; Pederson & Calvert, 1990; Jenkyns, 2003;
Pancost et al., 2004; Hardas & Mutterlose, 2007; Pearce et al., 2009).

The end-Cenomanian event, OAE2.1, is one of the most well-studied of all (Schlanger &
Jenkyns, 1976; Jenkyns, 1980; Schlanger et al., 1987; Jenkyns et al., 1994; Strasser et al., 2001;
Leckie et al., 2002; Sageman et al., 2006; Caron et al., 2006; Mort et al., 2007; Voigt et al., 2007;
Montoya-Pino et al., 2010). It is associated with major climate and paleogeographic changes
(Jenkyns et al., 1994; Huber et al., 2002; Norris et al., 2002; Forster et al., 2007) and is notably
characterized by a biological crisis (extinction), which led to significant changes in planktonic
foraminifera, radiolaria, and nannofossil assemblages (Caron & Homewood, 1982; Hart & Ball,
1986; Lamolda et al., 1997; Grosheny & Malartre, 1997; Keller et al., 2001; Leckie et al., 2002;
Erba, 2004; Caron et al., 2006; Grosheny et al., 2006). OAE2 is also marked by a global sea-level
rise (Haq et al., 1987), a positive 013C geochemical anomaly (Schlanger & Jenkyns, 1976;
Jenkyns, 1980; Schlanger et al., 1987; Gale et al., 1993; Erbacher et al., 1996; Jarvis et al., 2006;
Voigt et al., 2006), and a general increase in phosphorus accumulation rates, which could be related

to a widespread increase in surface productivity (Mort et al., 2007).

In recent years, many authors have made significant efforts to characterize this event in the

best possible way, from both a geochemical and micropaleontological perspective, in North Africa
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and other continents (see Fig. I-3). This is the case, for example, in Morocco (e.g., Ettachfini et
al., 2005; Nzoussi-Mbassani et al., 2005; Mort et al., 2008; Jati et al., 2010...) and in Tunisia (e.g.,
Accarie et al., 1996, 2000; Maamouri et al., 1994; Caron et al., 1999; 2006; Nederbragt &
Fiorentino, 1999; Monnet, 2009; Robaszynski et al., 2010...), countries with abundant available
literature. Recent studies in Algeria are notably fewer (Naili et al., 1995; Liining et al., 2004;
Groshény et al., 2007, 2008; Chikhi-Aouimeur et al., 2010), but the geographical proximity of

these regions easily allows for the comparison of the obtained results.
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Conclusion

In conclusion, Chapter 01 has laid the foundational understanding for our comprehensive
investigation into the geodynamical and paleoenvironmental aspects of the Middle Cretaceous
period in the Tebessa region of Algeria. We have delved into the significance of this geological
epoch, marked by its distinct climate, global transgression, and the enigmatic Oceanic Anoxic
Event 2 (OAE2). This chapter has provided insights into the lithological, biological, and
chemiostratigraphic changes that occurred as a result of this transgressive episode, emphasizing

the impact on sedimentary basins across the globe.

The Tebessa region, nestled within the Saharan Atlas, stands as our chosen geological canvas
for this research, offering a wealth of sedimentary sequences and stratigraphic treasures. We
introduced our primary research objectives, which encompass the development of a precise
stratigraphic framework, identification of planktonic foraminiferal zones, and the definition of
stage and sub-stage boundaries. Additionally, our goal to reconstruct paleoenvironments through
lithostratigraphy and quantitative micropaleontology promises a comprehensive understanding of

ecological and environmental dynamics during the Middle Cretaceous.

This chapter also framed our study within the geographical context, highlighting the
significance of Tebessa's location within Algeria's Saharan Atlas. Moreover, the geodynamic
framework was addressed, shedding light on the geological structure and the northern part of

Algeria within the Maghreb region.

The rich literature review on the study area provided a historical backdrop for the significant
geological work conducted in the region, which paved the way for our research. Dubourdieu's
extensive documentation of Middle Cretaceous formations and the diverse fauna found within

them is of particular note.

Our research objectives are clear: to construct a detailed stratigraphic framework, understand
the paleoenvironmental conditions, and investigate the geodynamical and anoxic events in the
Tebessa region during the Cretaceous period. The knowledge we gain from this study will not only
deepen our understanding of Earth's past but will also contribute to the broader fields of geology

and paleontology.

——
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Chapter 01 has set the stage for the subsequent chapters that will delve deeper into the
geological and paleoenvironmental history of this region, unveiling the secrets of the Middle

Cretaceous period through the microscopic worlds of foraminifera and ostracods.
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MATERIALS AND METHODS




CHAPTER II. MATERIALS AND METHODS

1. Introduction

In this study, the exploration of Tébessa's geological, paleontological, and stratigraphic
history during the Cretaceous period, employing a combination of meticulous field and laboratory
techniques. Our fieldwork involved extensive field trips to four distinct sections, namely Bekkaria,
Blala, Zitouna, and Dir, where we systematically collected and labeled 123 samples varied marl,
limestone and marly limestone in addition to a valuable collection of ammonites and bivalves for
paleontological investigations. The laboratory phase encompassed a multi-step treatment process
based on sample hardness, including thermal shock for highly indurated marl, hydrogen peroxide
for less indurated samples, and sieving/washing to prepare specimens for detailed analysis. The
introduction of a new laboratory method, inspired by Puckett's work, provided an efficient means
of dissolving organic matter and extracting microscopic fossils. We also investigated the Glauber's
Salt Method, demonstrating its superiority to hydrogen peroxide in breaking down sediment
samples with fewer microfossil damages. Thin section analysis was essential for texture,
mineralogical, proportion, and microfacies studies, yielding valuable insights into the sedimentary
deposits. Furthermore, we applied additional methods such as Calcimetry for calcium carbonate
measurement and Total Organic Carbon (TOC) analysis to comprehend organic carbon
composition in soil and geological samples, facilitating critical insights into sedimentary rock
characterization, paleoenvironmental reconstruction, hydrocarbon potential assessment, and

carbon sequestration studies.
2. Methods used in this study:
Field Methods

The field techniques utilized for the research in Tébessa helped to carry out accurate
measurements and sampling. These also ensured that the geological data and samples were

documented properly.
» Field Trips:

Through the field techniques, we were able to identify four distinct sections in Tébessa,
which were selected for detailed study. These areas, namely Bekkaria, Blala, Zitouna, and Boulhaf

Dir, were regarded as significant for this research.

——
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» Sampling Process:

A systematic approach was used to collect samples along the chosen sections. The goal of
the sampling process was to ensure that the data collected from the selected areas were collected
consistently. Usually, the samples were collected from the marl layers within about 50 centimeters
to 1 meter. In cases where the changes in the ground's facies were observed, close intervals were

used to accurately record these occurrences.

Dir Section: A total of 34 samples were collected from the Dir section. Zitouna Section: The
Zitouna section yielded 32 samples. Bekkaria Section: In the Bekkaria section, 34 samples were

acquired. Blala Section: Approximately 23 samples were collected from the Blala section.

» Sample Labeling:

To ensure that the samples were properly organized and documented, each sample was
placed inside a plastic bag. It was then labeled with a unique number and its origin was traced back

to its specific location.
» Fauna Collection:

A fauna collection was also carried out, which included various types of ammonites and
bivalves. These specimens are important for studies related to stratigraphic and paleontological

investigations.

By using the proper field techniques, we were able to obtain crucial information and samples
for the study of the geology, paleontological, and stratigraphic characteristics of Tébeessa during

the Cretaceous period.
Laboratory methods

The laboratory work performed on the project mainly concerned with the treatment of the
marl specimens that were gathered throughout the study. The following steps provide an overview

of the different procedures utilized in the facility.

——
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» Weighing the Samples:

The weight of the marl samples was initially measured. Each sample was weighed with an

estimate of 200 grams.

» Treatment Based on Hardness:

Different treatments were then carried out on the marl samples depending on their hardness
level (induration). The methodology for this process was based on the thesis presented by

Benkherouf in 1988.

» Thermal Shock for Indurated Samples:

The most indurated marl specimens were subjected to a thermal shock treatment that
involved repeated freeze-thaw cycles. This process helped in breaking down the marl samples'

hardened structures.

Following the thermal shock process, the samples were then subjected to sodium sulfate.

Less indurated marl samples were then treated with hydrogen peroxide.

For those with lower induration levels, the treatment involved adding hydrogen peroxide to
the marl specimens for 48 hours. This process is believed to have helped in breaking down and

softening the less indurated ones.

» Sieving and Washing:

The sediment collected from the different treatments was then subjected to further sieves

with different mesh sizes. The sizes used were 40u , 0.063, and 0.250 millimeters.

The sediment was then submerged in a stream of water, where it would be collected and

separated from particulate matter or residues.

» Fraction Sorting:

After the washing and sieving process, the three different fractions were sorted by a

binocular microscope. For each sample 300 specimens have been sorted.

——
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The various laboratory procedures utilized during the treatment and preparation of marl
specimens served a vital role in the study. They enabled the subsequent examination and analysis
of the structures and microorganisms in the study area and the extraction of vital information about

the sedimentary deposits.
3. New Laboratory Method:

A new laboratory technique that involves using peroxide with heat has also been developed
to treat sediment samples. This method was adapted from Puckett's work in 1992, 2005. It is useful
in the dissolution of organic matter and the extraction of microscopic fossils. This step-by-step

guide is designed to help to understand how this process works. (Puckett, 1992)

» Sample Preparation:

After collecting the sediment samples, break them into pieces that are about 1/2 centimeter

in diameter.

» Heating in Drying Oven:

To prepare the sediment samples, place them inside a drying oven that's at 60 degrees Celsius
(140°F). They should be allowed to rise in temperature for around two hours, as this helps in the

drying process.

» Hydrogen Peroxide Solution:

After heating the sediment pieces, submerge them in a hydrogen peroxide-based solution

with a 3% concentration of H202.

» Ultrasonic Cleaner Treatment:

Some samples can be placed inside an ultrasonic cleaner to enhance the cleaning and
dissolution of microscopic fossils. To prevent the vibrations from damaging the specimens, fill the

top reservoir of the cleaning machine. This process usually lasts for around an hour.

» Wet-Sieving:

——
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After the samples have been treated with hydrogen peroxide, they should be wet-sieved. To

separate organic matter and other particles, a 75-micron mesh should be used.

» Oven Drying:

After wet-sieving, oven-dry the samples to remove excess moisture and prepare them for

further analysis.

» Repeat Processing (if necessary):

Some samples may require multiple processing steps to thoroughly separate microscopic

fossils and dissolve organic matter.

Pyroxide-based methods are particularly advantageous when it comes to cleaning and
extracting microscopic fossils from sediment deposits. These results offer valuable information for

sedimentological and paleontological studies.
Glauber’s Salt Method (Slipper, 2019)

As an experiment, Slipper (2019) utilized Glauber’s Salt Method to determine if it was more
effective than hydrogen peroxide when it came to breaking down sediment samples. This method
involves using a supersaturated solution of Glauber’s salt (mirabilite: Na2SO4 - H20) to promote

the disintegration of the sample.

» Sample Preparation:

Break the sediment pieces into smaller pieces to make them easier to handle during the

processing stage.

» Oven dry

For about two to three days, the samples should be subjected to a temperature of around 70

degrees Celsius. This will help remove any excess moisture.

» Preparation of Supersaturated Glauber’s Salt Solution:

——
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A supersaturated solution incorporating a large amount of salt can be created by adding it to

boiling water until its dissolution can't be completed. This will cause the salt to settle at the bottom.

» Sample Treatment:

After placing the warm and dried samples inside a glass beaker, add the Glauber's Salt

solution and cover it with plastic to prevent the evaporation of the liquid.

» Soaking and Nucleation:

Cover the beaker with the Glauber's Salt solution and place it inside an oven for an hour to

allow the substance to seep into the sample's pores.

» Cooling and Freezing:

After cooling it for around 30 minutes, submerge the beaker in an ice bath. Transfer it to a
freezer and store it overnight. Rapid chilling can cause small crystals to form inside the sample,

which can then break apart and separate it with minimal damage to the microscopic fossils.

» Boiling and Sieving:

After removing it from the freezer, fill the beaker with water and place it inside a microwave

oven. Once it turns into a soupy consistency, it's ready to be sieved.

According to a study conducted (Slipper, 2019), the Salt Method employed by the Glauber
is more efficient at breaking down sediment samples than the hydrogen peroxide technique,
resulting in fewer microfossils with damaged components. This method can be utilized to extract
and prepare such specimens for further study in the fields of sedimentology and paleontology.

(Slipper, 2019)

The processing of indurated marl-limestone and limestone samples included the creation of
thin sections, which were mainly utilized for microscopic analysis. This process also served other

objectives, such as studying the sedimentary features.

——
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» Texture Analysis: Following the concept of Dunham (1962), thin sections of rock provide
an opportunity to study and describe its texture. This involves sorting and characterizing
the different components and grains within the rock.

» Mineralogical Identification: The creation of thin sections of rock is essential in the process
of mineralogical analysis, which determines the constituents of the object's mineral composition.
This helps in gaining a deeper understanding of its origins and the evolution of its diagenetic
traits.

» Proportion and Distribution: The thin sections allowed researchers to determine the relative
proportions of various constituents within the rock. They also helped them understand the matrix's
distribution.

» Microfacies Analysis: A crucial part of thin section studies is the microfacies analysis,
which allows for the detailed study of sedimentary features and grains within a rock. Through this
process, the observations made from field samples can be compared with those obtained from

marl samples.

60 thin sections from various parts of the sample were analyzed for different purposes, which
allowed for a detailed analysis of the mineral composition, microfacies, and the limestones and the
marl-limestone's textural characteristics. The findings from these segments can help improve our

knowledge of how the sedimentary features are transported and deposited.

These 60 thin sections were made in the Laboratory of Geology in University Farhat Abbas
Setif.

4. Other Methods:
» Calcimetry:
A Bernard calcimeter was utilized for the measurement of calcium carbonate in a sample.

This type of instrument provides a simple and accurate method for determining the amount of

CaCO3 (calcium carbonate) in the sample.

I conducted the calcimetry experiment at the National Laboratory of Housing and

Construction.

——
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The measurement process involves the following steps:

Sample Preparation: A single gram of the material is prepared during the sample preparation

process.
» Chemical Reaction:

A 1 milliliter of hydrochloric acid (HCI) was added to the sample to trigger a chemical

reaction. The reaction then resulted in the release of CO?2.

Calcium Carbonate Comparison: The CO2 gas produced by the sample was then measured

to compare its volume with that of pure calcium carbonate.

Calculation: By comparing the two volumes, the CaCO3 level can be calculated in the

sample.

Although the use of a Bernard calcimeter is convenient in calculating carbonate content, it
must be noted that this method comes with some limitations. Its precision might vary, with an
average error of around 5%-10%. This means that even though it offers an estimate, it might not

be precise.

» TOC (Total Organic carbon)

The total organic carbon or TOC, which is a crucial analytical parameter, is a representation

of the concentration of the organic carbon in a sample.

I conducted the COT experiment at the Laboratory of the Algerian Water Company.

The TOC analysis is performed in soil and geological studies to gain a deeper understanding
of the organic carbon composition of different materials, such as rocks and soils. This information

can provide insight into their past composition and how they might store carbon.

» Importance in Geological and Soil Studies:

——
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Sedimentary Rock Characterization: The TOC analysis can be used by sedimentologists and
geologists to determine the organic carbon content within sedimentary rocks. This data can be used

to gain a deeper comprehension of the sedimentary environment and its history.

Paleoenvironmental Reconstruction: The data collected from the TOC can be used to
reconstruct the paleoenvironnementof a region, allowing us to identify the changes that occurred
in the past. For instance, the variations in the organic productivity or oxygen levels could suggest

that the conditions in ancient lakes or oceans changed.

Hydrocarbon Source Rock Evaluation: The evaluation of the source rock's hydrocarbon
potential is carried out using the TOC analysis. High TOC values are often detected in sedimentary

rocks that have a strong potential to produce hydrocarbons.

Carbon Sequestration Studies: TOC analysis is utilized in the study of carbon storage and
sequestration CSS. It helps in identifying the subsurface reservoirs that can accommodate storing

large amounts of carbon.

» TOC Analysis Protocol for Geological and Soil Samples:

1. Sample Collection: Collect soil or rock samples from the site, ensuring that the specimens
represent the stratigraphic or depth interval of interest. Since the TOC values of different depths

can vary, it's important to gather an adequate quantity for the analysis.

2. Sample Preparation: Prepare a homogenous subsample by crushing or milling the sample.

Make sure that it doesn't have foreign materials or contaminants.

3. Drying: The subsample should be placed in an oven at a temperature of around 70 to 110

degrees Celsius to eliminate the organic and moisture constituents.

4. Sample Combustion: The dried subsample is then subjected to high temperatures and
combustion in the TOC analyzer at high temperatures (typically >900°C) in the presence of
oxygen. This process converts the organic carbon in the sample into a type of greenhouse gas

known as carbon dioxide.
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5. CO2 Detection: The amount of CO2 generated by +-+a combustion process is quantified
by an instrument that's commonly an infrared analyzer. The organic carbon content of a sample

dictates the concentration of CO2.

6. Calibration: Standard reference materials, such as those used in calibration, are utilized to

ensure the accuracy of TOC measurements.

7. Data Interpretation: The data interpretation process involves showing the percentage of
TOC that was reported because of the study. This represents the organic carbon's mass relative to

that of the sample.

8. Data Correlation: The correlation of TOC data with data from stratigraphy and lithological

studies can help create a comprehensive picture of the site's environmental and geological history.

9. Additional Analysis: A combination of TOC analysis with other analytical methods, like
carbon isotope analysis, can lead to discoveries about the organic carbon's origin and nature in soil

and geological samples.

The use of TOC analysis in soil and geological studies allows scientists to gain a deeper
understanding of the environmental conditions that affect the development of sedimentary rocks.
This protocol provides a general overview of the procedures involved in the study. However, the
exact procedures might vary depending on the equipment and methods used by different research

facilities and laboratories.

» SEM

A scanning electron microscope (SEM) is a type of electron microscope that produces images

of a sample by scanning the surface with a focused beam of electrons.

I took the SEM images of differnts specimens during my short term abroad, at Southern

Mississippi University in the Chemistry Laboratory.

To take pictures of microfossils using a Scanning Electron Microscope (SEM), I followed

these steps:

——
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1. Sample Preparation: Prepare your microfossil samples for SEM imaging. This may include
mounting the microfossils on a conductive substrate and coating them with a thin layer of

conductive material such as gold or carbon to prevent charging.

2. Instrument Setup: Turn on the SEM and allow it to warm up. Set the appropriate parameters

such as accelerating voltage, probe current, and working distance for imaging microfossils.

3. Sample Loading: Place the prepared sample on the SEM stage using tweezers or a sample holder.

Ensure that the sample is securely mounted and positioned for imaging.

4. Initial Imaging : Use the SEM's low-magnification mode to locate the microfossils on the

sample. Adjust focus, brightness, and contrast as needed to locate the microfossils.

5. High-Magnification Imaging : Once the microfossils are located, switch to higher
magnifications for detailed imaging. Adjust imaging parameters to achieve the desired image

quality.

6. Image Capture : Capture images of the microfossils at different magnifications and orientations.

Save the images for further analysis and documentation.

7. Analysis : Use the SEM's software or external software to analyze the images, measure features,

and gather data about the microfossils' morphology and composition.

8. Shutdown: When finished, turn off the SEM, vent the chamber if necessary, and clean the sample

chamber and stage.

It's important to follow the specific instructions and guidelines provided by the SEM manufacturer
for imaging microfossils to ensure the best results and the safety of both the operator and the

Instrument.

——
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Conclusion

In this detailed chapter, the investigation is supported by a meticulous combination of field

and laboratory techniques.

Fieldwork played a crucial role in the study, with carefully planned trips to four distinct
sections of the Tébessa region: Bekkaria, Blala, Zitouna, and Dir. A total of 123 marl, limestone,
and marly limestone samples were systematically collected during these trips, each labeled for
precise tracking and reference. Additionally, a collection of some ammonites and bivalves was
assembled for paleontological investigations. These field techniques ensured accurate

documentation of geological data and sample collection, forming the basis of the research.

In the laboratory phase, a variety of methods were employed for the treatment and analysis
of marl specimens. The procedures were tailored based on the hardness of the samples, with highly
indurated specimens undergoing a thermal shock treatment involving freeze-thaw cycles. Other
treatments included the use of sodium sulfate and hydrogen peroxide to soften specimens. Sieving
and washing processes were then used to separate sediment from particulate matter, followed by
fraction sorting under a binocular microscope for detailed analysis of structures and

microorganisms.

A novel technique inspired by Puckett's work involved using peroxide with heat to dissolve
organic matter and extract microscopic fossils from sediment samples. The Glauber’s Salt Method,
experimented by Slipper, was also explored for breaking down sediment samples effectively. Thin
section analysis was conducted for texture, mineralogical identification, and microfacies analysis,

providing insights into sedimentary features and grains within the rock.

Additional techniques included calcimetry for measuring calcium carbonate and Total
Organic Carbon (TOC) analysis for organic carbon concentration. TOC analysis proved invaluable

in sedimentary rock characterization and environmental reconstruction.

