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Abstract

Accurate source rock characterizations via geochemical
and optical methods require advanced knowledge of the
processes of their formation and the factors that control
their development. The current chapter starts by address-
ing the fundamentals of sedimentary organic matter’s
origin and chemical compositions and how they interact
with the atmosphere, lithosphere, and hydrosphere
through comprehensive elucidations of the biogeochem-
ical cycles of carbon, nitrogen, sulfur, and phosphorus.
Then, it discusses the deposition and transportation of
organic matter in different habitats and the physical and
chemical factors that affect its preservations. The third
part of the chapter provides insights into the kerogen
formation pathways, classifications, and alteration pro-
cesses. Finally, the chapter introduces the common
terrestrial and marine source rock depositional environ-
ments and the processes that control the organic produc-
tivity and source rock development richness and quality.
The knowledge in this chapter represents a reliable base
for accurate source rocks and petroleum data interpreta-
tions. Furthermore, it can assist in explaining the changes
in organofacies and thermal maturity, identifying sweet
spots in unconventional resources, types of generated
hydrocarbons (sweet versus sour oils), and maturing basin
modeling calibrations.
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1 Introduction

Source rocks are fine-grained sedimentary carbonate or
siliciclastic rocks that are rich in organic matter and are
expected to generate fluid hydrocarbons upon attaining
sufficient thermal maturity (Littke et al., 1997). They are an
essential petroleum system element whose organic matter,
mineralogical compositions, and thermal maturity determine
generated fluids' chemical and physical properties. The focus
in the last two decades on unconventional resources, such as
gas and oil shale plays, has advanced source rock charac-
terization methods. These methods investigate controls over
quantity, quality, thermal maturity, and hydrocarbon gener-
ative potential of organic matter, which, among other factors,
control sweet spots and their properties. Furthermore, sev-
eral new assessment parameters and techniques have
advanced and matured basin modeling and petroleum sys-
tems analysis, resulting in minimizing petroleum charge risk.
Examples of recent advancements in source rock character-
izations methods are found in (Romero-Sarmiento et al.,
2013; Inan et al., 2017; Ghassal et al., 2017; Maende et al.,
2017; Al-Hajeri et al., 2020). In order to use state-of-the-art
technologies effectively, a comprehensive understanding of
source rock formation mechanisms is essential. The current
chapter reviews the source rock development in various
depositional environments by providing detailed insights
into organic matter composition, types, and factors control-
ling their preservation and hydrocarbon productivities.
Understanding all aspects of sedimentary organic matter
formation is the primary step toward advanced source rock
assessment. Hence, the chapter synopses the classification,
biogeochemical cycles, and the processes that produce,
preserve, and transport organic matter in different geological
environments. Knowing the exact chemical compositions of
kerogens in potential source rocks allows for an accurate
prediction of potentially generated hydrocarbons. Moreover,
the kerogen chemistry characterization enables better deter-
mination of generation kinetics and thermal maturity
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windows for the different hydrocarbon products (Dieckmann
et al., 2000; Pepper & Corvi, 1995).

Organic matter and its related hydrocarbons are com-
posed mainly of hydrogen, carbon, oxygen, sulfur, nitrogen,
phosphorous, and other elements. The cycles of these ele-
ments in nature play crucial roles in the evolution of sedi-
mentary organic matter throughout geological history
(Summons, 1993). Thus, the dynamics and the reactions of
each of these elements in the different Earth pools impact the
productivity and preservation of organic matter and, conse-
quently, the generation, type (e.g., oil versus gas), and
quality of hydrocarbons (e.g., sweet versus sour).

Sedimentary organic matter undergoes a series of pro-
cesses that include productivity, deposition or transportation,
and then preservation or decomposition. These processes are
followed by kerogen formation via diagenesis, catagenesis,
and, finally, metagenesis, depending upon the subsurface
processes and conditions. The kerogen formation and ther-
mal maturity pathways differ based on the depositional
environments. The current review covers both the organic
geochemistry and palynology aspects related to sedimentary
organic matter formation and evaluation.