In conclusion, this chapter demonstrates the extensive and carefully executed methods used
in the research on Tébessa's geological, paleontological, and stratigraphic history during the
Cretaceous period. These techniques were instrumental in uncovering the region's ancient past,
highlighting geodynamical processes and anoxic events. The combination of fieldwork and
advanced laboratory methods, including innovative approaches, showcases the multidisciplinary

nature and significant contribution of this research to broader understanding.
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1. Introduction

Ostracods are among the few kinds of crustaceans that are known to be ecologically
significant both in the non-marine and marine domains. Their fossil record makes them an ideal

bioclimatic, stratigraphy, and paleoenvironmental indicator.

Besides being used for the analysis of fossil and geological data, the studies of ostracods
are also carried out in other fields such as limnology and molecular biology. These studies are

often integrated with those of oceanography and evolutionary biology.

Although it is not clear exactly how many Ostracoda species are known to exist, the data
gathered through the various database programs has led to the identification of more than 65,000
living and fossil species that are below the Kempf level. (Kempf 1996, 1997, and updates) includes
subspecies and related synonyms (Ikeya et al., 2005).

Besides being utilized for the analysis of fossil records, ostracods studies can also be
performed in other disciplines, such as molecular biology, zoology, and limnology, and these can

be integrated with other areas of paleoclimatic research.

About half of the approximately 10,000 known Ostracod species have been officially
described. Most of them are from marine and transitional waters, while around 2,000 are from non-

marine regions.

The fossil record of arthropods, including ostracods, spans more than 450 million years. It
is regarded as the most comprehensive of its kind, and it serves as a great resource for studying
the evolution of metazoans. (Siveter et al., 2003) The group is also a model for the metazoans'
sexual development. One of the oldest known records of males from the Silurian region dates to

more than 200 million years. (Martens, 1998; Martens et al., 2003; Martens, 2008)

The establishment of the community of metazoan communities during the late 18th century
largely depended on the work of two individuals: Linnaeus and Baker. In 1746, Linnaeus first
described an ostracod, while Baker presented the first illustration for a Cypris in 1753. (Oertli,
1982) The proposal by Muller for the creation of a taxonomy for metazoans in 1776 was the most

significant contribution made during that period. (Miiller, 1776, in Oertli, 1982; Neale, 1988)
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Pierre Latreille presented the Ostracoda to his class in 1802. He then used the term

"Ostrachoda" before changing it to "Ostracoda" in 1806. (Oertli, 1982)

Different works published during the 19th century introduced a classification system that

was designed to better categorize the main groups of metazoan species.

Following the discovery of sea animals during oceanic cruises, several studies on these
organisms were carried out in inland and coastal waters in Britain. These studies provided
researchers with valuable information on the ecology and biogeography of these organisms.
(Brady, 1868, 1880; Brady and Norman, 1889, 1896; Miiller, 1894), as well as the first major study
of British Pleistocene ostracods (Brady et al., 1874).

The first major studies about the taxonomy of ostracods (Sars, 1923—1928), which focused
on the functional morphology and ecology of the organisms (Skogsberg, 1920; Cannon, 1925,
1933) were published during the 20th century.

The joint efforts of several studies on the ostracod community during the 20th century were

affected by geochemistry and the advancement of radioactive dating.

The traits of various living organisms have been described according to their environmental
conditions. (McKenzie and Jones, 1993) This has allowed the recent discoveries to be considered

modern examples of fossil materials, as indicated by De Deckker and colleagues in 1988.

——
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2. Ostracod definition:

To respond to the question What ostracods are? (Horne et al. 2005) the researchers discussed
the criteria used to define the Ostracoda. They concluded that these organisms are bivalved
arthropods that have 8 pairs of limbs each. They also have a furca and copulatory limbs, and these

can completely enclose themselves with a bivalved carapace.

The members of the Ostracoda belong to a diverse group of aquatic crustaceans. These
organisms commonly live in various types of aquatic ecosystems, such as freshwater, brackish
water, and marine waters. Their bivalve shells are made of chitin. These organisms, which have
intricate ornamentation, come in different shapes and sizes. (Rossetti et al 2006; Martens et al

2008; Kiilkoylioglu, 2013)

An adult ostracod typically has a trunk that measures about 0.5 to 2.0 millimeters in length.
(Scholle et al 2003; Vannier 2020) It also has five to eight pairs of legs that extend from its body.
In freshwater species such as South Africa's Megalocypris, the body length of these organisms can

grow to over 8 millimeters. (Turpen et al 1971; Angel et al 1987, Smith 2010)

These organisms play a vital role in the dynamics of aquatic ecosystems by participating in
diverse ecological niches. Their diverse feeding habits, which include detritivory and herbivory,
make them an important part of the web of life. Because of their ecological significance, ostracods
have a significant impact on the health of aquatic ecosystems. (Holmez et al 2002 ; Boomer et al

2008 ; Rodriguez Lazaro et al 2012 ; Ruiz et al 2013)

Exceptional is the fact that ostracods can serve as environmental indicators. By studying
both living and fossil ones, (De deckker et al 1988; Karanovic 2012; Zuschin et al 2003;
Danielopol et al 2002; Zwair 2023) scientists can gain a profound understanding of the past and
current state of aquatic ecosystems, providing a unique perspective on Earth's history as well as
the changes that have unfolded over time. (Scharm et al 1982; Rodriguez-Lazaro et al 2012; Willis,
K. 2010, Harvey et al 2012; Bekhouch, G. 2023)

Through the study of ostracods, which is interdisciplinary, researchers from different
scientific fields, such as ecology, paleontology, and evolutionary biology, have been able to gain

a deeper understanding of the Earth's history and the evolution of life.(Danielopol, 1989; Palumbi,
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1994; Mezquita, 2005; Cristescu, et al 2010; Lau, S 2021; Harmon, et al 2019 ) Their ability to
provide information on the environmental responses of aquatic communities has been instrumental

in making them a focus of various studies that seek to examine the interactions between aquatic

ecosystems.(Ruiz,.2013; Mezquita, et al 2005; Chivas, 1987, Bekhouch, et al 2023)

The remarkable thing about ostracods is their ability to serve as ecological
indicators.(Delorme, 1969; De Deckker, et al 1988; Sames, 2010) By studying both fossil and
living ones, scientists can gain a profound insight into the past and present state of aquatic
ecosystems, which can provide a unique perspective on Earth’s history.(Zeppilli, et al 2015;
Boomer, 2005, Hunt, et al., 2006; Rodriguez-Lazaro, & Ruiz-Mufioz, F.2012). Their fossil record

is particularly valuable as it allows researchers to gain a unique historical perspective.

Interdisciplinary studies on ostracods transcend the boundaries of scientific disciplines, such
as paleontology, ecology, and evolutionary biology. (Milli, S et al 2013) They have been utilized
by researchers to investigate topics related to the evolution of life, the history of Earth, and the
current state of the planet's ecosystems (Bennett, 1997; Burge, et al 2018; Love, 2022). Their
interconnectedness is evidenced by their ability to shed light on the environmental responses. As
a result, their diverse nature has made them a central focus of numerous studies that seek to

untangle the complicated interactions within aquatic ecosystems. (Humphreys, 2006)
3. Ostracod Morphology:

According to Horne et al 2005, the characteristics of ostracods serve as a basis for describing
their broader category within the world of crustaceans (Oakley, 2013; Rodriguez-Lazaro, 2012)

These traits enable researchers to distinguish them from other bivalved arthropods. (Figure. 10)

¢ A bivalved carapace is the protective shell of an ostracod. It encloses the entire body and
acts as a shelter for the animal.

e Limbs: Adult ostracods typically have up to eight pairs of limbs, including a furca and
copulatory limbs. These are important for a wide range of functions, such as feeding and
locomotion.

¢ Ostracods evolve by moulting, which involves periodically removing their old exoskeleton
and constructing a new one. The moulting process is different from the continuous growth cycle

of the organisms and serves as the life cycle's main mechanism.
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e Juveniles, Not Larvae: Unlike many other crustaceans, ostracods do not go through a larval
stage in their life cycle. Instead, they have juveniles that resemble miniature versions of adults and
grow through moulting.

¢ The absence of growth lines: Ostracods don't have growth lines on their bivalved carapace,
which is a notable trait. This characteristic distinguishes them from other such creatures that use

calcified exoskeletons.

Although ostracods are categorized as a class within the crustacean category Crustacea, their
monophyletic nature is under debate due to the distinguishing characteristics of their two main
subgroups. The Podocopa and Mydocopa show distinct limb structures, which could indicate that

the two groups evolved differently.

The classification of ostracods as a group within the Crustacea highlights their important
contribution to the evolution of the crustacean world. (Horne, al 2000; Butlin, et al 2000) Debate
surrounds their monophyletic origins. The Mydocopa and Podocopa, which show distinct
structures on their limbs, suggest that the two groups have diverged potential evolutionary

differences. (Figure. 10)

——
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Figure.10: Examples of genera of the major living groups of Ostracoda, all external lateral
views. (A) Vargula (Myodocopida, Cypridinoidea), car. with appendages, left side; (B) Polycope
(Halocyprida, Cladocopoidea), LV; (C) Cytherelloidea (Platycopida, Cytherelloidea), RV; (D-R)
Podocopida: (D) Saipanetta (Sigillioidea), car., right side; (E) Neonesidea (Bairdioidea), car., right
side; (F) Propontocypris (Pontocypridoidea), car., left side; (G) Macrocypris (Macrocypridoidea),
LV; (H) Cyprinotus (Cypridoidea), car., left side; (I) I/yocypris (Cypridoidea), RV; (J) Candona
(Cypridoidea), RV; (K) Centrocypris (Cypridoidea), RV; (L) Baffinicythere (Cytheroidea), RV; (M)
Hemicytherura (Cytheroidea), LV; (N) Semicytherura (Cytheroidea),LV; (O) Cyprideis
(Cytheroidea), LV; (P) Sahnicythere (Cytheroidea), car., right side; (Q) Pterygocythereis
(Cytheroidea), LV; (R) Darwinula (Darwinuloidea), car., left side. Scale bar1.0 mm; arrows point
anteriorly. RV, right valve; LV, left valve; car., carapace. A—G, L-M and P—Q are marine, N-O are
brackish water; H-K and R are non-marine (fresh water). Modified after Horne et al. (2002).

——
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The structures on the limbs of Podocopans and Myodocopans suggest that they have evolved
to closely resemble stem-group members. (Broodbakker, 1982; Rodriguez-Lazaro, 2012; Meisch,
2007; Horne, 1998; Horne et al 2005, 2012) This suggests that the linecage of ostracods has
undergone a complex evolutionary history. The detailed information about the evolution of these
bivalved organisms' limbs provides valuable clues about the origins of the whole group. (Schram,

1982; Selden, 2012; Schram, 2013)

The various characteristics of ostracods, such as their structures and growth mechanisms,
make them an interesting and unique group within the crustacean category. (Martin, et al 2001 ;
Thorp, et al 2009 ; Cole, et al 2015). Their evolutionary history can help us understand the
evolution of other features within the family tree of arthropods (Oakley, 2013). (Figure. 12)

——
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Figure.11: Main morphologic characteristics of the carapace and limbs of a marine
nekto-benthonic myodocopan (Cypridinoidea) and a marine benthonic podocopan (Bairdioidea).

Arrows point anteriorly. (Horne, 2005).
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Despite being categorized as a group within the crustacean category Crustacea, Ostracoda's
evolutionary history and classification are in some difficulties due to the distinct limbs of its two
main subgroups. (Oakley, 2013; Cohen, et al 2003) Myodocopa and Podocopa have raised

questions regarding the monophyletic nature of the group.

The two main groups of Ostracods, known as Podocopa and Myodocopa, have unique
features and structures on their limbs. (Horne, 2005; Park, et al 2003). This makes them an
interesting and unique group within the crustacean category. Members of monophyletic families

share similar evolutionary ancestors. (Figure. 10,11)

The structures and characteristics exhibited by the two main groups of ostracods suggest
affinities with stem-group crustaceans that lived during the Cambrian period. (Horne, 2005, Ikeya,
2005, Henze, 2015). This implies that certain traits of ostracods could have originated from ancient
crustacean ancestors and could provide valuable information regarding the evolution of the group's

traits. (Horne, et al 2000; Mesquita-Joanes, F 2012)

Evolutionary timeline: The history of the ostracod family is a subject of debate and scientific
investigation. Although some of its characteristics suggest that it evolved from ancient crustacean
relatives, the exact timeline of their evolution remains unclear. It has been theorized that this
process might have started during the Palacozoic Era, which experienced biological and geological

changes during this period. (Tinn, et al, 2008; Horne, 2003; Regier, 2010)

The structures of ostracod limbs, including the post-mandibular, pre-anal, and branchial
plates, offer critical insights into their evolutionary affinities and relationships with other
crustaceans. These morphological features have led scientists to question the evolutionary origins
of ostracods and their place within the broader context of crustacean diversity. (Horne, et al 2005,

Martin, et al 2001 ; Giribet, al 2019)

Due to the complexity of the ostracod's evolution and its potential such as its relationships
with other groups and the possible link it has with ancient crustacean relatives, are being studied
by paleontology and evolutionary biology researchers. (Wheat, et al 2013 ; Oakley, et al 2013;
Schram, et al 1982)

——
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The evolution of the ostracods has been the subject of scientific inquiries into the category

Crustacea.
4. Ostracod Classification:

The classification system used by scientists to categorize the members of the ostracod family
is highly organized. It consists of 10 suborders and 16 superfamilies. (Zwair, 2023; Wang, et al
2020), This system's objective is to provide a comprehensive view of the diversity within the
group. The classification criteria used are based on the soft and hard parts of the animal's body.

These include the limbs and appendages (Yamaguchi, et al 2003; Smith,. 2000; Yin, 1999).

The soft parts of the ostracods, such as their limbs and appendages, serve a vital role in
helping scientists understand their evolutionary relationships and ecological adaptations. The
morphological characteristics of the group vary between benthic and planktonic genera. (Hessler,
1982; Helmdach, 2005) This indicates that they have distinct ecological specializations belonging
to the Podocopa and myodocopa families. (Figure .12)

4.1. Myodocopa group:

The main characteristics of the Myodocopa group are that they are exclusively marine. Their

morphological attributes are adapted to the lifestyle of open water.

» The thin carapaces of the Myodocopa ostracods are designed to have minimal valve overlap
and a weak hinge. This makes their design ideal for living in open water.

» Anterior Beak: The beak of some Myodocopa ostracods features an anterior notch, which
can serve a specific ecological function.

» The lateral compound eyes: various Myodocopa ostracods allow them to perceive and
navigate in their environment.

» Limb morphology: The Myodocopa ostracods swim well with their well-adapted
morphology, which allows them to move efficiently. They typically have several pairs of flexible
appendages designed to allow them to move efficiently. The antennae are made of exopodite shells
with feathery "swimming setae." The other limbs have different adaptations, and the seventh limb
is an internal cleanser.

» Genital Apparatus: Myodocopa ostracods' eighth limb is dedicated to its genital apparatus,

which highlights the importance of this organ in its reproductive journey.
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» The furca: is a large structure that's involved in stabilization and swimming. It's located

near the anus.

By studying the detailed morphological characteristics of ostracods, scientists can gain a
deeper understanding of their evolutionary history and ecological makeup. This classification
framework is a valuable resource for further expanding our knowledge of the diverse lifestyles of

aquatic crustaceans.
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Class OSTRACODA

Bivalved arthropods which in the adult stage have up to 8 pairs of unambiguous limbs and
a furca, all of which can be totally enclosed by a bivalved carapace which lacks growth lines.
(Horne et al., 2002; Cohen and Morin, 2003; Horne, 2005; Horne et al., 2005)

Subclass MYODOCOPA Subclass PODOCOPA

carapace limbs carapace limbs
® Typically subovate, ventral | ® 5-7 pairs ® Subquadrate, subtriangular, | ® 6-8 pairs (typically 7)
margin never concave + genital apparatus subovate or reniform, ventral| + genital apparatus
& Anterior rostrum and + robust furca margin often concave + robust or reduced furca
incisure present or absent * Antennal exopodite * Anterior rostrum and * Antennal endopodite
* Minimal valve overlap well-developed incisure absent well-developed
* Hinge adont, weak * Maxillula without * Overlap minimal to strong * Maxillula with large
* Narrow marginal zonefinfold | branchial plate * Hinge adont to complex branchial plate
® Fifth limb with large * Marginal zone simple ® Fifth limb with or
branchial plate to complex without branchial plate
® Furca posterior to anus * Furca anterior to anus
® Branchial plates ® Branchial plates
are epipodites are exopodites
# Bellonci organ present * Compound lateral eyes
® Compound lateral eyes and Bellonci organ
present or absent never present

Ordovician - Recent
Marine, benthonic

Ordovician - Recent .
Order Myodocoplda Marine, nektobenthonic | Qrder Platycopida
Carapace typically Marginal zone narrow, simple <=
ovate or subcircular RV overlaps LV
Female brood space Hinge adont

Female brood space

7 pairs of limbs

7th limb a vermiform
cleaning limb
Compound lateral eyes
typically present

cms

Female with 6 pairs of limbs
Antennal exopodite with 2 podomeres
Trunk segmentation clear

cms
e H ician - Recent
Order Podocopida ~ Ordovician :
Y'#® Cylindroleberidoidea _ cop Marine and nonmarine,
- Marginal zone typically broad, some terrestrial,
simple or complex benthonic or nekto-benthonic
~b  Cypridinoid LV >or <RV =
A b P L Hinge adont or complex

Some with brood space

o, . .
2@, Sarsielloidea Female with 7 limbs

SGran - Recant Antennal exopodite reduced g
Order Halocyprida Nt e Trunk segmentation weak or absent
neklobnlenlhonic and pelagic | €MS o
Carapace typically B .} Bairdicidea L .';_.-"-_ Terrestricytheroidea
semi-lunate, ovate — - -, :
or subcircular #22z Macrocypridoidea @ e Cytheroidea

Typically without

brood space '_'_—:' Pontocypridoidea & ‘;,,-I:- Sigillioidea
5-7 pairs of limbs &:- Cypridoidea & Darwinuloidea
7th limb simple,
rB‘eliliiCEd orabsent Order PalaeocoPida &rggn;ff:i;g?gzgewoic)
. ,/"] N - Manne, benthonic
o/ Halocypridoidea Hinge line straight

Valves gape widely in life
8 pairs of limb
# Thaumatocypridoidea pals of limbe

o=
cms '.‘

Represented by single living genus Manawa

@ .
@®® Cladocopoidea

Figure.12: Synoptic characteristics of the two subclasses and five orders of Quaternary
and living ostracods. CMS, central muscle scars (characteristic patterns). (Rodriguez-Lazaroet al

2012).
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4.2 Podocopa group:

Podocopa ostracods have a low-magnesium epidermis that forms the outer and inner
lamellae. It then forms the inner and outer portions of the lamellae through the two valves that

enclose its body ;(Karanovic, 2012 ; Olempska, 2012 )

These features, which are connected to the inner surface through the valve's dorsal
attachment, help protect the soft tissues of the animal. (Kesling, 1949; Kesling, 1951; Boomer,
2003) Their body is enclosed by two valves, which are dorsally articulated. These features protect

the soft parts of the body and contribute to the carapace's structural integrity.

The internal surfaces of the Podocopa ostracods' valves have various features including:

» The hinge region is an important part of the valve's structure and plays a vital role in its

articulation.

The carapace's hinge is a crucial feature that varies among different species, The unique
hinge design of the ostracod plays a crucial role in helping differentiate and classify these small
aquatic crustaceans. (Pokorny, 1998; Siveter, 2008; Smith, 2010). This region is where the two
valves join to maintain its integrity. There are eight different kinds of hinge structures found in

these shells. (Figure. 13)

¢ Adonts have a simple hinge design. It has a chitinous connection connecting its two valves.

¢ A lophodont hinge features a pair of sockets and teeth at each end. A bar and groove are
also located between the sockets and teeth. The teeth and socket independently separate when the
carapace is opened.

e Merodont hinge is similar to lophodont hinge, it has crenulated sockets and teeth, which
makes it appear serrated or notched in the edge.

e Schizodont: In the schizodont hinge, each tooth and corresponding socket are bifid,
meaning they are divided by a deep notch. This division adds complexity to the hinge structure.

e Ampidont: The ampidont hinge is similar to the schizodont hinge, but it only has a bifid

(divided) posterior tooth and socket. The anterior tooth and socket are not bifid.

——

]
48 |



CHAPTER I11. INTRODUCTION TO OSTRACODS: MICROSCOPIC SHELLS,
MACROSCOPIC INSIGHTS

¢ Gongylodont: In the gongylodont hinge, teeth are present on both valves, and there are
corresponding sockets on both valves. This symmetrical structure contributes to the stability of the
carapace.

¢ Visordont: The visordont hinge is a unique type found only in the Terrestricytheroidea
group. It consists of two teeth at each end of the hinge on the right valve and two corresponding
sockets on the left valve. When the valves open, the teeth and sockets act as pivot points, causing

the right valve to override the left along the dorsal margin, resembling the movement of a visor.

The various kinds of hinge structures utilized by ostracods distinguish them from one
another, which is why they play such a crucial role in taxonomy and identification (Melik, 1966;
Parker, 1997) The diverse array of hinge types demonstrates how ostracods adapt to their specific

habitats and ecological niches in aquatic ecosystems (Mesquita-Joanes 2012)
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Figure. 13: The figure presents the various types of hinge structure.

» The marginal zone is the periphery of the valve, and it may have features or

structures.

» Muscles imprints can be used to differentiate Podocopa superfamilies. On the

internal surfaces of the valves, the imprints create clusters of scars, which serve as valuable

clues regarding the functioning of the ostracods.

The way ostracods close and open their carapaces is an interesting aspect of their

adaptation to their environment.
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The Adductor Muscles play a crucial role in the process of opening and closing the carapace,
and they contract when the two valves are pulled together, which seals the creature inside its
protective shell. (Parker, 1997). These muscles are connected to the valves, and the points where
they are attached are called "adductor muscle scars." (Gabbott, 2013). These marks can be seen on

the animal's exterior surface.
This vital action is required to fend off predators and environmental hazards.

» Precise closure: The Ostracod carapace is designed to close with high precision.
One of its valves has a slightly larger opening than the other, which overlaps the smaller one.
This seals the area to keep the carapace closed.

» opening carapace: The animal can open its carapace by relaxing its adductor
muscles and letting its appendages twist and break its valves. It also uses its appendages to
push its valves apart. The movements of these appendages allow the ostracod to remove its

protective shell and start performing various activities such as reproduction and feeding.

To survive in their aquatic environments, ostracods need to be able to tightly seal and open
their carapace using appendages. This allows them to endure threats while also safeguarding

themselves from environmental hazards.

In addition to serving as important aspects of the biology of ostracods, the presence and
patterns of adductor muscle scars can also serve as distinguishing features in higher-level
taxonomic groups (Athersuch, J., 1989; Horne, D. J. et al 2000; Hessler, R. R., et al 1982) This

helps researchers gain a deeper understanding of the group's diversity.

Podocopa ostracods possess remarkable structural and morphological traits, which enable
scientists to appreciate their adaptability to varying environments and the distinctions among

different groups. (Figure. 14)
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Figure. 14: Characteristic morphologies of the interior of Recent and fossil ostracod valves: (A)
Carinocythereis (Cytheroidea), RV, Recent. (B) Heterocypris (Cypridoidea), LV, Pliocene. (C)
Argilloecia (Pontocypridoidea), LV, Holocene. (D) Krithe (Cytheroidea), LV, Holocene. (E)
Cytherella (Cytherelloidea), RV, Holocene. (F) Bairdia (Bairdioidea), LV, Holocene. (G)
Ilyocypris (Cypridoidea), female LV, Pleistocene. Scale bar’4100 mm; arrows point anteriorly.
RV, right valve; LV, left valve. A and C-F are marine, B and G are non-marine. (Rodriguez-

Lazaro, J., et al 2012).
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The appearance of the valves of ostracods is variable, and they can exhibit various
characteristics and they may exhibit a wide range of features that are ideal for ecological and
taxonomic investigations. (Mesquita-Joanes, F et al 2012 ; Levin, L. A. 1984 ; Athersuch, J., et al
1989)

» The surface texture: the texture of an ostracod's valve can be variable smooth, to
pitted. For instance, some species have a punctate or finely textured surface, while others have
a more prominent pitting or sculpturing appearance. (Meyer, J et al 2017; Cabral, M. C et al
2008) Their surfaces' distinctiveness can serve as a diagnostic characteristic for distinguishing
organisms.

» Reticulated ridges: In some ostracods, the surface of their valves has reticulated
ridges, which are characterized by raised lines and grooves. (Bassler, R. S et al 1934; Brady,
G. S. 1868; Brady, G. S. 1889) These patterns are unique to a specific species.

»  Tubercules and spines: Tubercles are small, round projections that can be found on
the surface of a valve. They can also be setae or spines. (Sylvester-Bradley, P. C. 1948;
Sylvester-Bradley, P. C 1971; Brady, G. S. 1886; Smith, W. 1817) The distribution and size
of these spines can vary, which makes the animal's morphological diversity even more

remarkable.

Although the general shape and size of a valve are important for identifying generic and
distinct species, sexual dimorphism and development variations can also affect its morphological
characteristics. (Hunt, G. 2017; Martens, K. 2000) For instance, the sexual dimorphism of male
and female valves may involve their size and shape. On the other hand, the evolution of the valve's
morphology can be affected by the changes that occur as an ostracod's body grows and through
their various instars and morphology. (Kesling, R. V. 1949; Zwair, H. 2023; Von Grafenstein, U.,
1999)

In order to accurately identify and classify ostracods, it is important to study their external
features, such as the appendage morphology and the hinge structure. Furthermore, valve variations
can provide insight into the strategies and ecological adaptations of different taxa. (McCormack,
J., 2019; Horne, D. J., 200). These factors are valuable in the fields of systematics, paleontology,
and ecology. (Figure. 15)

——
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Figure. 15: Characteristic external _
morphologies (ornamentation) of  mierpuncas punctate details
living and fossil ostracod valves. 1 A
(A) Palmenella (Cytheroidea), LV,
Recent.

(B) Cytherella (Cytherelloidea),
LV, Holocene. (C) Loxoconcha
(Cytheroidea), RV, Recent. (D)
Cluthia (Cytheroidea), LV, Recent.
(E, F) Details of

punctae and sieve-type pore. (G)
Polycope (Cladocopoidea), RV,
Recent. (H) Costa (Cytheroidea),
LV,  Recent. ()  Bradleya
(Cytheroidea), LV, Holocene.

(J) Trachyleberidea (Cytheroidea),
LV, Holocene. (K, L) Details of
reticulum structure. (M) Polycope
(Cladocopoidea), LV, Recent. (N)
Bythoceratina

(Cytheroidea), LV, Holocene. (O)
Henryhowella (Cytheroidea), LV,
Holocene. (P)  Actinocythereis
(Cytheroidea), LV, Recent. (Q, R,
S) Details of spines and tubercles.
(T) Ruggieriella (Cytheroidea), RV,
Holocene. (U)  Thaerocythere
(Cytheroidea), LV, Recent. (V)
Bairdia (Bairdioidea), car., right
side,

Recent. (W) Candona
(Cypridoidea), RV, Recent. (X)
Pterygocythereis (Cytheroidea),
LV, Pleistocene. (Y) Detail of
smooth surface with normal pores.
(Z) Detail of costulate surface.
Scale bar’4100 mm (10 mm for the
details in right column); arrows
point anteriorly. RV, right valve;
LV, left valve; car., carapace; SCT,
sub-central tubercle. All marine
except W which is non-marine.
(Rodriguez-Lazaro, J., et al 2012).
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5. Distribution:

The distribution of Ostracods, varies depending on the type of habitat they live in. (Martens,
K., 2008; Kiilkdyliioglu, O. 2004; Kiss, A. 2007) Their ability to adapt to different environmental
factors and their preference for feeding and reproductive strategies are the reasons why their
ecological condition is remarkable (Boomer, 1., 2003; Dole-Olivier, M. J., 2000, Horne, D. J.
2003).

Ostracods can be found in various types of environments, such as ranging from the deep
ocean abyss to temporary water bodies, terrestrial habitats, and soils covered with leaf litter.

(Danielopol, D. L. 2002; Smith, A. J., et al 2015).

The study of Horne, in 2003 which was carried out, investigated the ecological diversity of
various seabird species. It provided valuable information about the distribution and environmental
preference of the Podocopan superfamilies, as well as the findings of a similar investigation

conducted.

Ostracods' ability to survive and grow in marine habitats is due to their lack of a larval stage,
which allows them to live in ecosystems defined by water mass, sediment, and the water-sediment

interface. (Claassen, C. 1998; Copper, P. 1992; Giere, O. 2008)

Non-marine ostracods prefer to lay eggs at resting sites or in environments with anti-
desiccation features. (Gray, J., et al 1977) This strategy allows them to distribute eggs across

various organisms, such as insects and birds (Martens and Horne, 2009)

The temporal and physical characteristics of an area or region influence the distribution and
abundance of ostracods. (Mezquita, F. et al 1999 ; Nagorskaya, L., et al 2005 ; Allen, P. E., et al
2011). In 2002, Horne and Smith demonstrated the importance of studying the diverse groups of

these animals to gain a deeper understanding of their distribution.

Their diverse assemblages can be studied to learn more about the environment's influence

on their distribution (Poquet, J. M., et al 2011, Boomer, 1., et al 2003)

——
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The ecological traits of Ostracoda can serve as a valuable resource for studying past
environmental conditions. (Boomer, 1., et al 2003; Mezquita, F.,et al 2005; De Deckker, P., et al
1988; Rodriguez-Lazaro, J., et al 2012) Nevertheless, more precise data on present ecosystems is
urgently required to broaden our comprehension and enable the creation of comprehensive

databases.

The ecological traits of Ostracods can provide us with a better understanding of
environmental conditions. (Boomer, I., et al 2003; Mezquita, F.,et al 2005; Ruiz, F., et al 2013)
But, more precise information on present ecosystems is required in order to gain a deeper

comprehension of the world's ecosystems.(Mesquita-Joanes et al., 2012)

The exact number of modern species of Ostracods is still unclear due to the varying research
intensity across different biogeographical regions. (Griffiths, H. 1. 2001; Boomer, I., et al 2003)
Out of the 20,000 known species, about half are non-marine, while the others are parasites or free-

living. (Rodriguez-Lazaro, J., et al 2012 ; Costello, M. J., et al 2017)

In 2009, Horne and Martens reported that there were about 400 non-marine species in the
African and Palaearctic regions, while around 250 were in South America. The exact number of

extant ostracods is not known due to the ongoing assessments in different biogeographic areas.
6. Reproduction and ontogeny

The reproductive options of Ostracods are varied. They utilize three primary reproductive
strategies. (Horne, D. J., et al 1998 ; Tran Van, P., et al 2021 ; Schon, L.,et al 2000, Pokorny, 1978;
Hao & Mao, 1993; Hinz-Schallreuter & Schallreuter, 1999; Ikeya & Kato, 2000; Holmes &
Chivas, 2002)

» Gamogenic Reproduction: this is a sexual reproduction mode, males and females mutually
acquire eggs and sperm to produce offspring. This strategy is commonly used by marine ostracods.
» Parthenogenetic Reproduction: asexual reproduction, females are capable of producing
offspring without intercourse with males. Certain non-marine ostracods are believed to reproduce
through this process, possibly because the absence of males.

» Mixed Reproduction: In some cases, an Ostracod exhibits a mixed approach to

reproduction, with both asexual and sexual options. The choice between these two strategies can be

——
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influenced by the environment's conditions. This phenomenon, which is referred to as geographical
parthenogenesis, occurs when an organism chooses between reproducing both ways. In favorable
conditions, they may reproduce sexually, while in unfavorable conditions, they can opt for asexual

reproduction.
7. Life Cycle:

The life cycle of ostracods involves distinct developmental stages. (Heip, C. 1976 ;
Mesquita-Joanes, F., et al 2012 ; Kesling, R. V. 1949 ; Smith, A. J., et al 2010 ; Dole-Olivier, M.
J., et al 2000) (Figure. 16)

» Egg Stage: Ostracods lay eggs, which can hatch either within the expanded posterior brood
space of the adult female carapace or be laid directly into the water.

» Nauplius Stage: The larva hatched from the egg is called a nauplius, representing the first
instar (A-8). During this stage, the nauplius is already enclosed by a bivalve carapace and possesses
three pairs of appendages.

» Instar Transitions: Ostracods go through multiple instar transitions before reaching
adulthood. These transitions involve molting, where the old carapace is shed, and a new, larger one
is secreted. The number of instars varies among ostracod taxa, with some having eight instars
(Podocopida) and others having four to seven instars (Myodocopida).

» Adult Stage: The larva goes through instar transitions, with the final stage resulting in the
development of the adult ostracod.

» Shell Structure: Ostracod shells have a unique double-layered structure, consisting of an
outer lamella and an inner lamella. The outer lamella is composed of calcite, while the inner lamella
is partially calcified and partially chitinous. The calcified inner lamella, known as the duplicature,

appears only when the ostracod becomes an adult.

——
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Figure. 16: life cycle of Ostracods. (Yuan, 2008)
8. Fossil records:

Fossil records of ostracods provide us with valuable information on the history of this tiny

aquatic crustacean. (Schram, F. R., et al 1982; Karanovic, 1. 2012; Oakley, T. H., 2013)

» The calcitic carapace of Ostracods is made up of two valves. This carapace shield protects
the animal from the potential dangers of aquatic ecosystems. (Karanovic, I. 2012; Oakley, T. H.,
2013)

» Encapsulation of Signatures: the ostracod carapace has a unique ability to encapsulate the
water's chemical signatures. This allows us to study the various processes that occurred in the water
where these organisms resided. (Morse, J. W., et al 2007 ; Tunnicliffe, V., et al 1998 ; Gould, S. J.
1989).

» Preservation in Sediments: ostracod carapace highly preserved in sedimentary deposits is
attributed to their durability and resistance to decay (Matzke-Karasz, R.,et al 2013, Danielopol, D.
L., et al 2002).

——
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The fossil record of the ostracods is regarded as one of the longest among all known
arthropods, standing at around 450 million years (Karanovic, I. 2012; Schram, F. R., et al 1982)

Its long history allows scientists to study the evolution of these ancient creatures and Earth's past.

Highly adaptable to different ecological niches, the Ostracods have evolved to adapt to
survive and proliferate in diverse environments (Horne, D. J., et al 2000; Vogt, G. 2017) With
numerous lineages emerging during the Ordovician period, their ecological adaptability has

resulted in a long-term persistence and proliferation.

Besides providing insight into the evolution of the ostracods, also the fossil records provide
information on past climate and environmental conditions (Rodriguez-Lazaro, J., et al 2012;

Marco-Barba, J., 2013; Borner, N., et al 2013; Mesquita-Joanes, F., et 2013; Bekhouch, G. 2023)

The durability of the carapaces and the adaptable nature of the Ostracods have contributed

to their success. (Figure. 17)

——
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Application:

In the geological field, the ostracods fossil records can be utilized for a wide range of

applications, such as biostratigraphy and paleoclimatic studies.

In addition to being used for scientific studies, the fossil records can also be utilized as
environmental indicators and bioclimatic markers. Despite their lesser-known use compared to
other organisms, such as the planktonic foramenifera, they have been extensively utilized in this

domain. (Colin and Lethiers, 1988; Whittaker and Hart, 2009; Bekhouch, G. 2023).

Due to their diverse in terms of their habitat, the ostracod can be considered an ideal
candidate for environmental and climate studies as they can be found in marine, transitional, or
non-marine environments. (Ferreira, V. G. 2023 ; Czajkowska, M. et al 2022 ; Mischke, S.,et al

2012)

In addition to being used for scientific studies, the fossil records of the ostracods can also be
utilized for age analyses in various fields, such as oceanography, biostatistics, and archacology.

(Kidwell, S. M.,et al 2002; Balasubramanian, A. 2017).

Researchers can use the data collected from the fossil records of the ostracods to reconstruct
the past conditions of their present location. (Verschuren, D. 2003; Birks, H. J. B., et al 2010) By
performing detailed analyses of the organisms' traits, such as their ecological characteristics, they
can gain a deeper understanding of the past climate in their current environment. (Boomer, I., et al
2003; Mesquita-Joanes, F.,et al 2012; Rodriguez-Lazaro, J., et 2012)The study also involves
taking into account the different aspects of the aquatic organisms, such as oxygenation, salinity,
temperature, and productivity.(De Deckker, P., 1, P., et al 1998; Frenzel, P.,et al 2005 ; McCormack,
J.,etal 2019)

Different methods are used in these studies depending on the data that is gathered from
different sources, such as shells, assemblages, and species. The data collected from the fossil
records of the ostracods are used in various studies. These include analyses of the organisms' traits,
their ecological characteristics, and species and assemblages. (De Deckker, P, r, P., et al 1998 ;

Mezquita, F., Roca, J. R., et al 2005 ; Ruiz, F., et al 2013)

——
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The evaluation of an assemblage is carried out to define its diversity, composition, and
overall richness. The composition of ostracod groups is different from that of marine or non-marine
waters due to the varying water chemistry and salinity levels in certain regions (Horne, D. J., et al

2012; Boomer, 1., et al 2003; Ruiz, F., et al 2013; Bekhouch, G. 2023)

The abundance and diversity of pelagic and benthic ostracods are highest within the marine
environment due to their distribution across massive water masses. (Correge, T. 1993; Benson, R.
H. 1975). The varying assemblages of these organisms can be attributed to the effects
(palaeo)oceanographic and hence, climatic changes. (Bassetti, M. A.,et al 2010; Marchegiano, M.,
et 2022; Boomer, 1., et al 2003)

The abundance of benthic podocopian ostracod communities in oceans with fossil records
of a distinct species belonging to a marine metazoan group is considered as an ideal representation

of its diversity. (Jellinek et al., 2006)

The collected data from the ostracod communities could be used to predict the future climate
of deep-sea regions. (Cronin, T. M., et al 1999; Zeppilli, D., et al 2015; Levin, L. A., et al 2001)
They also utilized the results of their geochemical analysis to forecast the changes in the
environment. (Croninet al, 1997; Cronin et al., 1999, 2000; Rodriguez-Lazaroet al, 1999; Didie’
and Bauch, 2000; Dwyer et al., 2000).

The signals of diversity and geochemistry can be used to identify environmental changes in
coastal regions. (Frenzel, P., et al 2005; Anadon, P., et al 2002; Ruiz, F., et al 2013; Boomer, 1., et
al 2003) They can be used to determine the effects of sea level elevation on benthic communities.
However, due to their unique properties, their precise interpretations can be challenging at times.

(Verschuren, D.,et al 2000; Matsuda, J. T.,ety al 2015; Yavuzatmaca, M., et al 2017)

The ostracods are known to provide an ideal assessment of the current state of aquatic
ecosystems. They can be found residing in ponds, lakes, and other types of water bodies.

(Kiilkodyliioglu, O. 2004 ; Ruiz, F., et al 2013 ; Mesquita-Joanes, F., et al 2012)

The data collected from non-marine geological archives can be used to determine global

climate patterns. (Leng, M. J., et al 2004; Yavuzatmaca, M., et al 2017; Bekhouch, G. 2023) The

——
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combination of these signals from continental and marine settlements allows scientists to identify

changes in the atmosphere.

In shallow lakes and wetlands, the presence of ostracods can aid in understanding how
climate affects water flow in these areas. (Ruiz, F., et al 2013 ; Boomer, 1., et al 2003 ; (De Deckker,
P, r, P, etal 1998)

In semi-arid regions, the presence of populations of ostracods that are representative of dilute

or saline water can help predict the evaporation and precipitation balance.

Although certain types of water ostracods benefit from seasonal changes, it is still important
to conduct long-term studies on the history of the environment in order to gain valuable
information about past environmental events. (Ito, 2002; Henderson, A. C.,2009; Leng, M. J.,

2004; Lowe, J. J., 2014)

Conversely, deep-water lakes that are geologically active can provide paleoclimatic data on
long-term climate changes. (Cronin, T. M. (1999); Saltzman, B. (2002); Frogley et al., 2002) By
studying the diversity of benthic communities and the isotopic variations in the lake's water,
researchers can get a better understanding of the past climate of a region. (Mourguiart et al, 2002;

von Grafenstein, 2002).

The data collected from non-marine communities can be utilized to reconstruct the climate

that occurred during the evolution of the paleoclimatic framework (von Grafenstein et al., 1999).

According to Schmereve and colleagues, the data collected by the communities of ostracods
during the Holocene and Pleistocene periods can be utilized in studies about the

environment.Schreve et al., 2002).

A study conducted by Mezquita in 1999 revealed the importance of ostracod communities

in identifying environmental changes.

In 2005, another study by Ruiz examined how human activities affected marine

environments. The data collected during these studies were analyzed to determine how human

——
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activities affected the populations of ostracods and their diversities. The researchers were able to

conclude that the animals decreased in numbers near their sources of pollution.

The researchers were able to determine the toxicity of various substances found in sewage,
aquatic systems, and soils. They were also able to observe the reactions of specific animals to the

chemicals (Khangarot and Das, 2009).

——
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Conclusion

In conclusion, ostracods, often referred to as nature's tiny time capsules, have a fascinating
role in various scientific disciplines. These minute crustaceans, both in marine and non-marine
environments, serve as invaluable bioclimatic, stratigraphic, and paleoenvironmental indicators.
Beyond paleontology, their study extends into fields such as limnology and molecular biology,

often integrating with oceanography and evolutionary biology.

The extensive diversity of ostracods, with over 65,000 known living and fossil species,
provides a wealth of data for researchers. While around half of these species have been officially
described, the group's fossil record, spanning over 450 million years, is a rich source for studying
metazoan evolution. Additionally, ostracods play a pivotal role in understanding metazoans' sexual

development, with some of the earliest records dating back over 200 million years.

The taxonomy and classification of ostracods have evolved over the centuries, with
contributions from pioneers such as Linnaeus, Baker, and Latreille. Significant works throughout
the 19th and 20th centuries brought a deeper understanding of ostracod functional morphology,

ecology, and taxonomy.

Advancements in geochemistry and radioactive dating during the 20th century have further
enriched our knowledge of ostracods, allowing researchers to consider them modern examples of

ancient organisms.