2 Origin of Sedimentary Organic Matter

Organic matter varies in chemical composition depending on
the original biological precursor. These compositional dif-
ferences, together with the syn- and post-depositional con-
ditions, determine the levels of its preservation. Thus, the
biological and biogeochemical processes in different envi-
ronments throughout the Earth’s history are primary controls
on the type of organic matter in any specific locality in time
and space.

According to several properties, such as their morphology
and physiological and biochemical capacities, the organisms
are classified into main taxonomic groups (Summons, 1993).
The three domains of organisms are archaea, bacteria, and
eukarya (Woese et al., 1990), as in Fig. la.

Prokaryotes are unicellular, tiny spheroidal bodies rang-
ing in size from 0.1 to 5 pm (Summons, 1993). They lack a
membrane-bound nucleus, mitochondria, and chloroplast.
Their extremely flexible metabolic and respiratory systems
enable them to live and adapt to aerobic and anaerobic
conditions. Some obtain their energy from chemical sources
(Fig. 1b). They include the archaea and bacteria domains.
These characteristics allow the prokaryotes to survive over 4
billion years (Gregory & DeSalle, 2005; Magalon et al.,
2012).

Archaebacteria are prokaryotes that mostly occupy
extreme environments, such as hypersaline and volcanic
settings (Parker, 2001). The three main examples of archae-
bacteria are methanogens, halophilic, and thermophilic. First,
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methanogens are anaerobic archaebacteria that produce
methane from the conversion of CO,, hydrogen, formate,
acetate, and other simple carbon compounds (Summons,
1993). Their growth depends on the temperature and absence
of oxygen. Second, the halophilic archaebacteria are aerobic
and inhabit hypersaline environments (Irwin, 2020). Third,
the thermophilic sulfate-dependent archaebacteria are either
aerobic or anaerobic. They occupy very high-temperature or
sulfide-rich environments (Summons, 1993).

Eukaryotes, on the other hand, contain a
membrane-bound nucleus, mitochondria, and chloroplast.
Unlike prokaryotes, they are multicellular and have larger
cell sizes that range from 10 to 100 pm (Summons, 1993).
They include animals, plants, fungi, and protists (Parker,
2001; Summons, 1993). The latter are unicellular or form
simply organized colonies. The microorganisms, which are
prokaryotes and protists, constitute the vast majority of liv-
ing biomass. They are the most prevalent organisms
throughout the Earth's history and extend over broad geo-
graphic areas and environments (Summons, 1993).

The availability of carbon type (e.g., organic and inor-
ganic), energy resources, and chemical substances classifies
the microorganisms based on their biochemical capacities,
which in turn determine their habitats (Fig. 1c¢). For exam-
ple, autotrophs utilize inorganic sources, such as CO,, NO;3 ",
or HCOj5 ', to generate new biomass. They either reduce CO,
through energy obtained from sunlight, hence called pho-
totrophs, or through inorganic reactions, hence called
chemoautotrophs (Sage, 2008). The phototrophs use photo-
synthesis to convert CO, to carbohydrates. They are the
primary producer of organic matter. The prokaryotes
cyanobacteria and purple and green photosynthetic bacteria
are typical examples of phototrophs, while algae and higher
plants represent eukaryotic phototrophs (Summons, 1993).

Conversely, heterotrophic organisms cannot produce their
food and rely on other organic sources (Gaedke, 2021).
Therefore, they return the organic carbon into the geosphere
mainly through organic carbon oxidation to obtain energy
through various processes. They play significant roles in
biogeochemical cycles. The aerobes are heterotrophic
organisms that utilize oxygen as an oxidant. Furthermore,
anaerobes are organisms that use nitrates or sulfates to oxi-
dize organic matter. Typical examples of heterotrophic
organisms include heterotrophic bacteria and fungi (Ritz,
2005; Summons, 1993).

2.1 Organic Matter Compositions

Biomass is composed mainly of proteins, carbohydrates,
lignin, and lipids (Fig. 2) (Selly, 1998). The proportions of
these components determine the organic matter types and
their stability under various geological conditions. Proteins
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Fig. 1 Classification of organisms based on a) three domains of life, b) cell types, and ¢) biochemical capacities

are composed of carbon, hydrogen, oxygen, and nitrogen
with little sulfur and phosphorous in mostly 20 amino acid
types. They predominantly exist in animals (Selly, 1998) and
account for most of the nitrogen found in organic matter
(Killops & Killops, 2013). Proteins constitute a significant
fraction of organic nitrogen in organisms (Killops & Killops,
2013).

Carbohydrates occur in most organisms as an essential
energy source. They encompass only carbon, hydrogen, and
oxygen, with the basic formula Cn(H,O)n. They include all
sugars, such as glucose, and other polymers, such as cellu-
lose, starch, and chitin (De Leeuw and Largeuw, 1993).

Lignins are dominant constituents in higher plants and are
not common in animals. They constitute 20 to 30% of



B. I. Ghassal and H. El Atfy

Fig. 2 Summary of chemical
classes found in organic matters,
see text for references

Proteins

are composed of carbon, hydrogen, oxygen, and nitrogen with little sulfur
and phosphorous in mostly 20 amino acid types. They account for most of the

nitrogen found in organic matter.

Carbohydrates

encompass only carbon, hydrogen, and oxygen, They include all sugars such
as glucose and other polymers such as cellulose, starch, and chitin.

are dominant materials in higher plants and not common in animals. They
constitute 20 to 30% of vascular tissue components and are composed
primarily of several types of aromatic compounds

are the most significant chemical class that dominates the oil source rock
formations. They contain carbon, hydrogen, and oxygen atoms and, in some
cases, iron and magnesium They include fats, waxes, steroids, oils, and
phospholipids. one of the most important examples of lipids is chlorophylls,
which exist in all algae, higher plants, and cyanobacteria.

The proportions of these chemical classes determine the organic matter types and their stability
under various geological conditions.

vascular tissue components, are composed primarily of
several types of aromatic compounds (Selly, 1998), and
represent the second dominant biopolymer after cellulose
(Killops & Killops, 2013).

Lipids are the most significant chemical class that dom-
inates the oil source rock formations and are present widely
in most organisms (Selly, 1998). They contain carbon,
hydrogen, and oxygen atoms and, in some cases, iron and
magnesium (De Leeuw and Largeuw, 1993). They are
insoluble in water and soluble in nonpolar organic solvents,
such as hexane and chloroform. Lipids include fats, waxes,
steroids, oils, and phospholipids (Selly, 1998; Killops &
Killops, 2013). One of their most important examples is
chlorophylls, which exist in all algae, higher plants, and
cyanobacteria.

2.2 Biogeochemical Cycles

Biogeochemical cycles are defined as the interactions,
movements, and cyclization of elements between the biotic
(biosphere) and abiotic factors. The latter includes the
atmosphere, geosphere, and hydrosphere. Six primary ele-
ments comprise the organic molecules and inhabit several
biotic and abiotic reservoirs in various chemical forms:
carbon, hydrogen, nitrogen, oxygen, phosphorus, and sulfur
(Summons, 1993). Their movements between these pools
occur through spontaneous oxidizing or reducing chemical
reactions or biological interactions. These cycles are pri-
marily interlinked and fueled by sunlight through photo-
synthesis. In some cases, hydrothermal activities source the
energy needed for carbon fixation. Understanding these
processes improves the realization of the factors controlling
organic matter richness, quality, and isotopic variation
(Brusseau, 2019).

Oxygen is not discussed separately due to its complexity
as a by-product of numerous reactions linked to other

element cycles. The main processes that transfer the oxygen
between the various reservoirs are respiration, photosyn-
thesis, and the decay and combustion of organic matter. The
primary oxygen producers are phytoplankton and plants.
The oxygen released during the sunlight reaction with water
vapor is also an essential source (Summons, 1993).