This chapter sets the stage for a more detailed exploration of ostracods in the following
sections, covering their morphology, classification, distribution, life cycle, fossil records, and
various applications in scientific research. Ostracods, with their intricate history and diverse
applications, continue to be a subject of great interest and significance in the world of paleontology

and beyond.

——
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CHAPTER IV. CONSTRAINT OPTIMIZATION

1. Introduction:

In chapter three, we will discuss the importance of connecting the various species of
foraminifer and ostracods to create a cohesive environmental narrative for the region. This project
will involve merging multiple datasets, which represent distinct aspects of the paleoenvironment,
into a single timeline. The integration of data from different sources will help illuminate the
biogeographical data of our study area, revealing the geodynamic framework's enigmatic anoxic

event and the story of the Cretaceous age.

The goal of this project is to provide a deeper understanding of the ancient marine life by
piecing together the various constraints that bind these organisms to their environment and

temporal context.

This chapter will introduce the concept of constraint optimization, which will help us
improve our knowledge of the region's paleoenvironnementand our ability to recognize the

intricate details of ancient marine life.

Through our study of the microcosmic world of foraminifera and ostracods, we will be able

to gain a deeper understanding of their silent testimonies and the secrets of the Cretaceous age.

The end of this chapter will help us gain a better understanding of the link between the
various species of foraminifera and ostracods. It will also help us understand the history of Earth

as a whole.

——

]
67 |



CHAPTER IV. CONSTRAINT OPTIMIZATION

2. Biostratigraphy and Biozones:

Summary of the origins, development, and techniques employed in biostratigraphy.
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Figure. 18: The chart shows the range of a fossil taxon in life (gray), the fossil taxon (black), and in

stratigraphic sections (rectangles), as well as the timelines that define its extinction and origin.

(Sadler, 2013).
2.1. A Brief History:

Researchers in biostratigraphy examine how sedimentary layers are made up of fossils. They're
primarily focused on reconstructing the past of life and developing a standard time scale for other

studies related to geology.

About 200 years ago, before evolution theory was formulated (Darwin 1859), it was clear that
the general evolution of animals had similar characteristics in the rocks. For instance, dinosaurs

appeared before mammals, and trilobites became abundant before ammonites.

These observations led to the establishment and division of the time scale for the three periods:
the Mesozoic, the Paleozoic, and the Cenozoic. They also enabled researchers to resolve finer
subdivisions by studying fossil species. The subdivisions developed by (Oppel, 1858) and
(D'Orbigny, 1851) helped in time correlation by allowing them to identify strata in varying locations.
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By using fossil materials, (Smith, 1799) was able to pinpoint the locations of various strata in
England. He was able to do so by complementing the similarities between topographic expression

and rock type (Lauden, 1976).

In the Paris Basin, (Brongniart and Cuvier, 1808) focused on various faunal assemblages that

they believed were separated by disastrous events.

By using fossil materials, (Phillips, 1829) was able to pinpoint the locations of various faunal
assemblages in England. He was also able to introduce new species into the faunal succession in the

region (Sedgwick and Murchison, 1939).

Rather than referring to the presence of new species in nearby strata, the researchers used the

intermediate attributes of the new fauna to identify them.

The duration of a zone or stage of fossil materials depends on the ranges of individual taxa and
fossil materials. Biochronologists started using qualitative methods a hundred years ago, and

numerical methods were not used.

Petroleum companies started incorporating sequences of fossil species into their studies, which

significantly improved the correlation's resolution.

(Alan Shaw, 1964) a petroleum geologist came up with the concept of economy-of-fit as a way

to analyze the differences between the species found in different areas of the same age.

At Shell Oil Company, the recognition of the differences in the fossil species led to concerns
about their validity (Shaw, 1995). Some people preferred to look at the fossil species' disappearance

and appearance as if it occurred at the same time in different locations.

The results of his correlation graphs revealed that the uncertainty of the two effects and the
sequence of all the taxa at hand was underdetermined. However, the practical value of carrying out a

good approximation led him to use a biostratigraphic approach.

The use of Shaw's method by Amoco benefited from the company's decision to take advantage
of the rich fossil record. The data collected by the company increased the volume of information

stored in biostratigraphic databases (Carney and Pierce, 1995; McGowran, 2005).
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Through the Deep-Sea Drilling Project, the resolution of the subdivisions was standardized
using the collected microfossils. A computer scientist discovered that natural selection could be used
to solve optimization problems. It was a trial-and-error procedure that could be replicated in

algorithms.

During the 1980s, paleontologists started using various numerical methods to study
biochronology (Tipper, 1988). They also started using evolutionary heuristics to solve engineering

and scheduling problems.

With the help of computers, individual paleontologists were able to create detailed timelines of

the faunal assemblages (Guex, 1991) and species' first appearances (Alroy, 1992).

The methods used for correlation were also adapted to the changing conditions of the world,
such as the availability of radioisotope dates. This led to a shift in the focus of biochronology from
the definition of biozones to the age calibration of fossil species appearances. This allowed indirect

dating to be performed.

The gap between the time horizons and the biostratigraphic horizons is the challenge that

biostratigraphy's various approaches face when trying to date (Figure. 19).
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Figure. 19: Biozones defined by subdivision of a range chart. (Sadler, 2009).

To properly describe the time of the disappearance and appearance of fossil species, it is
essential to compensate for the various factors that can affect their time of appearance. For instance,

the local discrepancies in information can be caused by the preservation and collection processes.
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Despite the various arguments about how to solve this issue, it is still evident that the most cost-
effective and feasible method for addressing it is by studying the fossil correlates of rock layers

(Ludvigsen et al., 1986).
2.2. Terms and Basic Data:

Salvador states that biozones are bodies of rock that are characterized by fossils (Salvador,
1994). The bounding surfaces of these units are often diachronous, which means that the age when

the most and least fossils of a particular species were found varies in various places.

New species tend to evolve at different places and times. Their distribution and range expand
to varying degrees over time. Also, as the species is lost and replaced by others, the geographic range

decreases. Incomplete preservation of fossils results in a patchwork of patches.

Even in deep marine regions, the accumulation of sedimentary strata does not always occur
continuously (Aubry, 1995). This means that some ranges will end up artificially at gaps in their

distribution.

A biozone's bounding surface is characterized by the presence of biohorizons, which are

stratigraphic surfaces that are characterized by significant faunal changes. (Figure. 20)

Due to the failure of collections and fossil preservation, the biozones of living species will be
smaller than their living counterparts. The chronozone, which spans beyond the living range, would

encompass the deposits of the organisms during their lifetime.

Despite the diachronous nature of biozones, they are still used to estimate the positions of datum

surfaces, which are generally located at the time when a taxon originated or died out.
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Figure. 20: Biostratigraphic correlation as a fence diagram: part of a 7-section project. A)
Literal correlation of observed range ends. B) Range ends culled to those found in the same
sequence in all 7 sections. C) Adjustment of all range ends to the sequence that best fits all

local observations.

The data collected by biostratigraphy are mainly comprised of faunal lists, which are inventories
of the fossil taxa that can be found in the same area. Ideally, these lists should be placed in sequence,

so that the spans of the various types can be depicted in local range charts (Figure. 20).

The local finds of a taxon are classified into the highest and lowest ones based on their estimated

first appearance and last appearance datums (FADs and LADs).

The distinguishing characteristic of biohorizons is their diachronous nature. The boundary lines
connecting the highest and lowest finds in a biohorizon are drawn through the stratigraphic sections,
forming a fence diagram (Fig.3). Unfortunately, many of these correlation lines cross each other,

which makes it impossible to consider them to be timelines.
2.3.FADs and LADs (biohorizons):
Modern biostratigraphy avoids using only a few bio-horizons to define zones and aims to retain

as many as possible. This method also requires the adjustment of the local bio-horizons (Figure. 20).

The elimination of bio-horizons does not eliminate the possibility of diachronism. However, it

does not eliminate the correlation lines' isochronous nature.
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Three different methods are used to correct diachronism. One of these is the use of gaps in the
ranges to add confidence intervals (Marshall, 1990). This method only corrects the difference between

time and biostratigraphy.

The other method combines the use of radioisotope dates and paleomagnetic reversals. It is
ideal for determining the age of ranges at various locations in the cores of LADs and FADs from the

sea floor.

The third method combines the observed sequences and coexistences in different locations. It

then searches for a composite set of events that can be used to fit the minimum range adjustments.

If the ranges are shorter than their true counterparts, then they should be extended to fit the
global sequence. This method was first proposed as a graphical representation of regression (Shaw,

1960).

With the help of algorithms and data sets, computer programs can now perform a sequence
optimization search in large numbers of records (Sadler, 2004). If there are known age horizons, such
as the dates of paleomagnetic reversals or ash falls, then they can also be used to find the best

sequence.

In certain cases, such as over short distances, ecological factors can be used to improve the
correlation between the observed sequences and the data. For instance, if the ocean currents and
global temperature changes cause a shift in the relative abundance of foraminiferans and pollen, then

these can be used to improve the relationship between the data and the environment.
The variations in the stratigraphic trends concerning the relative abundance of taxa can be used
to identify the type of strata in a given area.
2.4.Resolving power:
A zonation based on the characteristics of marine organisms can be used to resolve intervals of

less than a million years.

These sets of zones are usually based on a single biological clade and can resolve intervals of
around 0.5 to 0.75 million years. In the Mesozoic, the conventional ammonite subzones and

foraminifera can resolve up to 3 million years.
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The average duration of chronometer-based subzones and zones for the same types of
microfossils ranges from 0.75 to 1.0 million years during the Cretaceous period. It is necessary to

establish distinct sets of chronometer-based structures for different climate regions. (Figure. 21)

In the Cenozoic era, there were 32 low-latitude and 11 mid-latitude chronometer-based
structures. The conodonts of the Ordovician era support the North Atlantic and the Midcontinent with
resolutions of up to 4 million years. The finer resolution of the Silurian and Ordovician chronometer-

based structures is provided by the more cosmopolitan areas.
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Figure. 21: Figure presents the various sources of information about the coexistence and taxon

ranges, as well as other types of stratigraphic data that can be used for inclusion and correlation in

timelines. (Sadler, 2013).
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The ability to resolve more complex time sequences through the use of biohorizons is a
promising prospect. For instance, for the Silurian and Ordovician periods, over 3,000 events of

extinction and graptolite appearance have been identified.

In the Cenozoic, there were around 100 calibrated biohorizons for calcareous nannofossils and
foraminifera. It is believed that the power to resolve a period of 0.25 million years or more can be

achieved by utilizing biohorizons from multiple fossil sources.

Although computer optimization or radioisotopic calibration can be used to resolve complex
time sequences, the relative age of the biohorizons that are located in the range-end zone can still be
considered irresolvable. Nevertheless, resolvable clusters and events can increase the power of

biohorizons to a significant degree (5- to 10-fold over traditional biozones).

It has been estimated that the time scales based on biohorizons could resolve intervals of
500,000 to 1 million years through the Phanerozoic period. This is equivalent to the size of errors that
are quoted for the dates of the ash falls from the Paleozoic. It is also likely shorter than what the taxa
took to spread the biohorizons from their original point of origin. This is a contributing factor to the

global correlation between timelines and biohorizons.

The reduction in the distance of correlation leads to an increase in the number of biohorizons
and strata that can approximate timelines. However, the actual resolution of the given correlation will

be affected by the strata's fossil content.
2.5. Too Much Information:

Getting too much information can make it harder to carry out simple procedures. Also, the
growing number of facts can overwhelm the capabilities of qualitative analysts. This can expose them

to errors in their assumptions.

The initial use of fossil successions to determine sedimentary strata dates began immediately,
even though there was a limited amount of information available regarding the various aspects of
paleontologic research. Nowadays, with the availability of large open-access databases,

paleontologists have the necessary information to resolve complex time sequences.
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The sheer number of facts can also overwhelm the capabilities of qualitative analysts. For
instance, it is sometimes necessary to combine the data from multiple locations to get a complete

picture of the fossil record.

The expanding geographic scope can also lead to the development of new problems, such as
provinciality and faunal migration issues. New locations can result in the discovery of new taxa, and

the time-line task becomes less determined.

For instance, the amount of information required to resolve a timeline based on the extinct
graptolite cladé is immense. This type of clade supports the traditional biostratological studies of the

Silurian and Ordovician.

To resolve the timeline issue, the reserhers have collected a database containing 506 sections
with over 20,000 events and 28,000 pairwise constraints. In addition, I have found a total of 261,126
first-appearance cases that need to be resolved before a final appearance. This database was created

by Alroy (1992, 1994).

Despite the immense amount of data that has been collected by the computer, there are still

many unknowns when it comes to solving the timeline problem.

In addition to the use of computers, the solution should also involve applying uncertainty

intervals to the position of the first and last events in the timelines.
3. Chronostratigraphy and Time-lines:

paleobiologic timelines and their applications in the study of macroevolution, time stratigraphy,

and paleobiogeography.
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65.8 Ma (Sr isotopes)
Figure. 22: A part of the timeline that is built from eight stratigraphic sections located on Seymour

Island in Antarctica. It consists of dated events and ammonite ranges-end events. The events are
ordered but the spacing is arbitrary. The term LAD and FAD are abbreviations used for the global
extinction and origination times of fossil deposits. These periods are distinguished from the

biostratigraphic ones by the unique features of their time-stratigraphy. (Sadler, 2013).
3.1. Timelines and Time Scales:

Geological knowledge can be expressed as a set of past occurrences that were placed in

chronological order (Figure. 22).

The timeline is made possible through the contributions of various stratigraphic sections. These
include the sequences of superposed strata, which provide the local order of events (Figure. 21). Also,
the presence of isolated flora and faunas helps prove the existence of taxa that have overlapping

ranges.

Fossil species extinction and origin events are typical occurrences in geologic timelines. The
number of LADs and FADs, which are first-appearance events, outnumbers the significance of other

noteworthy occurrences such as volcanic ash falls and paleomagnetic reversals.

The number of first-appearance event occurrences in geologic timelines exceeds that of
radioisotopic dates. This means that the sequence of biostratigraphic events can easily be established

using the contributions of stratigraphic superposition.
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The relative spacing of events within a given period can also be estimated by taking into account
the average rock thicknesses at the ends of the species ranges. For instance, if a particular occurrence

is included in the sequencing program, its spacing can be used as a test of its success.

Traditional time scales for biostratigraphic occurrences present events in zones and only show
the ones that have defined their boundaries. For most periods during the Mesozoic and the Paleozoic,

the intervals between the zone boundaries are shorter.

The practical resolution of geochronometry is affected by the small number of events that can
be dated. Also, the uncertainty in the most recent radioisotopic dates is shorter than in the biozones
of the Paleozoic. On the other hand, the timelines of biostratigraphic events provide a better chance

of keeping up with modern geochronological precision.

The power of an ordered timeline's correlation and resolving power increases as the number of
occurrences on it increases. The analytic precision and number of events added to the timeline also
improve its resolution. Unfortunately, estimating the sequence of the first and last-appearance events

can be challenging due to the high number of occurrences.

Together, geochronometry and biostratigraphy can provide a better understanding of the
sequence of first-appearance events in the biostratigraphic timelines. In practice, there are still clusters
of events that can't be resolved due to the relative positions of the timelines. These are usually drawn
with an overlap in the uncertainty interval, which provides a rigor comparable to the error bars in

radioisotopic dates.

Compared to the number of occurrences in biozones, the number of irresolvable clusters tends
to be smaller. The use of uncertain intervals provides a degree of rigor comparable to that of error
bars in numerical age dates. While radioisotopic laboratories continue to develop new methods for
reducing analytical uncertainties, biostratigraphic experts are developing new approaches for

estimating the sequence of first appearance events in the bioregions.

New methods for performing biostratigraphy sequencing can improve the speed and accuracy

of the process by using optimization algorithms and computer memories.
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The use of simple logical rules in the sequencing algorithms is not only beneficial for improving
the accuracy of the process, but it also ensures that the statements are expressed in precise and logical
terms. To understand the need for computational algorithms, we should first review two fundamental

geological problems.

The unsteady process problem is a major issue with the stratigraphic record because it can
contain hiatuses at various scales. This means that the long-term relationship between the rock
thickness and the elapsed time is not reliable. In practice, we must avoid using linear clusters to

estimate age and construct composite sections to fill in the gaps.

The complexity of identifying and quantifying numerous sections in a single timeline is caused
by the biostratigraphic sequencing issue. Although the range ends at each site do not accurately
represent the true sequence of occurrences or FADs, the algorithms are attempting to solve this

challenge when creating composite time frames.
3.2. The Unsteady Process Problem:

A single radiocarbon date can be used to estimate the age of a fossil from the Holocene or the
Pleistocene era. However, the host rocks and the fossils from the older record are not suitable for
dating. Due to the lack of suitable datable layers and the irregular distribution of fossils,

paleobiologists usually require two radioisotopic dates to establish a fossil's age.

By using an interpolation procedure between two dated ash fall intervals, one can estimate the
other layers' age and determine the average rate of change across the given period (Sadler, 1999).
Unfortunately, this method can introduce an error due to the presence of hiatuses in the stratigraphic

record.

One of the most common mistakes made by linear interpolation is assuming that the sediment
will continue to accumulate steadily. This assumption is not accurate since the time between two
intervals will most likely be randomly apportioned between the intervening rock layers. To minimize
the uncertainties introduced by this method, it is recommended that the intervals between the dates

be brief.

The unsteady process problem is also related to the sedimentary record's net accumulation rate

(Reineck, 1960; Sadler, 1981). It shows variations in organic evolution and the rates of change in the
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environment (Gingerich, 1983, 2001; Reznick et al., 1997). Rapid changes can characterize short-

term activities, but they can't be sustained for a long time (Gardner et al., 1987).

Even at short time scales, the changes in the level of sea and sand can be observed in our daily

lives. Long-term fluctuations can also be detected in the paleontologic and historical records.

The average rates of change over long periods are generally decreased as we consider the
different dates that are farther apart. The reduction in average rates is related to the dependence of the
mean rate on averaging time (Sadler, 1993). For instance, the logarithm of the mean rate decreases

steeply as the averaging time increases.

The rolling motion of rates affects the time scales of stratigraphy, paleontology, and
sedimentology. Only the combined knowledge of these disciplines can provide a comprehensive

picture.

The effects of short-term changes, such as tsunamis and hurricanes, can have significant
consequences for human activities. They can also influence Earth's history. For instance, mass
extinctions and the rapid evolution of climate patterns can be observed through short-term pulse

changes.

For the past few decades, the abundance of radioisotopic dates has allowed scientists to easily
assess short-term extremes. To gain a deeper understanding of Earth's history, it is important to extend

the sampling interval to the older periods of geologic time.

Unfortunately, the ability to accurately observe long-term changes is not as good as it used to
be due to the interval between the successive dates in the stratigraphic sequence. This is because the

accuracy of the individual dates is not as good as the precision of the intermediaries.
3.3. The Need for Composite Sections:

It is also important to have closely spaced events in the same section of the stratigraphic record
to gain a better understanding of the organic evolution and the sudden changes in the environment.

Ideally, the intervals between the dates should be shorter than the analytical uncertainty.

Unfortunately, the ideal condition for accurate stratigraphic dates is not yet realized in the older

periods of geologic time, such as the Paleozoic and Mesozoic. Even global compilations of records
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show that few radioisotopic dates have robust and high-precision contexts (e.g., Gradstein et al.,

2004); summarized in Figure. 23.

The fossil record of the Ordovician period and the Silurian period has produced hundreds of

sections with ranges for more than 2,000 species of graptolite and over 1,000 conodont species.
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Figure. 23: The average time spans between radioisotopic dates, represented by diamonds, and
the boundaries of biostratigraphic zones, marked as crosses. The open diamonds correspond to
radioisotopic dates used for calibration, while the filled diamonds denote radioisotopic dates linked
to specific mammal, ammonite, and graptolite examples mentioned in the text. The crosses on the
graph signify the typical durations of biostratigraphic zones within each geological period for the

clades with the most robust discriminating capabilities, as presented in Gradstein et al. (2004).

In total, there are over 6,000 species that have first- or last-appearance events. These events
were recorded by more than 28,000 local range ends (Sadler and Cooper, 2003; Cooper and Sadler,
2004; Melchin et al., 2004). For the same period, only around 20 to 25 radioisotopic dates are linked

to the association between a graptolite or conodont fauna.

Less than ten of these sections have yielded well-defined conodont or graptolite ranges. In

contrast, only one section has more than one dated event.

The average number of years between the useful events in a given section is over three million.

This means that there are only four known dated bentonites in a 5-million-year interval.

——

]
81 |



CHAPTER IV. CONSTRAINT OPTIMIZATION

Young clades seem to be improving. For instance, the number of species from the Maastrichtian
and Campanian ammonites has increased significantly. In total, there have been over 600 species
from over 200 sections worldwide. For the 18-million-year interval, 21 significant events have been
linked to ammonite fauna. Alroy's report shows that there have been over three thousand species from

4978 collections Alroy (1992, 1994, 2000).

The average spacing of the calibrated and dated events that have been produced in single
sections of the fossiliferous marine limestones is shown in Figure III. These areas are known to have
the best possible calibrated boundaries. In addition to direct beds, these sections also have the
calibrated limits of units defined by stable isotope composition, paleomagnetic polarity, and

biostratigraphy.

The average spacing of the control points for the generation of single dates in the Mesozoic and

Paleozoic periods is shown in Figure II. It also approaches the duration of the biostratigraphic zones.

To ensure that the dated events presented in Figure 23 are preserved, a global composite section
has to be correlated with the local stratigraphy. If the correlation is successful, a time scale with units

that can resolve only within the standard biozones will be generated.

Although this approximation is better than current averages (Figure. 24), it is coarser than what
is considered optimal for analytical uncertainty. Biostratigraphy's potential to resolve power can be

matched by precisely sequencing the end ranges of all known species into a composite timeline.

The advantage of having radioisotopically calibrated events is that they can be shown without
superposition in one section. If the uncertainties in the two local radioisotopic dates don't coincide,

the order of their dates can be in doubt.
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Figure. 24: The average time intervals between events that are both dated and calibrated,
represented by open diamonds. This data is derived from examples of the most meticulously
calibrated individual stratigraphic sections, specifically from calcareous ooze and carbonate platform
databases, as detailed in Sadler's work (1993, 1999). This information is then contrasted with the
resolving capabilities of biostratigraphic zones, marked by crosses on the graph. The gray-shaded
region indicates the uncertainty intervals (+/- 2 sigma) associated with typical published radioisotopic
dates in stratigraphic research. Additionally, the black squares depict the potential resolving power
of extended sequences of biostratigraphic events, with examples taken from mammals, ammonites,

and graptolites. (Sadler, 2013).

The advantages of having a composite timeline are that it can bring more dated occurrences
into a single sequence, which can reduce the time needed to perform interpolation. Another
disadvantage of having a timeline is that the locations of observed range ends in different
biogeographic regions are not aligned exactly with the ages of the actual extinction events and
evolutionary origins. This issue is the main reason why the sequencing problems are related to the

local chronologies.
3.4. The Biostratigraphic Sequencing Problem:

A biostratigraphic zone is a type of strategy used to address the issue of the distribution of living
species. It is because, for various reasons, the observed range ends are not always the same age. Also,
the limits of a species' habitat can change over time, and the effects of preserving and fossil collecting

are not always well known.
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It is widely expected that the observed ranges of various species will be shorter compared to
their true global or regional counterparts. This is due to various factors, such as biogeographic fact
and the fiction introduced by collecting and preserving. However, these factors can make the local

range ends unreliable for time scales and correlations.

The exact sequence of the observed range ends is also not always the same. This is because, for
various reasons, the range ends of different species are not always the same age. It is therefore not

possible to treat the local range ends as if they were FADs or LADs.
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Figure. 25: fence diagrams that illustrate the correlation of 8 stratigraphic sections located on
Seymour Island in the Antarctic Peninsula. These correlations are based on the presence of ammonite
and nautiloid species. Part A of the figure represents the direct connections between the observed
range ends of these species. In Part B, you'll see the same data after applying a parsimonious range
extension technique. This method involves extending the observed ranges of species to ensure that
all sections align with the same chronological sequence and inserting missing events as necessary.
The optimal solution was determined through constrained optimization using CONOP software.
Furthermore, to reduce any irregular spikes in the data occurring at sample horizons, the resulting
range end positions were smoothed with a 7-point smoothing process, as detailed in the accompanying

text for a more comprehensive explanation.
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Despite the current difficulties associated with the sequencing of living species, the long-term
evolution of the world's fauna is still expected to continue. This is because, despite the current

problems with the identification of new species, the quality of the data remains intact.

To identify the extent of the issue, try drawing a fence diagram with a direct link between the
various species' range ends (Figure. 25). Unfortunately, this method usually leads to a tangle of

overlapping lines.

To understand the scope of the problem, consider how we can disprove an unpalatable
suggestion that all species have never gone extinct. Due to the length of the actual ranges of living
species, it is not possible to directly conclude that this notion is not possible. Instead, we would reject

it due to the massive failures of observation and preservation.

Let us consider a sequence of events that suggests the least amount of failures in the
preservation and observation of living species. Before we start looking for ways to solve the

sequencing problem, let us first examine how biozones have been able to solve this issue.
3.5. Traditional Biozones as a Solution to the Sequencing Problem:

The traditional biostratigraphy approach to solving the range end issue involves selectively
culling the correlation lines from the fence diagram (Figure .25). The remaining lines become the

boundary events that define the various cluster events within the interval zones.

The culling process can solve the range end issue by minimizing the power of the resolving
agent. Unfortunately, it does not eliminate the possibility that the events that survived the cull will
not be preserved at the same age in all the timelines. In 2009, a study conducted by Sadler et al.
showed that biozones can be recognized in time sequences that have been created without the use of

zonation Sadler et al. (2009).

A traditional biostratigraphy approach can also solve the range end issue by establishing an
assemblage zone boundary, which is defined according to the appearance of various taxa. This type

of boundary can help maintain the consistency of the events in the region.
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It is also possible that the first appearance of a particular subset of taxa is more stable than that
of individual first appearances. In the development of the “Unitary Association” method by Guex in
1977, he proposed using computer-assisted recognition to address the diachronism issue in interval

zone boundary definitions.

One disadvantage of using time-lines is that they determine the expected co-occurrence among
any taxa. Although naming and defining boundaries are useful, they are not necessary for relative

dating or correlation.

The uncertainty interval associated with biozones is often ignored and regarded as the tacit
duration of their existence. Unfortunately, many biostratigraphers report the age of faunas as biozones

to non-experts.

After receiving the collected information, the recipients of this information often combine it
with the purported zone boundaries in their publications. Unfortunately, this method limits the scope

of the timelines that can be built based on the raw data.
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4. Graphic Correlation:

Alan Shaw's graphs serve as a valuable tool for visualizing the paleobiologic sequencing

problem.

School Beck y
Section
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Figure. 26: we present a graphic cross-plot of two early Llandovery (Silurian) sections,
utilizing data sourced from Hutt's work in 1975. This plot illustrates the range-end coordinates for all
graptolite species identified in both sections. A prominent gray line, known as the Line of Correlation
(LOC), is not solely based on the taxa presented in this chart. It takes into account information from
a comprehensive graptolite dataset encompassing 506 sections and 2090 taxa. It's worth noting that
the symbols denoting the first- and last-appearance events are designed to signify that they define the
corners of larger boxes, and the Line of Correlation must traverse through these boxes, as articulated
by Kemple and colleagues in 1995. The presence of thin dashed arrows highlights instances of implied
range-end adjustments, which consistently extend from one of the open ends of the event symbol,

signifying an expansion of the observed range within one of the two sections. (Sadler, 2013).
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4.1. Graphic Correlation: a Better Solution:

The graphic correlation method pioneered by Shaw in 1964 solved the issue of correlation by
applying the observed range's smallest net adjustments to align all ranges with the sequence of events

(Mann and Lane, 1995).

Although some events may occur in different positions and with different species associations,
they are not suitable for correlation due to the large adjustments required. On the other hand, the
number of events that require only small adjustments is usually more than enough to overcome the
traditional zone boundaries. The concept of graphic correlation is to solve the real problem of

correlation, which is that none of the ranges end up being aligned with the LAD or FAD.

When using graphic correlation, the assumption is that the observed ranges are shorter than
their true ranges. It limits the range adjustments to the extensions specified by the method (Edwards,
1982). This means that it can only search for extreme events, such as the earliest and the last

appearances, and it is susceptible to bias caused by taxonomy.

The ability to recognize anomalies and outliers is very important when using graphic
correlation. It allows the simultaneous control of quality and correlation. The simple rules that can be

used in graphic correlation are also useful in automating the sequencing of large data sets.

The two sections of a graph are drawn up as the Y- and X- axes. The events that are seen in
these sections are plotted as points in the range-end events. These events are then set as the levels at
which the events are observed. The symbols that are used in this process are the corners of the error

boxes. Adjustments can be made in the direction of the symbols' open ends.
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Figure. 27: presents a graphic cross-plot featuring the ranges of two ammonite taxa, as derived

from two of the stratigraphic sections located on Seymour Island, Antarctica. (Macellari in 1985).

The first appearance coordinates of the graph can be adjusted to the left or downward. For
instance, they can be set to extend the range of an event in one section or to stratigraphically reflect

its downward position.

Adjusting the points will bring them all to the same line of correlation. The LOC will show the

points that were deposited in each section at the same time.

The LOC can be piecewise linear. A horizontal and vertical segment can be introduced in the
LOC by introducing multiple horizons that collapse into one. On the other hand, no segment can have

a negative slope unless one of the sections is upside-down.

Figure. 27 shows the limitations of the LOC that prevent it from traversing the points on the
graph. It can be fitted to the most reliable range ends and adjusted onto the line to represent the range
extensions in one section. FAD events can also be adjusted downward to align them with the levels

at which they occur.

LAD events are only adjusted upward unless it's suspected that they are being changed. In cases
where the correlation problem is well-behaved, the LOC has a narrow band that dictates its position.

Outliers can also be identified by the position of the points in the graph.
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In Figure .27, the LOC can only intercept one more range-end coordinate if it passes through
Dc+ without a negative sloping segment. On the other hand, if it passes through Kd+, it can acquire

two more range-ends and leave Dc+ with a revised downward position in section F.

In the future, we will learn that coexistence serves as significant constraints on timelines and
LOCs. As a result, the data in Section A is better than the information in Section F. Compatibility
between the two sets of observations can be established due to how they assume that the true ranges

are underestimated.
4.2.. Incorporating Other Events:

Significant time correlation gains can be made possible through events that can't be adjusted in
stratigraphic regions. These include paleomagnetic reversals, marker beds, and isotopic excursions.

They have to occur in the regions where they are observed.

These events must be shared with the LOC so that it can pass through them. Ideally, all of these

LOC:s should be determined by these events, but in practice, they're not readily available.

The appearance of a magnetic reversal in Figure. 27 demonstrates the constraints of having
conflicting range end information. Since the LOC must go through the center of the chart, it can't

teach the Al+ range end. A negative slope is required for this.

The cluster of first-appearance events, such as the Hc+, Pn+, and Dc+), can attract the LOC
away from Al-. This demonstrates the importance of having a good LOC based on the data collected

at the end of the range.
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Figure. 28: Graphic correlation of two European late Cretaceous sections that share a

paleomagnetic reversal (open box) and four ammonite taxa. (Sadler, 2013).

Paleomagnetic reversals and marker beds can be useful, as they can help the LOC identify the
relative ages of the regions in the graph. Older events, which are numerically dated, are more
powerful. In Figure 28, dated events block the path of the LOC as it approaches certain parts of the
graph.

A pair of dates divides the graph into quadrants. Each of these dates has an out-of-bounds
boundary since its coordinates indicate that it's older than the younger one. With two sets of dates, a

blocked zone can generate a "pass" or agate through the path of LOC.

In Figure 29 the ideal LOC will have a vertical segment that goes through the gate's left-hand

limit. This segment indicates a hiatus, which can be seen in the Redbird region.
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Figure. 29: Graphical correlation depicting the late Cretaceous Redbird section in North
America and the South Saskatchewan River section. This correlation is established by utilizing
ammonite range ends and incorporating four radio-isotopically dated ash fall tuffs along with two

calibrated paleomagnetic reversals. (Sadler, 2013).
4.3. Shortcomings of Graphic Correlation:

In 1995, Kemple and colleagues reviewed the strengths and disadvantages of graphic
correlation. One of its main strengths is its ability to see the consequences of decisions. However, all

of its weaknesses can be caused by the procedure's limited scope.

The first section is made up of the data from the second and the added sections, and the LOCs
are used to project these into it. The ranges in the first section can be extended as needed, and missing
taxa can also be projected into it. As the first section evolves into a composite time-line, its thickness

scale is augmented and corrected until it becomes a standard time-line.

The increasing number of sections and taxa in a graph can make it more time-consuming and
cumbersome to perform graphical correlation. With more taxa, it also increases the number of LOCs

that are possible. The optimal one becomes harder to recognize.

The addition of new sections can also make it harder to perform graphical correlation. To
minimize this effect, the process is repeated through several rounds. This method is used to remove

the bias, and it can only produce diminishing returns. Some practitioners do only one round of
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correlation, which is a fine way to evaluate the quality of the data. However, it doesn't provide a

rigorous method for identifying conflicts.

To optimize the processing of global data sets with minimal effort, we often use computers.
They can be equipped with several dimensions, which allows all of the sections to be considered at
the same time. Multidimensional graphic correlation is a good description of this process. Various

computational methods can be used to find the optimal LOC.

The guidelines for choosing LOCs follow the same basic stratigraphic logic that Shaw
pioneered. The constraints that geochronometry provides can also be accommodated by enhancing

the basic rules.

They can be modified to mimic other correlation techniques. For instance, the range extension
sizes can be measured by taking into account the event levels instead of rock thickness. This approach
was developed by Edwards in 1982. If the rules are well-written, they can provide the best possible

solutions for addressing the sequencing problem of biostratigraphic graphs.

In addition, they can be modified to follow other correlation strategies. For instance, measuring
the range extension sizes using event levels can be done instead of rock thickness, which can help
avoid bias if the thick sections are at the center of the range. If the rules follow the correct path, these

techniques can provide the best solution for addressing the sequencing issue.

5. Constrained Optimization illustrates one approach for expanding graphic correlation

into multiple dimensions:
5.1. The Simplest Case:

The concept of graphic correlation is inverted, which means that instead of working from the
data collected in the field, possible solutions are evaluated to find them that fit the data. This method
can be used by Computers that have enough speed to solve problems by trial and error in this fashion

(Kemple et al. 1995).

The use of this method allows scientists to take advantage of the time's brute force to find
solutions to complex problems. It should come as no surprise then that some of the techniques that

are used in this field have been referred to as evolutionary programming.
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To learn more about the computer scientists' approach to solving the sequencing problem,
consider the simplest case presented in Figure 27 by comparing the two taxa and two sections in the
diagram shown in Figure. 30. This method can be used to analyze the complete set of possible

sequences.

Diplomoceras cylindraceum

Seymour Is. @e@
Section A

Kitchinites darwini

Om 400m 800m 1200m
' ' time —

Seymour Is.

Diplomoceras cylindraceum
Section F

Kitchinites darwini

Figure. 30: Range charts for two commonly found ammonite taxa within two sections from

Seymour Island, Antarctica. (Macellari in 1985).

Four range-end events can be arranged in six distinct sequences using two taxon ranges. Each

taxon has to appear before the events can be eliminated (Figure. 31).

There are many reasons why ties shouldn't be an issue. One of these is that they can disappear

with precise timekeeping.

Another reason why ties shouldn't be a problem is that they can be used to reserve events until
a later task, which will recognize intervals between zero-length events. In addition, several well-

fitting sequences can be found in the sequence where the events cannot be resolved.

Figure 31 presents the six possible sequences. One of the taxon ranges may overlap the ends of

the other range, and it may also be completely different from the other range.
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Instead of drawing range charts, we can use the solutions as event codes, which can be presented
in a variety of ways. For instance, the taxon's genus and species initials can be used to identify it.
Furthermore, disappearance and appearance events can have minus and plus suffixes. For instance,

solution 6b can be represented as Kd+, DC+, and Kd-.

W
14
b

1 =/ Dc+..De-..Kd+..Kd-

2 Dc+..Kd+..De-..Kd-
3 Dc+..Kd+..Kd-..Dc-
4 Kd+..Dc+..Dc-..Kd-

5 Kd+..Dc+..Kd-..Dc-

K. darwini D. cylindraceum
Figure. 31: Six possible ways to order the range end events of two taxa, disregarding

St
1 Kd+.Kd-.Dc+.De-

the possibility of ties.A single pointer array or spreadsheet column can be used to store the
various possible solutions for a massive data set. Each event can either be assigned to a
specific location or physically sorted. It's important to note that there are many ways that

computers can store solutions for large sets of data. (Sadler, 2013).
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Diplomoceras cylindraceum

¢—o——

Best-fit
Sequence: , ‘beq) , «g
Kitchinites darwini *
Dc+..Kd+..Kd-..Dc- 800m T200m
time —s

range

extension i Diplomoceras cylindraceum

Kitchinites darwini

Figure. 32: The sequence of events that
requires the smallest net extension of the four
locally observed ranges. (Sadler, 2013).

i Diplomoceras cylindraceum

Near best-fit
Sequence: EB@@ , «g
Kitchinites darwini *
Kd+..Dc+..Kd-..Dc- 800m T200m
time —s

range

asfarsion i Diplomoceras cylindraceum

d=b g Kitchinites darwini

Figure. 34: A sequence of events that
requires a small net extension of the four
locally observed ranges. (Sadler, 2013
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Figure. 33: The sequence of events that requires a
large net extension of the four locally observed
ranges. (Sadler, 2013

Poorly-fit
Sequence:

800m

Diplomoceras cylindraceum

¢—e—9

Worst-fit
Sequence: I_BGG d
Kitchinites darwini
Kd+..Dc+. De-. Kd- 300m T200m
T time —

range

extension Diplomoceras cylindraceum

—eP

(m 'tes darwini

Figure. 35: The sequence of events that
requires the greatest net extension of the four
locally observed ranges. (Sadler, 2013
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The easiest solution for the simple case presented in Figure 32 is to use inversion. Since there's
evidence suggesting that K. darwini and D. cylindraceum share a common ancestor, we'll eliminate

cases 6e and 6f. For the remaining solutions, we can determine how much of the observed ranges

should be extended to fit the sequence of events.

The minimum misfit computed by solution 6a is shown in Figure 33. It is the best-fit choice, or

even the optimal one.

We've used a constrained optimization approach to solve the problem. We'll eliminate all the

impossible solutions and look for the one that fits the data with the least variance (Sadler, 2003-6). It

is implemented using the CONOP9 framework.

4 positions occupied by ends of first two taxon ranges (6 permutations)

possible positions for range ends of third taxon

Anagaudryceras
seymourianus

10-©
20 ©
310 ©
4 QG ©
50 ©
6 O—©
15 possible 7 @——————@
placements of g 8 © .
range ends of -0
third taxon 11(1] o— 9o
12 @ ©
15%x6 = 12 GO
90 possible time-line sequences 15 GO

Figure. 36: Ninety possible timelines after the introduction of a third taxon. (Sadler, 2009)
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6 positions occupied by ends of first three taxon ranges (90 permutations)
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Figure. 37: Over twenty-five thousand possible timelines after the addition of a fourth taxon.

(Sadler, 2009)

A range extension can be measured by taking into account the number of occurrences within a
particular fossiliferous horizon or event within it. These types of measures favor a sequence of events

that are preserved in the most heavily sampled and fossiliferous regions.

The different measures of misfit that are used to calculate range extensions should be expected
to lead to various solutions. For instance, in 1978, Edward's "no-space graphs" showed the event
horizons in the extension range. With the help of a computer, we can quickly determine the optimal

sequences for each fit.

Table 01: Rapid increase in the number of possible sequences as the taxon count climbs to seven.

Number of taxa 1 2 3 4

Number of Possible 1 6 90 2520
Time-line possible

Number of taxa 5 6 7 8

Number of Possible 113400 7484400 681080400 748080400113
Time-line possible
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The choice of the best measure should be made to accommodate the problem. The robustness

of the solution should also be evaluated based on its sensitivity to the misfit.

Although it's easier to solve this problem with fewer sections and taxa than it is with a trivial

example, it's still more challenging to perform calculations due to the complexity of the data.
5.2. Adding More Taxa

One of the main challenges when it comes to handling large sets of data is the number of
sequences that can be considered. For instance, if we have a set of 90 possible sequences for each

taxon (Figures. 36; 37) adding a third taxon can increase our possibilities to over half a billion (Table

1.

The number of sequences that can be considered in a given data set is often greater than the
number of milliseconds in geologic time. For instance, if we have a set of 90 possible sequences for
each taxa, the number of events that can be considered exceeds the count capacity of a popular

spreadsheet program.

10300
"] Number of Possible 48
- Sequences of (\gx‘f‘-‘*
1074 First-and Last: @QO
Appearance e
102 Events e j:>
o
10 oo
10mg o
W
1050_
Number of Taxa in Time-Line
0
10 T

I I 1
0 10 20 30 40 5 60 70 8 90 100

Figure. 38: As the number of taxa approaches practical values, an exhaustive search of all

possible sequences is out of the question. (Sadler, 2013)
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In general, it's not feasible to perform an exhaustive search on a set of sequences. Fortunately,
computer scientists have developed a variety of heuristic search methods that can identify good

solutions to these types of problems.

One of the most important factors that computer scientists consider when it comes to developing
a good solution is the resolving power of the events. By taking into account the various positions in

the sequence, they can determine the event's range of positions (Sadler and Cooper, 2003).
5.3. Which Information is Trustworthy?

Due to the lack of reliable information about local biostratigraphic data, scientists usually use

constrained optimization techniques. This method eliminates false identifications and other errors.

The data collected from the first and last appearances can provide valuable information. Three
properties can be useful: the spacing and order of the events within the range-end, the overlap of the

taxon ranges, and the reliability of the observations.

Some of these properties can be incorporated into a measure of misfit. These are also referred

to as objective functions or penalty functions that are designed to be minimized.

Differing expert perspectives on the scope of the reliable information about stratigraphic data
can affect the results. For instance, if the objective functions and constraints are justified, the results

might not be unique (Sadler et al, 2008).

This value represents the degree to which incomplete information contributes to an issue being

overlooked.
5.4. Observed Stratigraphic Spacing and Order

The graphic correlation method used by Shaw utilizes the stratigraphic and order spacing of the
events within a range-end. In 1986, the Graphcor program was used by Hood to automate the process.
The equivalent approach in Conop9 utilizes the INTERVAL measure to take into account the local

thicknesses of the range-end adjustments.