2.2.1 Carbon Cycle

Carbon is an essential element in all living organisms and
acts as an energy source for most species. However, most of
the carbon is preserved in the lithosphere, with fossil fuel
constituting one-fifth of it (Brusseau, 2019; Vallero, 2014).
The atmosphere is another primary reservoir of carbon. In
these reservoirs, carbon exists in either oxidized or reduced
chemical forms. The carbon cycle consists of two interlinked
sub-cycles that occur at various temporal and spatial scales
(Fig. 3). The first sub-cycle takes place on a short timescale
(days—months) and within the biosphere. During photosyn-
thesis, autotrophs convert CO, into simple organic inter-
mediates and then to carbohydrates, such as glucose.
Heterotrophs that feed on these autotrophs metabolize the
carbohydrate to obtain energy through respiration. The car-
bon returns to the atmosphere through decomposition,
excretion, and respiration (Summons, 1993).

The second sub-cycle occurs over a long timescale
(hundred—-thousand years) through geological processes.
CO,, which is the dominant form of carbon in the atmo-
sphere, plays a critical role in regulating and maintaining
Earth’s temperature and oxygen concentrations. The
exchange of CO, between the atmosphere, biosphere, and
geosphere predominantly controls its concentrations in the
atmosphere and influences its oxygen abundance (Summons,
1993). Phytoplankton converts CO, through photosynthesis
into nutrients for other higher-level organisms, which return
the carbon to the atmosphere through respiration. The CO,
in the atmosphere dissolves in the oceans and transforms
into other inorganic compounds such as HCO;  and COs.
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Fig. 3 Simplified diagram
illustrating the carbon cycle
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Some organisms assimilate Ca with CO3 to form CaCOs,
which composes the hard bodies of most marine shells.
These taxa deposit on the seafloor after they die, contributing
to the sedimentary pile. Over thousands of years, these
sediments solidify to form various carbonate rocks through
several geological processes (Wigley and Schimel, 2005).
The carbon in the organic reservoir, on the other hand, is
found in the reduced form either in living biomass, dissolved
or suspended in seawater, or recently deposited on the sea-
floor. When deposited and preserved, this organic matter is
encompassed in sediments to eventually form petroleum
source rocks (Summons, 1993; Brusseau, 2019).

2.2.2 Nitrogen Cycle
Nitrogen is one of the primary nutrient sources for most
living biomass in oceans and lands. Its concentration con-
trols primary organic productivity and organic matter decay.
It also plays a significant role in regulating atmospheric
temperature. Moreover, nitrogen is an essential constituent
in chlorophyll composition responsible for photosynthesis
processes and is one of the main elements of living biomass
tissues. The consecutive transfer of nitrogen by several
processes between the various reservoirs (atmosphere, geo-
sphere, and biosphere) defines its cycle, converting it into
different end products (Fig. 4). These processes are fixation,
nitrification, assimilation, ammonification, and denitrifica-
tion, all involving reduction or oxidation of nitrogen com-
pounds by biological, physical, or chemical processes
(Brusseau, 2019; Hayes, 2018; Summons, 1993).

Nitrogen in the atmosphere is present in the inert form
(N5), which is not usable by living biomass. It precipitates in

soil from air or surface water. Bacteria such as cyanobac-
teria, phototrophic bacteria, and Rhizobiaceae convert N, to
ammonia through the nitrogen fixation process. Furthermore,
nitrogen fixation can occur by the light energy in the
atmosphere that breaks N, into nitrogen oxide (Bernhard,
2010).