The preservation and migration processes can affect the order and spacing of the events. The

thickness of the stratigraphic data can also be affected by the inconsistent accumulation rates.
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It's generally better to use a different scale or to eliminate the information about the spacing. In

1978, Edwards introduced the no-space graphs, which were characterized by uniform event spacing.

The range extension function known as the "LEVEL" in Conop9 counts the number of events
that occur within a given range-end. On the other hand, the "EVENTUAL" function takes into account

the number of events at a given level and scores them according to their count.

The three Conop9 penalty functions that are used in calculating the cost of adjusting the local
successions are also utilized to determine the trial timelines' minimum value. The other functions,
which are similar to graphic correlation, merely compare the events' order spacing and data from the

field.

5.5. Observed Stratigraphic Overlap

According to Guex (1991), the order and local spacing of events within a range-end are not
reliable indicators of biochronology. Instead of fitting solutions to the range ends, he developed a

method that only takes into account the observed overlap.

These programs are mainly used for analyzing the data collected from isolated fossil sites and
collections that do not have the necessary superpositional information to produce no-space and
graphic correlation graphs. Extended ranges can create new coexistences, but they can't falsify the
observed ones. As a measure of the misfit in optimization, observed coexistence can be used as a

corrective measure.

When using the constrained optimization approach to mimic the no-space or graphic correlation
graphs, the resulting coexistences are considered powerful constraints that the composite sequences

have to honor. Usually, the best-fit sequences include the observed coexistence.

This is especially true for data with separate biotic provinces and coeval regions. The number
of observed coexistences is a measure of the misfit with the data's local information. They can be

used as the objective factor to reduce the overall coexistence.

Although the rules for extending the range can be used to create new coexistences, they can

also force more constraints than the ones derived from the observed ones.
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In 1994, Alroy realized that the constraints related to the appearance event partition could be
used to reduce the overall coexistence. He presented a method that allows users to achieve more

power than the coexistences derived from the observed ones.

The approach is similar to the SEQUEL function in Conop9. It takes into account the excess

first-to-last pairs in timelines that aren't required by local sections.

0 5 10 15 2 2 30

—I (1) A. ascensus H (3) L. acinaces
(

I (2) P acuminatus -I- 4) C. cyphus
I
A I
l

(5) C. gregarius

B (+1,42)<<<3.05(-1)<6.6>(-2)<11.5>(+3)<0.8>(-3)<0.7>(+4 -4 +5)<9.0>>>(-5)

e o

C (#142)(1)(-2)(+3)(-3)(+4,4,45)(-5)
1)(4)
D (3)(s

Figure. 39: Varying levels of biostratigraphic data for 5 out of the 56 observed taxa within the

Llandoverian (Silurian) Yewdale Beck section, as documented by Hutt in 1975.

A: The range chart, which is the most commonly published graphical representation of
biostratigraphic data. Here, range ends are plotted against a thickness scale and connected by

continuous lines.

B-E: These panels show a stepwise reduction of information to its potentially more reliable
core. It's important to note that the notation used here is introduced for this presentation and does not

represent a standardized practice.
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B: Range-end order and spacing, with numbers corresponding to taxa in the range chart.
Positive numbers within parentheses indicate first-appearance range ends, while negative numbers
represent last-appearances. Events occurring at the same level are grouped within the same

parentheses, and relative spacing is depicted in italic numbers.

C: Displaying range-end order only.

D: Depicting overlap and order, with coexisting taxa sharing vertical parentheses. Black
parentheses indicate certain overlap (evidence of coexistence in the strictest sense), while gray

parentheses signify coexistence at a single level only (evidence of coexistence in a broader sense).

E: Providing information solely about overlap.

F: Focusing on first-before-last ordering information.

For reference, the genus abbreviations used in this context are A. for Akidograptus, P. for

Parakidograptus, L. for Lagarograptus, and C. for Coronograptus.

For long timelines, the data will have pairs of sections that don't overlap in age. The SEQUEL
and ROYAL objectives will minimize the likelihood of overlapping taxa to avoid generating excess

coexistence.

The two functions are not focused on minimizing the likelihood of overlapping taxa. Instead,
they assume that differences in age are more likely to cause faunal dissimilarity than differences in

coeval regions.

For instance, the economy-of-fits approach doesn't add a penalty for interleaving dissimilar
biotas. Instead, graphic correlation prefers to attribute biotas to their provincial nature. The decision
to use sequence evidence or only those sequences that can't be falsified should be based on the data

set's biogeographic and temporal scope.
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5.6. Reworked Fossils

There are several reasons why the observed range might be too long or completely out of place.

For instance, sedimentary fossils can endure cycles of erosion and re-positioning.

Sometimes, the re-positioning can create a last appearance or a completely out-of-place range.
Also, benthic mixing can lower a first appearance. In well-cuttings, the collapse of the walls might

lead to anomalously old occurrences.

Quality control is a regular issue when it comes to taxonomy, and bad taxonomy can ruin a
time-line. One way to avoid this is by only using last occurrences, which can prevent bore-hole

caving. On the other hand, reworking and downward mixing can cause significant issues.

RASC algorithms were developed to fit the sequence of events in the range-end events to the
most commonly ordered pairwise ordering. In Conop9, the different objective functions are similar.

However, they differ depending on the number of events and the spacing between them.

Other functions assume that the data has no reworked occurrences. However, these functions
overstate the true range by treating it as if it has been underestimated. This method is not ideal, and it

can be hard to develop efficient computer programs that can recognize reworked fossils.

Sometimes, this method is easy for humans to perform due to the presence of worn specimens
or the taxa being out of context. However, it can be hard to teach a computer how to interpret the data

without knowing the signs of a well-functioning range.
5.7. Assemblage Zones and Interval Zones

The decision to use only sequence evidence or all of the information can be influenced by the

difference between using taxa and range-end events.

The former offers fewer permutation possibilities. Taxa may have two ordering outcomes,
which means that if one of them overlaps with the other, it may be considered the older one. This
treatment can be used to establish timelines for taxon assemblages, which can be utilized to define

biogeographic assemblage zones (Guex, 1991).
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As shown in graphic correlation, a pair of taxa may be grouped together into four range-end

events with 26 possible sequences (Figure. 40).
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Figure. 40: Twenty-six possible arrangements of the four range ends of two taxa when “ties” are

considered (from a standard CONMAN screen analysis). (Sadler, 2009)

A timeline of events is a more accurate estimate of paleologic history than interval zones. It can

be used to select various events for the creation of biostratigraphic interval regions.

The boundaries of the range-end events are only used to avoid getting stuck with events that
can be recorded in the wrong order. This practice is necessary because the events in the local first and

last-appearance events can be diachronous.

The constraints of graphic correlation are used to estimate the range extensions that would

provide the best approximation of the age of true extinction and origin.
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5.8.Constraints from Non-Paleobiologic Events

Other chronostratigraphic events can also be added to the timelines with the help of trial-and-
error procedures. These procedures require that the events have specific rules that can determine their

possible positions.

The concept of correlational horizons refers to layers that can be traced back to the same
locality. For example, ash-fall tuffs with finger-printed traces can be traced back to the same location.

Unlike taxon range ends, these layers' positions are not affected.

The positions of these layers in the timeline are considered to be relative to the events that can't
be adjusted toward them. First-appearances below them must be older than those found above them,

while last-appearances above them must be younger.

The concept of correlational intervals refers to the events that can be traced back to a specific
section but whose location is restricted by a finite uncertainty interval. For instance, seismic reflectors

can't be located to better than a few meters.

Although a correlational horizon can exist in a section within a specified timeline, it can't be
assumed that it actually runs through every section. Instead, it shrinks to fit into a slot instead of
stretching. These intervals serve as a guide in the early stages of the study of chronostratigraphic

history to find the best-fit timelines.

The order in which events have been dated by radioisotopic techniques is determined without

regard to superposition. This is the most powerful constraint on timelines (Sadler, 2006).

From the beginning, the positions of the time-lines and uncertainty intervals must be obtained
with the help of associated faunas. This allows the time-calibration process to be performed without

using biostratigraphic tools (Sadler et al., 2009).

——

]
106 |



CHAPTER IV. CONSTRAINT OPTIMIZATION

Table. 02: Properties and Information Content of Time-Stratigraphic Events. (Sadler, 2013)
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1. Event type 1 should be older than event types 2 and 3, which occur higher in the stratigraphic

section, but it may still exhibit some shifting concerning events below it.

2. Event type 2 needs to be younger than event types 1 and 3, which are situated lower in the

section, but it too may display some shifting concerning events above it.

3. Event type 3 should be younger than event types 1 and 3, which occur lower in the section,

while also being older than event types 1 and 3, which are located higher in the section.

4. The relative age of event type 4 concerning other type 4 events is determined by its placement

on a numerical age scale. It does not necessitate its occurrence within the same section.

5. A dated ash fall event may be presented as a 2-sigma interval within an age-scaled section,
accompanied by other dates. This interval is placed at a single sampled point within a stratigraphic

section based on real thickness scaling.
To describe the relationships between events:

- "Stretch-to-fit" refers to paired events whose spacing may be increased, analogous to using

"jacks" mechanically.

- "Shrink-to-fit" characterizes paired events where their separation can be reduced, similar to

using "clamps" in a mechanical context.
- For events that should not be adjusted, the mechanical analog is "nails."

6. The Traveling Salesman’s Solution

Explains how to solve the biochronological sequencing problem by analogy.
6.1. Traveling Salesman Problems
The TSP (Traveling salesman) is a straightforward optimization problem that seeks to find the

shortest route to each city. It is one of the more difficult problems in the NP-complete series. The

running time for this problem increases exponentially if it is searched for all possible sequences.

——
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In the previous chapter, it was revealed that the timeline problem encountered in paleobiologic
studies was caused by the NP-complete class (Dell et al., 1999). These problems have been studied

for decades and are widely used in various applications.

The time-line problem in paleobiologic studies can be solved by implementing the same
methods used in the other problems in the series. This method is very simple: the taxon range-end
events are the cities, and the net range adjustment is the travel distance. The shortest route is the one

with the lowest adjustment (Kemple et al., 1995).

Compared to the number of ranges end, the number of stratigraphy sections adds to the

computation time. It lengthens the range adjustment calculation, though the increase is linear.

The exact methods for calculating the time-line solution of the TSP become impractical if the
number of range ends exceeds a certain value. There are various heuristic techniques that can be used
to solve this problem in a more reasonable running time. Heuristics refer to methods that are similar
to physical or biological systems, and they are often simpler to implement than mathematical

methods.
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Figure. 41: Four snapshots from a
trial and error solution of a traveling »
sales man problem from a random
starting tour (1) through numerous
random path changes (.. 3..4..) 3 i :' .; i
to the shortest tour (4). (Sadler, T . -’ ¢ . 2" 4
2013)

A well-fitting timeline can be obtained with the use of a trial-and-error strategy. It can be done

while only looking at a fraction of the sequences that are possible.

The initial solution to the TSP is to choose a feasible tour and measure its length (Figure .41).
Then, randomly choose four cities and rearrange their links. Determine the tour's length and make

another change if it's too long or too short. Repeat the process until the route no longer gets shortened.
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Figure. 42a: In this simple and sufficient initial sequence all taxa coexist. (Sadler, 2013)
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Figure. 42b: The smallest mutation option. (Sadler, 2013)
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Figure. 42¢: The most efficient mutation option moves a randomly chosen event to a random

position. (Sadler, 2013)
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CHAPTER IV. CONSTRAINT OPTIMIZATION

The operational definitions of the time-line problem must be provided for both the salesman
and the biostratigrapher. Different heuristics are created to solve this problem. In this chapter, we will
look at how CONOP implements a simulation of the annealing heuristic. Before we can start
implementing the simulated annealing method, we need a definition of the biochronological system

(Figure. 42 a.d).

The events in a timeline that are bound to the constraints of the first appearance event must also
satisfy the constraint that the taxon will not disappear before the last appearance. A biostratigrapher
can also preserve every first appearance event and every observation of coexistence before the last
appearance. The initial guess (Figure. 42 a) suggests that these constraints can be satisfied by
randomly assigning all first-appearance occurrences to the first half of a sequence and then by

randomly assigning all the last-appearance events.

Non-biological events, such as ash fall deposits, are placed in the middle portion of the timeline.
The order of their dated events is constrained so that it matches their numerical ages. On the other

hand, the superposition constraints on these markers prevent adjustment down and up sections.

CONOP offers three different ways to mutate the sequence. The simplest strategy involves
randomly selecting an event in the sequence and then replacing it with the next one (Figure. 42 b).
This method can simplify the calculation of fitness after a mutation, but it becomes more inefficient

as the complexity of the problem increases.

The most practical and efficient way to mutate the sequence is by moving an event at random
into a new position in the sequence (Figure. 42 c). All of the events that are moved by this mutation
then move one place in the other direction (Figure. 42 d). A more extreme variant of this strategy

changes two events at random in the sequence, but this method is not ideal for making adjustments.

6.2. Heuristic Search Strategies

A heuristic search is generated by placing each point in a landscape on a timeline that is different
from the field data and its elevation. The best-fit sequence is at the lowest point since the neighboring
sequences are marked by single mutations. The measure of misfit and the type of mutation that is

allowed vary depending on the topology.
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The search strategies employ a string of steps across the landscape to trail random starting points
to the lowest point. Due to the vastness of the landscape, even small datasets cannot be exhaustive

surveys (Sadler and Cooper, 1993).

The goal of the search is to find the most suitable sequence with the least number of errors and
to generate a map that shows the previous steps taken. At every step, the algorithms perform various
simple operations, such as picking the next trial mutation. They also analyze the fit caused by the

mutation and compare it with the threshold that determines if it should be removed or retained.

The threshold is used to determine which mutations are worth keeping or removing. It only
requires the coordinates of the current and lowest position. It's optional to keep a complete map of
the previous steps. Memory management can slow down the search path depending on the complexity

of the task.

The complexity of the landscape is considered to be a "lunar" because it features numerous
closed depressions that aren't the best-fit points. The search engine has to devise a strategy to find

and avoid such minima.

The strategy can be described as a raindrop. The first step is to start at a random starting point
and follow the path of the elevation changes over time. At each subsequent position, the algorithm
can map the changes in the fitness for a single step. It can also take a steeper downhill step and adopt

the mutation with the greatest fit improvement.

The strategy is most likely to search for the nearest local minimum, which is a sequence with
no chance of improving due to the lack of fit caused by any single mutation. It avoids neighborhood

mapping and blindly follows the first downhill step.

After a few rain-drop searches, the algorithms start with the fittest of them and then periodically
update their hybrid state. In 2001, Zhang and Plotnick developed a genetic algorithm that can fit the
LOC in correlation with the graphic correlation. However, implementing viable hybrids is time-
consuming. In 1995, Kemple and colleagues suggested using a simulation-based strategy known as

simulated annealing (Kirkpatrick et al., 1983).
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6.3. Simulated Annealing

The simulated annealing uses a single landscape searcher. It learns to accept gentle uphill steps

instead of steep ones, gradually losing its tolerance for such paths as the search progresses.

It starts at the beginning and becomes more finely tuned as the task progresses. The algorithm
takes into account the cooling curve effect of the landscape as it accepts gentle uphill steps (Kemple
et al., 1995). The calculation used in the algorithm is based on the Boltzmann equation and the

analogy of building a perfect crystal by cooling and annealing.

A few constraints must be set to ensure that the search will reach the lowest point. These are
similar to the cooling rate and the starting temperature. The CONOP software can handle most of

these. More important decisions are also taken regarding the field data collected after each mutation

The advantage of the simulated annealing strategy is that it doesn't have to follow specific
mathematical limitations when it comes to the selection of fitness formulations (Ingber, 1993). This

allows the algorithm to perform comprehensive biostratigraphical analyses.

Good mutations are also usually found in clusters in random searches. However, in complex
environments, such as multi-dimensional landscapes, the searcher might wander into winding and

steep paths while looking for clues (Glover, 1989).

The concept of a dynamic first-in-first-out shortlisting strategy is to find good mutations that
should be repeated only once and bad ones that should be kept as long as possible. In 1992, Dell and
colleagues were not able to develop a tabu list that could improve the efficiency of the search. Instead,

they used the time saved by trying more mutations.

Various simple strategies can be used to increase the number of beneficial mutations, but these
tend to get the searcher caught in the cooling rate. Increasing the number of temporary deleterious

mutations is very important to improve the fitness of the searcher (Moore and al, 1997)
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Conclusion
In the realm of Chapter IV, we've embarked on a journey through the intricate world of
constraint optimization, unveiling its significance in the pursuit of deeper insights into the ancient
marine life and the Cretaceous Age. As the Middle Cretaceous period unfolded, remarkable
environmental shifts left their mark on Earth's geological history, presenting a unique opportunity to

study the silent testimonies within the shells of ancient marine organisms.

Our explorations in biostratigraphy and biozones revealed the origins, development, and
techniques employed in this field. Biostratigraphy, with its focus on sedimentary layers and the
reconstruction of life's past, is a pivotal cornerstone of geology. The introduction of terms like
biozones and the concepts of FADs (First Appearance Datums) and LADs (Last Appearance Datums)
added depth to our understanding, as we grappled with the diachronous nature of these units. The
power of biostratigraphy to resolve intervals of less than a million years and the cautionary note about

information overload equipped us with essential tools and awareness.

Moving into chronostratigraphy and time-lines, we navigated the challenges posed by the
unsteady process of dating fossils from different eras. The need for composite sections, the
biostratigraphic sequencing problem, and the role of traditional biozones provided us with valuable

insights into unraveling the mysteries of Earth's past.

As we progressed into graphic correlation, we acknowledged its role as a better solution,
emphasizing the incorporation of other events to gain a more holistic understanding of the

stratigraphic record. Yet, we were also mindful of its limitations.

The heart of this chapter, constraint optimization, unveiled a world of complexities and
strategies. From the simplest cases to adding more taxa and weighing the trustworthiness of
information, we explored the intricacies of observed stratigraphic spacing, order, and overlap. The
idea of reworked fossils and the differentiation between assemblage zones and interval zones shed

light on the multifaceted nature of the fossil record.

Finally, the concept of the Traveling Salesman's Solution, with heuristic search strategies and
simulated annealing, demonstrated the importance of optimizing our understanding of the past's

temporal and spatial puzzles.
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CHAPTER V. BIOSTRATIGRAPHY AND PALEOENVIRONEMENT

Introduction
The study of geology takes us on a journey through time, allowing us to unravel the mysteries
of Earth's ancient environments and the remarkable changes that have shaped our planet. In this
fifth chapter, we delve into the biostratigraphy and paleoenvironnementof four distinct sections,
each providing a unique window into the geological history of Algeria's Tebessa Province. These
sections, Djebel Zitouna, Djebel Bekkaria, Blala Oued Meskiana, and Djebel Boulhaf Dir, offer

invaluable insights into the Cenomanian to Turonian stages of the Cretaceous period. (Figure. 43)
Djebel Zitouna:

Our exploration begins at Djebel Zitouna, a prominent mountain located in the eastern
reaches of Algeria, close to the Tunisian border. This section boasts a rich geological tapestry
characterized by sedimentary deposits, including marl, and limestone reminiscent of a shallow
marine environment. Notably, limestone formations dominate the upper part of this section,
revealing various lithofacies, such as marly limestones and bioclastic limestones, teeming with
marine fossils. These fossils provide a crucial glimpse into the persisting shallow marine

environment.

The study of microscopic organisms offers a deeper understanding of the ancient
environments in Djebel Zitouna. With detailed investigations into planktonic foraminifera, keeled
foraminifera, and ostracods from the samples, we discern variations in paleoenvironmental
conditions. This region, in particular, showcases a diversity of paleoenvironments, ranging from
nearshore to deep marine settings, reflecting changes in water depth and proximity to the shore.
The varying degrees of marine depth hint at the intricate tapestry of influences that shaped this

landscape over time.

——
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Figure. 43: Slope map presents the study area with the four sections

Djebel Bekkaria:

Km
15

Djebel Bekkaria, a mountain range situated approximately 15 kilometers southwest of the

city of Tebessa. This locale reveals a similar lithological composition characterized by sedimentary

deposits, including marl, and limestone, attesting to a shallow marine environment. However,

Djebel Bekkaria can be divided into three distinct parts, each representing different ages

and

paleoenvironmental conditions. Notably, the presence of specific ostracods and foraminifera

species offers glimpses into the changing environmental dynamics that unfolded within this region.

Blala Oued Meskiana:

Next, we venture to Oued Meskiana, a district within the city of Blala in Tebessa, where the

lithology primarily comprises marine sediments like limestone, marl, and marly limestone . These

sediments bear witness to a shallow sea environment, where marine organisms such as

foraminifera and rudist bivalves found their final resting places. The presence of fine-grained clay

and silt deposits points to deeper marine conditions.
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Our investigation of samples from the Blala section underscores a predominantly open
marine environment, with planktonic foraminifera dominating the microfossil assemblages.
Variations in Keeled foraminifera percentages shed light on subtle environmental changes,

contributing to our understanding of the regional paleoenvironment.
Djebel Boulhaf Dir:

Finally, we arrive at Djebel Boulhaf Dir, another mountain range in Tebessa, Algeria, where
the lithology consists of limestone beds intercalated with shale and clay layers, indicative of a
predominantly carbonate sedimentary environment. The consistently high percentages of
planktonic foraminifera in the samples hint at a stable marine environment conducive to the

proliferation of planktonic microorganisms.

In summary, our journey through Djebel Zitouna, Djebel Bekkaria, Blala Oued Meskiana,
and Djebel Boulhaf Dir unveils significant variations in paleoenvironments, showcasing the role
of geodynamic factors in shaping these landscapes. The distinct paleoenvironmental conditions
found in close geographic proximity provide a unique opportunity to explore the influence of
tectonics, sea level changes, sedimentary basin evolution, climate, and local geological structures
on the region's diverse landscapes and water depths throughout the Cenomanian to Turonian

stages.

Biostratigraphy serves as our guiding light throughout this chapter, enabling us to pinpoint
specific geological boundaries and understand the paleoenvironnementof these geological
sequences. Different species of microfossils found within each section act as valuable
biostratigraphic tools, offering precise markers for dating rocks and providing insights into the
changing paleoenvironmental conditions that unfolded over time. As we delve deeper into these
sections, our understanding of Earth's ancient past becomes increasingly enriched, illuminating the

intricate tapestry of life that once flourished in these ancient landscapes.
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Djebel Zitouna

1. Geographic location :

Location: Djebel Zitouna, also known as Jebel Zitouna, is a mountain located in the Tebessa
Province of Algeria. It is situated in the eastern part of the country, not far from the border with

Tunisia. (Photo. 01)

Coordinates: The geographic coordinates of Djebel Zitouna are approximately 35.385°N
latitude and 7.310°E longitude.

Description: Djebel Zitouna is a significant geographic feature in the Tebessa Province,
offering scenic beauty and playing a role in the local ecology. It may be of interest to geologists,

ecologists. (Figure. 44)

T

Tunisian

-

Figure. 44: Location of Zitouna section in geological map. (Morssot Geological Map)
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Photo. 01: Panoramic vision of Zitoua section.
2. Lithologic description

Djebel Zitouna featured sedimentary deposits consisting of marl, limestone, and marly

limestone . These sediments were primarily deposited in a shallow marine environment.

The region saw the dominance of limestone formations in the upper part of the section. These
limestones often exhibit various lithofacies, including marly limestones and bioclastic limestones.
The presence of abundant marine fossils in the limestones indicates the persistence of a shallow

marine environment.

The lithologic description of Djebel Zitouna during the Cenomanian to Turonian highlights
the sedimentary nature of the region, emphasizing the influence of a shallow marine environment
in the deposition of limestone and associated sediments. Understanding the tectonic history is
crucial for interpreting the geological evolution of the Tebessa region and Djebel Zitouna during
this time frame. Further research and field studies are essential to provide more detailed insights

into the geologic history of this area.
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3. Paleoenvironnement

Through the study of the distribution and composition of microscopic organisms, it is
possible to gain a deeper understanding of the ancient environments that existed in the sediment

deposition processes. This study focuses on the samples from the Zitouna section. Figure

By reviewing the indices of the different kinds of marine and non-marine fossils, such as the
percentage of planktonic foraminifera, keeled foraminifera, and ostracods, it can categorize these
specimens into paleoenvironmental groups. This comprehensive analysis, which will also explore
the past settings of these organisms, will help to understand the different episodes and section's
history, which provide us with valuable information on the ancient water and landscapes. (Figure.
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Figure. 45: Paleoenvironmental indexes of Zitouna section.
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Interpretations for each subdivision of the paleoenvironmental changes based on the

samples:

> Sample N°=01 reveals distinct features indicative of paleoenvironmental changes.
The low percentage of planktonic foraminifera suggests proximity to the shore, where these
microorganisms are less abundant. High percentages of keeled foraminifera support this
interpretation and imply a relatively shallow, nearshore environment. The balanced percentage of
foraminifera and ostracods signifies a dynamic, mixed environment. The equal distribution of

benthos and planktonic foraminifera further confirms the relatively shallow water depth, suitable

for both groups. The presence of smooth ostracod reflects the nearshore setting. Altogether, this

sample points to a shallow to nearshore environment.

» Sample N°=02 presents a different paleoenvironmental scenario. High percentages of
planktonic foraminifera suggest a deeper marine setting where these microorganisms thrive.
Similarly, high percentages of keeled foraminifera indicate marine conditions. The balanced
percentage of foraminifera and ostracods implies a stable marine environment. The dominance of
foraminifera, particularly planktonic foraminifera, and the high presence of smooth ostracod further
suggest a deeper marine environment. This sample is suggestive of a deeper marine environment.

» Sample N°=03 is unique, reflecting a paleoenvironnementwith mixed influences. The low
percentage of planktonic foraminifera suggests some distance from the open sea. High percentages
of keeled foraminifera imply marine influences. The balanced percentage of foraminifera and
ostracods signifies a complex, dynamic environment. The dominance of foraminifera, particularly
planktonic foraminifera, indicates relatively stable, but not necessarily deep, marine conditions. The
high presence of smooth ostracod supports these interpretations. Sample N°=03 presents a unique
ecological niche with a combination of marine and non-marine influences.

» Samples N°=04 N°=05 provides insights into a different paleoenvironmental context. High
percentages of planktonic foraminifera are indicative of deeper marine waters where these
microorganisms are abundant. In contrast, the low percentage of keeled foraminifera suggests a
more specialized environment. The balanced percentage of foraminifera and ostracods indicates
stable marine conditions. The dominance of foraminifera, especially planktonic foraminifera,
underlines the prevalence of a deep marine environment. The presence of smooth ostracod further

supports this interpretation, suggesting a relatively deep marine setting.
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» Sample N°=06 is characterized by the absence of typical marine microorganisms and
suggests a unique, potentially freshwater or very shallow-water environment. This interpretation
aligns with the provided indexes of 0% for all categories, highlighting the absence of marine

microorganisms and the potential presence of non-marine or very specific ecological conditions.

The absence of marine microorganisms in Sample N°=06 can be attributed to several potential

factors and environmental conditions:

1. Shallow or Non-Marine Setting: The most likely explanation for the absence of marine
microorganisms is that Sample N°=06 represents an environment with very shallow water or non-
marine conditions. Shallow, stagnant water bodies like lagoons, swamps, or even temporary

freshwater pools may not support the typical marine microorganisms found in other samples.

2. Salinity: Changes in salinity can significantly impact the distribution of microorganisms.
The low or variable salinity in the water could deter marine foraminifera and ostracods from

thriving, favoring the development of non-marine microorganisms or causing their absence.

3. Nutrient Levels: Nutrient availability can also play a crucial role. High nutrient levels in the
water may promote the growth of specific microorganisms, while low nutrient levels can limit their
presence. Sample N°=06 might have experienced nutrient conditions unsuitable for marine

microorganisms.

4. Environmental Isolation: The specific location of Sample N°=06 could have isolated it from
the marine environment. It may be situated in an isolated, landlocked area where it does not have

easy access to marine water and the associated microorganisms.

5. Paleoclimate Changes: Long-term climatic changes could have led to shifts in the local
environment, including alterations in temperature, rainfall, and humidity. Such changes might have

made the environment unsuitable for marine microorganisms.

6. Depositional History: The sedimentary history of the area, such as sediment influx,
subsidence, or tectonic activity, could have influenced the preservation and distribution of

microorganisms in this particular sample.

7. Ecological Niche: Sample N°=06 might represent a highly specialized ecological niche
where only specific microorganisms adapted to those conditions can survive, leading to the absence

of others.
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Samples N°=07 N°=08: presents features associated with a deep marine environment. High
percentages of planktonic foraminifera indicate deeper marine conditions. Low percentages of
keeled foraminifera imply specific marine influences. The balanced percentage of foraminifera and
ostracods suggests relatively stable marine conditions. The dominance of foraminifera, particularly
planktonic foraminifera, confirms a deep marine environment. The presence of smooth ostracod
supports this interpretation.These interpretations collectively provide a comprehensive
understanding of the diverse paleoenvironments recorded in the Zitouna section, reflecting changes
in water depth, proximity to the shore, and the influence of marine and non-marine factors over

time.
4. Biostratigraphy:

Based on the characteristics of the section and the presence or absence of specific species, the
section can indeed be divided into three distinct parts, each representing different ages and

paleoenvironmental conditions.
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Figure. 46: Zitouna section range chart.
4.1. Part 1: Dominance of Ostracods (Late Cenomanian to Early Turonian):

In this part, where ostracods dominate, their relatively large size (around 0.35mm) suggests
favorable conditions for their development. Ostracods are often more tolerant of variable salinity
and water depth, and their presence, combined with diverse species, indicates a shallow marine
environment. The larger ostracods may have been well-adapted to this environment, where they

could find sufficient resources and ecological niches to thrive. (Figure. 46)
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In this part of the section, characterized by limestones and marls, several distinct ostracod
species have been identified, providing valuable insights into the Cenomanian-Turonian age. The
diverse ostracod assemblage includes species such as Cytherella parallela, Cytherella ovata,
Macrocypris sp 1, Macrocypris sp 2, Metacetherapteron berburecus, Peloriops zirgensis,
Reticulocosta tarfayaensis, Paracypris dubertreti, Paracypris mdaouerensis, Dolocytheridea
atlasica, Aysegulina selloumensis, Glenocythere triangularis, Parexophthalmocythere rhombusa,

Veeniacythereis Jezzineensis, and Veeniacythereis maghrebensis.

The presence of these ostracod species is indicative of a Cenomanian-Turonian age, a
conclusion reinforced by the co-occurrence of small planktonic foraminifera within the same strata.
Notable foraminifera species in this context include Heteherolix globulosa, Whiteinella
archaeocretacea, Muricohedbergella planispira, and Whiteinella baltica. These microfossils are
invaluable for biostratigraphy and provide a robust basis for dating the rock layers in Djebel Zitouna,
Tebessa, during this specific geological interval. Together, the ostracods and planktonic foraminifera
offer a comprehensive picture of the Cenomanian-Turonian paleoenvironnementand age in this

region, aiding in the reconstruction of past marine conditions and evolution.

The presence of relatively small foraminifera (approximately 63 micrometers) in this part
suggests that these tiny microorganisms coexisted with the ostracods. This may indicate a stable and
well-oxygenated water column, typical of shallow marine settings. The foraminifera could have

been adapted to these conditions, coexisting with the larger ostracods.
4.2. Part 2: Absence of Species:

The complete absence of both ostracods and foraminifera in this part might be linked to
specific environmental conditions. It's possible that this interval experienced unfavorable conditions
for the preservation of microfossils. This could include changes in sediment type, water chemistry,
or even a significant temporal gap in deposition. The absence of any size-specific data in this section
leaves the reasons for this gap open to interpretation.

4.3. Part 3: Rich in Ostracods but Less Diverse with presence of planktonic

foraminifera (Late Cenomanian to Early Turonian):
Part 3 of the section displays some interesting variations in the micropaleontological record.

While ostracods are still present and relatively abundant, the reduced diversity of ostracod species
suggests a shift in the local environment. Notably, the presence of specific ostracod species like

Aracajuia distincta, Aysegulina selloumensis, Cythereis algeriana, Cythereis namousensis, and
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Reticulucosta tarfayensis, which are relatively larger in size (approximately 0.35mm), might
indicate ecological preferences or adaptations to distinct niches within the Late Cenomanian Early

Turonian environment.

The continuity of relatively small foraminifera (approximately 63 micrometers) such as
Heteherolix globulosa, Whiteinella archaeocretacea, Muricohedbergella planispira, Whiteinella
baltica and Rotalipora sp in this part supports the interpretation of a late Cenomanian to Early
Turonian age. It is intriguing to note that these microorganisms were able to coexist with the
ostracods despite the changes in the ostracod community. This could imply that the environmental

conditions remained suitable for these smaller foraminifera.

In summary, the variations in ostracod and foraminifera sizes closely mirror changes in the
paleoenvironnementwithin different parts of the section. The dominance of larger ostracods in the
first and third parts suggests a shallow marine environment with relatively stable conditions. The
presence of relatively small foraminifera in these sections indicates the coexistence of various
microorganisms well-adapted to these environmental conditions. However, the second part's lack of
species may be linked to environmental changes that hindered the preservation of microfossils
during this time frame. These findings contribute significantly to our understanding of the

paleoenvironmental dynamics in Djebel Zitouna , Tebessa, during the Cenomanian-Turonian age.

Djebel Bekkaria

1. Geographic location :

- Location: Djebel Bekkaria is a mountain range located in the Tebessa province of Algeria.

It is approximately 15 kilometers southwest of the city of Tebessa. ( photo. 02)

- Coordinates: The geographic coordinates of Djebel Bekkaria are approximately

35.372°N latitude and 7.054°E longitude. (Figure. 47)

- Description: Djebel Bekkaria is a prominent natural feature in the Tebessa province,
offering scenic beauty and potentially serving as a destination for outdoor activities and

exploration. It is known for its unique geological and ecological characteristics.
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Figure. 47: Location of Djebel Bekkaria in geological map. (Tebessa Geological Map)
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Photo. 02: Panoramic vision of Djebel Bekkaria

2. Lithologic description
Lithologic Description of Djebel Bekkaria (Cenomanian to Turonian)

Djebel Bekkaria was characterized by sedimentary deposits. These included marl,

limestone, and marlylimestone.

Limestone Dominance: In the Turonian period, the region saw a transition to predominantly
limestone formations. These limestones exhibited various lithofacies, including marly limestones
and bioclastic limestones. Abundant marine fossils found within these limestones suggest the

persistence of a shallow marine environment.
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3. Paleoenvironment:

> Samples N°=01 N°=02: These samples suggest a shallow to nearshore
environment. Sample N°=01 shows a balanced distribution of planktonic and benthic foraminifera,
indicating proximity to the shore but not in very shallow waters. The high percentage of keeled
foraminifera hints at some nearshore influence, possibly a coastal environment While both samples
share some characteristics of nearshore influence, the planktonic foraminifera percentages hint at
different degrees of marine depth. Sample N°=01 may represent a relatively shallower nearshore
environment, while Sample N°=02 could correspond to a slightly deeper marine setting. It's
essential to consider these subtle differences when interpreting the paleoenvironment. (Figure. 48)

> Samplel10: suggests a very deep marine environment. The high percentage of
planktonic foraminifera and a low percentage of keeled foraminifera indicate deep water
conditions. The high percentage of smooth ostracod suggests high paleo-salinity, typical of deep
marine settings.

> Sample 13: indicates a moderately deep marine environment with a balanced
distribution of foraminifera and ostracods. The presence of both planktonic and benthos
foraminifera suggests marine conditions with some influence from shallow waters.

> Samples N°=16, N°=17, N°=19, N°=22 and N°=26: These samples represent very
deep marine environments. They display an extremely high percentage of planktonic foraminifera
and a minimal presence of keeled foraminifera and ostracods. These conditions are typical of very

deep marine settings, suggesting open ocean conditions.
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Figure. 48: Paleoenvironmental indexes of Djebel Bekkaria section.

4. Biostratigraphy

The Bekkaria Section, with its rich and diverse fossil assemblage, provides valuable insights
into the paleoenvironnementduring the late Cenomanian and early Turonian stages of the
Cretaceous period. Based on the species found in the section, the biostratigraphy of Bekkaria can
be divided into four distinct parts, each indicative of different environmental conditions and

ages.(Figure. 49)
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4.1. Part 01: Late Cenomanian Ostracod and Keeled Foraminifera Assemblage:

This part of the section presents a remarkable assemblage featuring a diverse range of
ostracod species, including Bythoceratina tamarae, Cythereis Algeriana, Cythereis namousensis,
Paracypris dubertreti, Paracypris mdaouerensis, Dolocytheridea atlasica, Metacytheropteron
berbericus, Veeniacythereis Jezzineensis, and Veeniacythereis maghrebensis. Additionally, some
Keeled foraminifera, like Muricohedbergella planispira and Dicarinella hagni, are also present.
These species collectively point to a late Cenomanian age. The abundance of ostracods, along with
the specific foraminiferal indicators, signifies a unique paleoenvironnementassociated with this

section.

4.2. Part 02: Late Cenomanian to Early Turonian Environment:

In this segment, it observes an assemblage characterized by the coexistence of benthic
foraminifera, particularly lenticulina sabalata, and Keeled foraminifera such as Dicarinella hagni
and Muricohedbergella planispira. Additionally, there is the presence of some ostracods similar to
those found in the first part (Cythereis algeriana, Cythereis namousensis, Paracypris dubertreti,
Paracypris  mdaouerensis,  Dolocytheridea  atlasica, — Metacytheropteron  berbericus,

Veeniacythereis jezzineensis, Veeniacythereis maghrebensis, and Reticulicosta tarfayensis).
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Figure. 49: Djebel Bekkaria section range chart.

This part aligns with the Late Cenomanian to Early Turonian age. The significant

representation of both benthic and Keeled foraminifera within this section indicates specific

paleoenvironmental conditions.

4.3. Part 03: Late Cenomanian to Early Turonian Transition:
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The third part exhibits an intriguing assemblage with the presence of benthic foraminifera,
Keeled foraminifera (such as Dicarinella hagni and Muricohedbergella planispira), and
planktonic foraminifera like Heteherolix Heterohelix globulosa, Whiteinella archaeocretacea,
Muricohedbergella planispira, and Whiteinella baltica. Although the numbers of ostracods, such
as Cytherella sp and Paracypris sp, are relatively smaller and their preservation is suboptimal, the
fossil assemblage still points to the late Cenomanian age. The presence of all three foraminiferal
groups suggests complex and dynamic paleoenvironmental conditions during this transitional

period.

4.4. Part 04: Early Turonian Environment:

The fourth part is characterized by the abundance of foraminifera including Heteherolix
Heterohelix globulosa, Whiteinella archaeocretacea, Muricohedbergella planispira, and
Whiteinella baltica. Notably, these foraminifera are exceptionally well-preserved and relatively
large, indicating highly favorable environmental conditions. The species encountered in this part
provide strong evidence of an Early Turonian age, signifying a significant change in the

paleoenvironnementthat favored the proliferation of these larger microorganisms.

The biostratigraphy of Bekkaria section, as revealed by the species distribution in these four
parts, not only provides valuable information for dating rocks within the late Cenomanian and
early Turonian intervals but also highlights the changing paleoenvironmental conditions and
ecological dynamics that occurred during this period. The presence and abundance of different

species within each part offer a glimpse into the complex history of this region.

Blala Section (Oued Meskiana)

1. Geographic location :

Location: Oued Meskiana is a district within the city of Blala in the Tebessa Province of
Algeria. Coordinates: The geographic coordinates for Oued Meskiana in Blala, Tebessa, are

approximately 35.414°N latitude and 7.401°E longitude. (Photo. 03)

Description: Oued Meskiana, as a district within Blala, contributes to the cultural and
residential aspects of this region. It is strategically located near Blala city of the Oum EIl Boighi

Province. (Figure. 50)
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Photo. 03: Panoramlc view of the Oued Meskiana Section in the study area

2. Lithologic description:

The Oued Meskiana region’s, lithology primarily consists of marine sediments. These
sediments include limestone, marl, and marly limestone , reflecting the influence of a shallow sea.
Fossilized marine organisms such as foraminifera and rudist bivalves are commonly preserved in

these rocks.
Paleoenvironment:

The collected data from the samples suggests that the Blala section represents a
predominantly open marine environment with a significant presence of planktonic foraminifera.
The dominance of foraminifera over ostracods in most samples indicates favorable conditions for
foraminiferal growth. The varying percentages of Keeled foraminifera may reflect changing
environmental conditions or ecological preferences of different foraminiferal groups. Overall,
these indexes provide valuable information about the paleoenvironnementof the Blala section,

characterized by a predominance of planktonic foraminifera in a marine setting. This suggests a
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consistent marine environment with potential variations or subtle influences that need further
investigation for a comprehensive understanding of the paleoenvironnementin this region. (Figure.

51)
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Figure. 51: Paleoenvironmentalindexes of Oued Meskiana section

3. Biostratigraphy:

The presence of these species, such as Anaticinella multiloculata, Dicarinella hagni,
Heteherolix globulosa, Muricohedbergella planispira, Whiteinella baltica, and Whiteinella

arceocretacea, in the Blala section confirms the late Cenomanian to early Turonian age of the rock
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sequence. These species have a relatively narrow temporal range and are excellent biostratigraphic

markers for dating rocks within this interval.