Nitrification is a successive biological process of con-
verting ammonia to nitrites by bacterial oxidation. The
Nitrobacter subsequently converts nitrites to nitrates. The
other essential nitrogen cycle process is assimilation, which
is transferring the ammonia and the nitrite, nitrate, and
ammonium ions from soil to plants to form tissues and
proteins. Ammonification is the decay of organic matter after
burial. Bacteria and fungi decompose nitrogen compounds
into ammonia. The last process of the nitrogen cycle is
denitrification, where nitrogen is released back into the
atmosphere. The process involves the bacterial conversion of
nitrate to N, in reduced conditions. In marine environments,
nitrogen compounds are deposited with the sediments,
forming sedimentary rocks over geological time (Bernhard,
2010; Brusseau, 2019).

2.2.3 Sulfur Cycle
Sulfur is one of the Earth’s most abundant elements, which
exists in different forms in all reservoirs in the ecosystem.
Organic sulfur is usually amino acid found in protein, hor-
mones, and vitamins. Sulfur abundance and cyclization
within marine environments control, to a large degree, organic
matter preservation and quality (Brimblecombe, 2003).

The sulfur cyclization is driven mostly by biological
activities, weathering, and hydrological activities (Fig. 5).
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Fig. 4 Simplified diagram
illustrating the nitrogen cycle

Sulfur is leached from the lithosphere to the atmosphere via
weathering processes before its oxidation to sulfate (SOy).
Some bacteria groups utilize sulfate in their respiration as an
oxidant. Also, other plants and microorganisms reduce sul-
fate to produce biomass through the assimilatory sulfate
reduction process. On the other hand, animals uptake sulfur
from consuming amino acids from other living organisms
(Brusseau, 2019; Summons, 1993). The two significant
bacterial groups that play a primary role in sulfur cyclization
are the sulfate-reducing bacteria (SRB) and sulfide oxidizer
bacteria (Zavarzin, 2008). Benthic communities feed on the
organic matter deposited on the seafloor, where oxygen is
available for respiration. Moreover, this zone witnessed
metal reductions, such as Fe(Ill) to Fe*? and Mn(IV) to
Mn™2. Beneath this zone, the oxygen becomes depleted. In
these anaerobic conditions, the SRB and archaea utilize the
dissimilatory sulfate reduction (DSR) process to oxidize
sulfate as an oxidant to gain energy from buried organic
carbon and methane to generate hydrogen sulfide (H,S),
HS™, and S (e.g., Jorgensenet al., 2019; Simon and Kro-
neck, 2013). It is in this anoxic zone where pyrite is formed
via bacteria by reducing the dissolved sulfates to sulfide.

The sulfide oxidizer bacteria obtain their energy from
oxidizing sulfides in magmatic regions in chemolithotrophic
or phototrophic processes. The sulfur returns from the bio-
sphere to the soil via organic matter decay. Some sulfur is
leached from terrestrial environments and is transferred
through rivers to oceans and lakes. The sulfur cycles back to
the atmosphere or moves to the marine biosphere (Sum-
mons, 1993).

Denitrification

Denitrifying
Bacteria

fixation
Bacteria

Nitrifying Bacteria

2.2.4 Phosphorus Cycle

Phosphorus is another crucial element for living biomass
occurring in DNA, RNA, and animal bones. Notwithstand-
ing its vast abundance in the lithosphere, it is less abundant
than other organic elements, especially in fossil organic
matter. Phosphorous primarily regulates the fertility of the
ecosystem and cycles between the lithosphere, hydrosphere,
and biosphere. The cycle involves three main processes:
geological weathering, absorption by living organisms, and
organic matter decay (Fig. 6). The phosphate salts are
removed from rocks during weathering processes and then
deposit in soils. Note that the phosphate salts do not dissolve
in water completely; therefore, aquatic living organisms
absorb phosphorous from the lower water layers. In terres-
trial environments, plants absorb phosphorous from the soil.
Animals gain their phosphorous from consuming these
plants. The phosphorous returns to the lithosphere again
through the decay of organic matter. (Summons, 1993;
Ruttenberg, 2003; Macdonald et al., 2018).

2.3 Primary Organic Productivity

Primary organic productivity is defined as the carbon fixa-
tion rate by converting inorganic carbon into hydrocarbons
through photosynthetic organisms (Killops & Killops, 2013;
Littke et al., 1997; Selley, 1998). The primary reaction that
occurs in plants and algae yields water and glucose. The
produced glucose acts as the onset for the formation of
complex carbon compounds such as polysaccharides
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Fig. 5 Simplified diagram
illustrating the sulfur cycle

Fig. 6 Simplified diagram
illustrating the phosphorus cycle

occurring in plants and their consuming animals (Selly,
1998). The second process that converts inorganic carbon to
organic carbon is chemosynthesis—another form of bio-
productivity but only significant locally (Sorokin, 1966).
Physical and chemical factors that control the occurrence
and the intensity of the primary organic productivity are
shown in Fig. 7. The physical parameters include the tem-
perature and amount of light, in the case of aquatic envi-
ronments, the photic zone thickness, and the water turbidity
(Selly, 1998). Crucial factors that control the intensity of
primary organic productivity are the Earth's climate and

leaching

atmospheric green gas levels. The primary productivity
intensifies with increasing CO, and temperature and light
availability (Littke et al., 1997). The chemical and physical
factors are in essence, interlinked and are expected to vary
temporally and spatially in different geographic locations
and geological settings.

Chemical factors play integral roles in primary organic
productivity. Phosphates and nitrates are essential for plant
and animal growth and are considered a preferred ingredi-
ents for organic matter productivity (Selly, 1998). In addi-
tion, oxygen is a by-product of photosynthesis, allowing
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Fig. 7 Summary of the factors
controlling the primary
productivity

phytoplankton to flourish, thereby improving zooplankton
productivity. These factors are maximized in two high pri-
mary productivity belts between the polar and equatorial
oceans attributed to high-latitude upwelling manifested in
modern days (Littke et al., 1997). In the upwelling zones,
deep cold nutrient-rich oceanic currents upwell to shallower
waters to enrich the shelf and coastal areas with phosphates
and nitrates, consequently increasing bioproductivity (Selly,
1998). Wind direction, Earth rotation, and Earth climate
control these settings.

Sunlight intensity, as a primary control over photosyn-
thesis and bioproductivity, varies based on climate, weather,
and geographic location, as well as on geological settings
that can prevent access to surface water. Bioproduction is the
highest in the upper part of the photic oxygen-rich zone and
steadily diminishes deeper with decreasing light and tem-
perature (Selly, 1998).

Water provides hydrogen for the photosynthesis process,
which intensifies the bioproductivity. Its availability plays a
primary role in terrestrial environments. For example, high
rainfall environments characterize the great coal-forming
forest (Killops & Killops, 2013). The bioproductivity is also
controlled by geographic and climatic factors. In
high-latitude or cold regions with ice cover, plant growth is
limited. On the other hand, the very high temperature
reduces photosynthesis as it destroys or alters enzymes and
cellular components (bioproductivity). In marine environ-
ments, temperature and rainfall cause the algae breed to
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overgrow. Therefore, humid, subtropical, and tropical cli-
mates favor high bioproductivity (Li et al., 2015).

Water salinity has a vital role in the composition of pri-
mary producers in fresh, saline, or hypersaline waters.
Greater diversity of primary producers occurs in fresh and
sea waters than in hypersaline waters (Killops & Killops,
2013). The diversity may not affect bioproductivity but the
composition of the preserved organic matter later on. In
restricted basins, positive water balance traps nutrients,
resulting in increasing bioproductivity (Li et al., 2015).

The four main contributors to the formation of sedimen-
tary organic matter are phytoplankton, zooplankton, higher
plants, and bacteria with an insignificant contribution from
higher organized animals such as sharks (Mendonga Filho
et al., 2012; Tissot & Welte, 1984).