The consistent presence of these species across multiple samples suggests a relatively stable
and well-oxygenated marine environment during this time period, which is consistent with the

characteristics of the late Cenomanian and early Turonian stages. (Figure. 52)
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Figure. 52: Oued meskiana section range chart
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In summary, the presence of these species in the Blala section provides robust
biostratigraphic evidence for the late Cenomanian to early Turonian stages of the Cretaceous
period. These species are valuable tools for dating rocks within this interval and are used to refine
age determinations with high precision. The consistent presence of these well-documented index
fossils across multiple samples in the section strengthens the reliability of the biostratigraphic
assessment and contributes to a better understanding of the geological history of the area during

this time period.
Djebel Boulhaf Dir
1. Geographic location:

Location: Djebel Boulhaf Dir is another mountain range located in the Tebessa province of
Algeria. The exact geographical coordinates can vary depending on specific points within this

mountain range. (Photo. 04)

Coordinates: Generally, Djebel Boulhaf Dir can be located around 35.4046°N latitude and
7.7376°E longitude.Description: Djebel Boulhaf Dir Tebessa is an extensive mountain range,

known for its diverse landscapes, including rocky terrain and lush valleys. (Figure. 53)

-----
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Figure. 53: Location map of Djebel Boulhaf Dir in the geological map (Morsott geological Map)
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Photo. 04: Picture of Djebel Boulhaf Dir section in field

2. Lithologic description:

The lithology of Djebel Boulhaf Dir in Tebessa, Algeria, reflects a sedimentary sequence
primarily composed of limestone beds intercalated with shale and clay layers, indicative of a
predominantly carbonate sedimentary environment occasionally influenced by fine-grained
sediment input. The sedimentary rocks contain an abundance of well-preserved microfossils,
including foraminifera, ostracods, and planktonic microorganisms, which serve as valuable
biostratigraphic markers and provide insights into the paleoenvironmental conditions of the ancient
marine setting. The presence of various bedding structures and occasional chert nodules hints at
dynamic depositional conditions and possible fluctuations in water energy. This lithological
diversity and exceptional fossil preservation contribute to our understanding of the geological

history and environmental dynamics during the Cenomanian-Turonian age in this region.
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3. Paleoenvironment:

The consistently high percentages of planktonic foraminifera in all samples (ranging from
94% to 99%) suggest a marine environment with stable conditions conducive to the proliferation
of planktonic microorganisms. This marine setting is further substantiated by the low Keeled
foraminifera percentages (ranging from 12% to 23%), indicating minimal influence from shallow-

water or nearshore conditions. (Figure. 54)
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Figure. 54: Paleoenvirmental indexes of Djebel Boulhaf Dir section.

Moreover, the high percentages of foraminifera (ranging from 82% to 98%) in these samples

highlight the dominance of foraminiferal assemblages in this deep marine environment. The
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abundance of foraminifera is consistent with a well-oxygenated marine setting, which is typically
associated with deep waters. The limited presence of ostracods (ranging from 2% to 18%) and
their absence in some samples indicate that these microorganisms may not have been favored in
this particular paleoenvironment. Additionally, the complete absence of smooth ostracod and
orlemented ostracods confirms the relatively pristine marine conditions, with minimal terrestrial

influence.

In summary, the Djebel Boulhaf Dir section reflects a consistently deep marine
paleoenvironnementduring the Cenomanian-Turonian period, characterized by stable marine

conditions, well-oxygenated waters, and limited influence from terrestrial or nearshore factors.
4. Biostratigraphy:

The microfossil assemblages found in all the studied samples from the Dyr section are
remarkably consistent, implying both a uniform paleoenvironnementand temporal range. These
samples exhibit common microfossil constituents, notably featuring ostracods such as Cytherella
and Paracypris, as well as planktonic foraminifera including Dicarinella hagni, Dicarinella sp,
Heterohelix globulosa, Heterohelix spl, Muricohedbergella planispira, Mericohedbergella
doloriensis, Whiteinella baltica, and Whiteinella archaeocretacea. Collectively, these microfossils
point to a chronological span encompassing the late Cenomanian to the early Turonian stages of
the Cretaceous period. The consistent microfossil content reaffirms the reliability of the
biostratigraphic data, shedding light on the stable paleoenvironmental conditions that persisted
throughout this time frame in the Djebel Boulhaf Dir section. This shared microfossil inventory
enhances the precision of dating and understanding the geological record within this specific

interval. (Figure. 55)
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Figure. 55: Djebel Boulhaf Dir section range chart.

Paleoenvironment:
In the study of four sections (Djebel Zitouna, Djebel Bekkaria, Blala Oued Meskiana, and
Djebel Boulhaf Dir), significant variations in paleoenvironments become evident. The presence of
ostracods in the Zitouna and Bekkaria sections suggests that these areas represent shallow-water

environments. In contrast, the Blala and Dir sections reflect open marine environments. These
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sections, located in close proximity to each other and characterized by similar rock types, reveal

distinct paleoenvironments.

Djebel Zitouna:

The study of the Zitouna section highlights the utility of microscopic organisms in
understanding ancient environments. Examination of planktonic foraminifera, Keeled
foraminifera, and ostracods in the samples allows the categorization of paleoenvironmental groups.
Sample N°=01 indicates a relatively shallow nearshore environment with a dynamic mix of
microorganisms. Sample N°=02 suggests a deeper marine environment with planktonic
foraminifera dominance. Sample N°=03 presents a unique, mixed environment with both marine
and non-marine influences. Samples N°=04 and N°=05 point to a deep marine environment.
Sample N°=06 reflects potentially freshwater or very shallow-water conditions, while Samples
N°=07 and N°=08 indicate deep marine settings. These interpretations collectively provide a
comprehensive understanding of the diverse paleoenvironments in the Zitouna section, reflecting
changes in water depth, proximity to the shore, and the influence of marine and non-marine factors

over time.

Djebel Bekkaria:

Djebel Bekkaria is divided into distinct parts. Part 1, dominated by ostracods, reflects a
shallow marine environment. The presence of relatively large ostracods suggests favorable
conditions for their development. Part 2, with the absence of some species, might indicate
unfavorable environmental conditions for microfossil preservation. Part 3, rich in ostracods but
less diverse, suggests a shift in the local environment. Specific ostracod species indicate changes
within the Late Cenomanian to Early Turonian setting. The presence of small foraminifera suggests
stable, well-oxygenated water conditions despite the changes in the ostracod community. These
findings offer insights into the Cenomanian-Turonian paleoenvironnementand the coexistence of

different microorganisms.

Blala Oued Meskiana:
The Blala section represents a predominantly open marine environment. The dominance of
planktonic foraminifera, indicating favorable conditions for these microorganisms. Variations in
Keeled foraminifera percentages may reflect changing environmental conditions or ecological

preferences. This section provides valuable insights into a consistent marine environment with
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subtle variations that warrant further investigation for a comprehensive understanding of the

paleoenvironment.

Djebel Boulhaf Dir:

Djebel Boulhaf Dir consistently indicates a deep marine paleoenvironnementduring the
Cenomanian-Turonian period. High percentages of planktonic foraminifera and low Keeled
foraminifera suggest a stable marine setting with minimal influence from shallow waters. The
dominance of foraminifera underscores a well-oxygenated marine environment associated with
deep waters. The limited presence of ostracods and their absence in some samples confirm the

pristine marine conditions with minimal terrestrial influence.

These findings highlight the influence of different paleoenvironmental conditions within
close geographic proximity and underscore the importance of microfossils in deciphering ancient
environments. The variations in paleoenvironments may be linked to paleogeodynamic factors,
such as tectonics, sea level changes, sedimentary basin evolution, climate, and local geological

structures, which collectively shaped the region's diverse landscapes and water depths over time.

Biostratigraphy

In the study of the four sections, Djebel Zitouna, Djebel Bekkaria, Blala Oued Meskiana,
and Djebel Boulhaf Dir, biostratigraphy has played a pivotal role in determining chronological
limits and understanding the paleoenvironnementof these geological sequences. Notably, different
species of microfossils found in each section have been utilized as biostratigraphic tools to pinpoint
specific geological boundaries. In Djebel Zitouna, for instance, the presence of ostracods, such as
Cytherella parallela, Cytherella ovata, and Macrocypris sp, coexisting with planktonic
foraminifera like Heterohelix globulosa, Whiteinella archaeocretacea, and Whiteinella baltica, has
provided key evidence for identifying the Cenomanian-Turonian limit. Similarly, in Djebel
Bekkaria, diverse species, including Bythoceratina tamarae, Cythereis Algeriana, and
Metacytheropteron berbericus, in combination with Keeled foraminifera like Dicarinella hagni
and Muricohedbergella planispira, have been crucial in dividing the section into parts, each
indicative of different ages and environmental conditions. Furthermore, in Blala Oued Meskiana,
species such as Anaticinella multiloculata, Dicarinella hagni, Heterohelix globulosa, and
Whiteinella arceocretacea have consistently confirmed the late Cenomanian to early Turonian age,
serving as precise biostratigraphic markers. Finally, the remarkable consistency in microfossil

assemblages across all samples in Djebel Boulhaf Dir, featuring ostracods and planktonic
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foraminifera like Dicarinella hagni and Whiteinella archaeocretacea, has further cemented the
conclusion of a chronological span encompassing the late Cenomanian to early Turonian stages.
Collectively, these different species, strategically employed as biostratigraphic tools, have enabled
the delineation of limits and provided valuable insights into the changing paleoenvironmental
conditions and ecological dynamics that unfolded within each section, contributing to a

comprehensive understanding of the geological history in this region. (Figure. 56)
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Conclusion
Studying the Geodynamical Frame and Cretaceous Anoxic Events in the Tébessa region, the
conclusion of this chapter on Biostratigraphy and Paleoenvironnementis of utmost importance. It
provides a pivotal summary of the findings and their implications for understanding the geological

history and environmental dynamics in this critical area.

In the pursuit of our study, we ventured into the heart of the Cretaceous period, exploring
four distinct sections: Djebel Zitouna, Djebel Bekkaria, Blala Oued Meskiana, and Djebel Boulhaf
Dir. These sections, each bearing a unique geological fingerprint, have unveiled invaluable insights

into the past paleoenvironments and their transformation over time.

Djebel Zitouna, a mountain located near the Tunisian border, unveiled the presence of a
diverse range of paleoenvironments, varying from nearshore to deep marine settings. Microscopic
organisms, such as planktonic foraminifera, Keeled foraminifera, and ostracods, played a critical
role in categorizing these paleoenvironmental groups. This dynamic range underscores the
complex interplay of local factors, such as tectonics and sea level fluctuations, that have shaped

this landscape.

Our journey then led us to Djebel Bekkaria, revealing distinct parts reflecting different ages
and environmental conditions. The presence of specific ostracods and foraminifera species
provided key evidence of changes within the Late Cenomanian to Early Turonian setting. The
richness of microfossils allowed us to decipher the complex puzzle of coexisting microorganisms

in this region.

Blala Oued Meskiana, located in the district of Blala, gifted us with a predominantly open
marine environment. The dominance of planktonic foraminifera in the microfossil assemblages
was indicative of a consistent marine environment, while variations in Keeled foraminifera

percentages offered glimpses into subtle environmental changes.

Finally, our exploration reached Djebel Boulhaf Dir, characterized by its deep marine
paleoenvironnementduring the Cenomanian-Turonian period. Planktonic foraminifera dominated,
underscoring a well-oxygenated marine setting, free from the influence of shallow waters. The
consistent microfossil content across all samples reaffirmed a chronological span, providing a

consistent snapshot of the past.
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As we weave these findings together, it is evident that the Tébessa region has played host to
a diverse array of paleoenvironments, each carefully documented through biostratigraphy. This
microfossil-based approach has enabled us to pinpoint specific geological boundaries, confirm the
ages of rock sequences, and gain a comprehensive understanding of the changing environmental

conditions and ecological dynamics that unfolded within these sections.

In conclusion, this chapter underscores the dynamic nature of the Cretaceous
paleoenvironments in the Tébessa region, intricately linked to the geodynamical frame. The
variations in paleoenvironments are a testament to the ever-changing landscape of Earth,
influenced by factors such as tectonics, sea level changes, sedimentary basin evolution, climate,
and local geological structures. These findings illuminate the complex geological history of the
Tébessa region and provide a solid foundation for our overarching thesis on Geodynamical Frame
and Cretaceous Anoxic Events. They highlight the importance of understanding past
environmental changes, which, in turn, inform our knowledge of Earth's geological processes and

patterns.
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GENERAL CONCLUSION

The journey through the comprehensive study titled "Geodynamical Frame and Cretaceous
Anoxic Events: Study Area Tébessa" has taken us deep into the heart of Earth's geological history
and the enigmatic Middle Cretaceous period. This thesis comprises multiple chapters, each

contributing essential pieces to the puzzle of the past.

In Chapter 01, the foundation was set for our investigation into the geodynamic and
paleoenvironmental aspects of the Middle Cretaceous in Algeria's Tebessa region. The significance
of this geological epoch, marked by its unique climate and the enigmatic Oceanic Anoxic Event 2
(OAE2), was highlighted. Insights into lithological, biological, and chemostratigraphic changes
resulting from the global transgression were offered. The Tebessa region, nestled within the
Saharan Atlas, was introduced as our geological canvas. The chapter framed our research within
the geographical context and shed light on the northern part of Algeria within the Maghreb region.
The rich literature review on the study area provided a historical backdrop for our research. Chapter
01 set the stage for further exploration of the geological and paleoenvironmental history of this
region, unveiling the secrets of the Middle Cretaceous through the microscopic worlds of

foraminifera and ostracods.

In Chapter II, an exhaustive exploration of geological, paleontological, and stratigraphic
history was conducted through meticulous fieldwork and advanced laboratory methods. Field
methods played a pivotal role in our study, systematically collecting marl samples and assembling
a valuable collection of ammonites and bivalves. Laboratory methods included innovative
approaches for the treatment and analysis of marl specimens, revolutionizing our understanding of
sedimentary deposits. The chapter showcased the multi-disciplinary nature of our research and its

significant contribution to the broader understanding.

Chapter III delved into the microscopic world of ostracods, tiny time capsules that hold a
key to the Earth's past. These crustaceans, found in both marine and non-marine environments,
serve as valuable indicators in various scientific disciplines, including paleontology, limnology,
and molecular biology. With over 65,000 known living and fossil species, their diversity provides
a wealth of data for researchers. The chapter illuminated the significance of ostracods in
understanding metazoan evolution, sexual development, and their application in modern scientific

research.
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In Chapter IV, we navigated the intricacies of constraint optimization, a vital tool for gaining
deeper insights into the ancient marine life and the Cretaceous Age. Our explorations in
biostratigraphy and biozones revealed the origins and techniques in this field. We ventured into
chronostratigraphy and time-lines, exploring the challenges of dating fossils from different eras.
Graphic correlation was examined as a better solution, and the complexities of constraint
optimization were unveiled, offering a powerful method for understanding the past's temporal and

spatial puzzles.

Chapter V, focusing on biostratigraphy and paleoenvironment, provided an essential
summary of our journey through the Cretaceous period in the Tébessa region. The unique
paleoenvironments of Djebel Zitouna, Djebel Bekkaria, Blala Oued Meskiana, and Djebel Boulhaf
Dir were explored through microfossils, offering insights into the dynamic interplay of local
factors that shaped this landscape. The chapter underscored the importance of biostratigraphy in
pinpointing geological boundaries, confirming rock sequence ages, and comprehending changing

environmental conditions and ecological dynamics.

In conclusion, this multi-chaptered thesis has unveiled the secrets of the Middle Cretaceous
period, taking us on a journey through time, from the microscopic worlds of ancient marine life to
the intricacies of geological processes. These chapters collectively contribute to our understanding
of Earth's geological history, the impact of environmental changes, and the significance of regions
like Tébessa within the broader context of our planet's evolution. This comprehensive study serves
as a testament to the importance of interdisciplinary research, where geology, paleontology, and
various scientific disciplines converge to paint a vivid portrait of Earth's past, enriching our

understanding of the world we inhabit today.
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Recommendations
1. Continued Research: Encourage further research into the Tebessa region's geological and
paleoenvironmental history. Suggest that future studies build upon the foundation you've laid to

gain a more comprehensive understanding of this area's past.

2. Cross-Disciplinary Collaboration: Promote collaboration among researchers from diverse
fields, including geology, paleontology, microbiology, and geochemistry. The multidisciplinary

approach has been valuable in the research and can continue to yield meaningful insights.

3. Advanced Analytical Techniques: Recommend the incorporation of cutting-edge
laboratory techniques and methodologies to enhance the precision and scope of research. Stay
updated on innovations in sedimentological analysis, fossil extraction, and mineralogical

identification.

4. Regional and Global Context: Encourage researchers to place their findings within the
broader context of regional and global geological and paleoenvironmental histories. This will help

identify connections and patterns across different areas.

5. Data Sharing and Repositories: Suggest the creation of centralized data repositories to
store research findings and data for future reference. Open-access data sharing can foster

collaboration and accelerate scientific progress.

6. Outreach and Education: Promote the dissemination of research findings to the public and
within educational institutions. Raise awareness about the importance of geological and

paleontological studies, and inspire the next generation of scientists.

7. Environmental Conservation: Recognize the need to assess how current environmental
changes may mirror or differ from those in the past. Advocate for the application of historical data

to inform modern conservation efforts and sustainable practices.

8. Conservation of Fossil Sites: Stress the significance of preserving fossil-rich sites in the
Tebessa region and the need for local and national authorities to protect these areas from potential

destruction due to urbanization or resource extraction.

9. International Collaboration: Highlight the potential benefits of international collaboration
in studying regions with shared geological and paleoenvironmental histories. Collaboration with

neighboring countries can provide a broader understanding of the geological past.
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10. Societal Impact: Emphasize the practical implications of this research on society, such
as understanding geological processes, predicting environmental changes, and making informed

decisions regarding land use and resource management.

11. Address Limitations: Acknowledge any limitations or challenges encountered during this

research and encourage future researchers to find innovative solutions to overcome these obstacles.

12. Continuous Monitoring: Suggest the importance of continuous monitoring of geological
and environmental changes in the Tebessa region. This ongoing research can provide valuable

insights into the area's dynamic history.

13. Document Indigenous Knowledge: Explore the possibility of collaborating with local
communities to document indigenous knowledge about the geological and environmental history

of the Tebessa region, which could complement scientific research.

14. Interdisciplinary Training: Advocate for the inclusion of interdisciplinary training in
geology and paleontology programs, enabling future researchers to engage effectively in cross-

disciplinary research.

15. Policy Impact: Encourage engagement with policymakers and government authorities to
ensure that the findings from my research inform policies related to land use, environmental

conservation, and geological heritage protection.

These recommendations will help guide future research and ensure that the knowledge
gained from the thesis continues to contribute to our understanding of Earth's geological history

and environmental dynamics.
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Plate 01
1. Paracypris mdaouerensis, Left Valve, Zitouna, Bekkaria Sections
2. Dolocytheridea atlasica, Left Valve, Zitouna, Bekkaria Sections
3. Cytherella granulosa, Right Valve, Zitouna Section
4. Bythoceratina tamare, Left Valve, Zitouna Section
5. Bythoceratina tamare, Dorsal View, Zitouna Section
6. Metacytheropteron berbericus, Dorsal View, Zitouna Section, Bekkaria sections
7. Aracajuia distincta, Left Valve, Zitouna Section
8. Cytherella sp, Right Valve, Zitouna section
9. Metacytheropteron berbericus, Right Valve , Zitouna Section, Bekkaria sections
10. Sapucariella adunca, Left Valve, Blala Section
12. Bairidia sp , Left Valve, Zitouna Section
13. Metacytheropteron berbericus, Left Valve , Zitouna, Bekkaria Sections
14. Cytherella ovata, Right Valave, all Sections

15. Bythocypris sp, Dorsal View, Zitouna Section
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Plate 02

01 Cythereis sp , Right Valve, Zitouna section

02.
03.
04.
05.
06.
07.
08.
09.
10.
I1.
12.
13.
14.

Parexophthalmocythere rhombusa, Right Valve, Zitouna section
Veeniacythereis maghrebensis, Ventral View, Zitouna, Bekkaria Sections
Cythereis algeriana, Right Valve, Zitouna, Bekkaria sections

Cythereis namousensis, Left Valve, Zitouna Section.

Reticulocosta tarfayansis, Left Valve, Zitouna, Bekkaria Sections
Veeniacythereis maghrebensis, Right Valve, , Zitouna, Bekkaria Sections
Veeniacythereis jezzineensis, Interior Right Valve

Veeniacythereis jezzineensis, Ventral View, Zitouna, Bekkaria Sections
Reticulocosta tarfayansis, Left Valve, Bekkaria, Zitouna Sections
Glenocythere triangularis, Left Valve, Bekkaria

Pelpriops sp, Left Valve, Zitouna Section

Pelpriops sp, Left Valve, Zitouna Section

Pelpriops sp, Right Valve, Zitouna Section
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Plate 03:

01. Rotalipora cushmani, Spiral View, Zitouna Section

02. Rotalipora Cushmani , umbilical view, Zitouna Section
03. Heterohelix Heterohelix globulosa, Spiral View, All Sections.
04. Whiteinella archaeocretacea, Spiral View, All sections.
05. Whiteinella archaeocretacea, Spiral View, All sections.
06. Heterohelix sp, , All Sections.

07. Muricohedbergella sp, Spiral View, All sections.

08. Whiteinella baltica, Spiral View, All Sections

09. Dicarinella sp, Spiral View, All Sections

10. Anaticinella multiloculate, Spiral View, All Sections.

11. Whiteinella sp, Spiral View,Blala Section.

12. Whiteinella baltica, Spiral View, All Sections

13. Heterohelix globulosa, , All Sections.
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Plate 03

01 Mudstone

02 Wakestone with foraminifera

03 Wakestone with foraminifera

04 Wakstone with foraminifera

05 Mudstone a wakestone with oxidation

06 Wakestone with foraminifera
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Plate 05

07 Wakestone with foraminifera
08 Wakestone with foraminifera
09 Grainstone

10 Grainstone with microfossil
11 Wackestone with foraminifera

12 Wakestone with foraminifera
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