2.4 Deposition and Transportation of Organic
Matter

Organic matters are the black or dark-colored remains of
plants and/or animals deposited during rock sedimentation.
Apart from coal seams, which are nearly composed of only
organic constituents, most sedimentary rocks encompass
minor organic matter amounts. In marine environments,
organic matter availability and generation and their preser-
vation versus destruction in the sediment—water interface are
the primary constraints that control the organic matter richness
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in the sedimentary rock. Marine organisms occupying ocean
surfaces biosynthesize most organic matter before their
deposition on the seafloor (Wakeham & Lee, 1993).

The alteration of organic matter composition continues at
the sediment—water interface, which changes their original
composition. The majority of the produced marine organic
matter is recycled in the epipelagic zones, but only small
fractions precipitate in the mesopelagic and bathypelagic
zones (Fig. 8). In the epipelagic zones, the bacteria and
zooplankton recycle more than 90% of the produced organic
matter through photosynthesis to generate other biomass,
degraded or dissolved organic matter. The organic matter
that survives the water column recycling processes and
accumulates on the seafloor (10-30%) constitutes the sedi-
mentary organic matter records.

In terrestrial environments, mainly swamps, bog, fen moor,
musky, and peatlands, only a small fraction of the original
organic matter is preserved in peat deposits. Mires is the term
that describes these peat-forming ecosystems. There are two
types of mires, which are topogenous and ombrogenous
(Taylor et al., 1998). The former refers to marshes, fen, and
swamps formed in reduced rainfall climates and high
groundwater levels. The ombrogenous mires are more affluent
than the topogenous in organic nutrients and inorganic inputs
and form in heavy rainfall systems with a water table lower
than the peat surface. Three factors are responsible for the
mire formation, which are flora development, geographic
location, and climate (Taylor et al., 1998).

2.5 Preservation of Organic Matter

The preserved organic matter is the one that survives the
biosynthesis processes by predators during transportation
through the water column, escaping degradation at the sed-
iment—water interface, and is buried in the sediments (Can-
field, 1994; Piper & Calvert, 2009). Five factors principally
affect organic matter preservation: primary productivity,
anoxicity, mineral surface area, sedimentation rate, and wave
and current energy (Fig. 9).

The deposited organic matter on the seabed is generally
comparable to the primary productivity and decreases with
water depth (Suess, 1980). In that case, it is evident that
primary productivity is a critical factor in the amount of
preserved organic matter. However, it is a vital variable but
not a sole factor.

Anoxicity is the second factor that controls the organic
matter preservations. Intense primary productivity and the
decay of organic materials and their oxidation to CO, tend to
reduce the oxygen level and create a low-oxygen water layer
called the oxygen-minimum zone, OMZ (Killops & Killops,
2013; Tissot & Welte, 1984). This zone is characterized by
elevated H,S concentrations produced by sulfate-reducing
bacteria (Fig. 10). The low-oxygen level and the presence of
H,S reduce the rate of organic matter degradation and
enhance preservation. The organic matter oxidation to CO,
is seized in this zone, but anaerobic oxidation such as sulfate
reduction, denitrification, or methanogenesis occurs

Fig. 8 Simplified diagram
illustrating various marine
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Fig. 9 Summary of the factors controlling organic matter preservation

(Canfield et al., 2021). In this case, the destruction of organic
matter occurs at a slow rate. The OMZ persists in the middle
of the water column interlayered between two highly oxy-
genated water layers (Diaz et al., 2013; Fenchel et al., 2012).

Grain size and mineralogical composition play a vital role
in organic matter preservation. The fine-grained sediments
inhibit or prevent the oxygen exchange between the pore-
water and the free-water column. Moreover, the clays inac-
tivate bacteria digestive enzymes, increasing organic matter
preservation (Dean & Gorham, 1998). Mayer (1994) sug-
gested that mineral surface is responsible for organic matter

preservation in marine environments apart from deltas. The
organic matter forms a monolayer adsorbed by the mineral
surface (Killops and Killpos, 2013). This process is con-
sidered a conversion of dissolved to particulate organic
matter (Tissot & Welte, 1984). This adsorption is irre-
versible and can protect even labile constituents such as
sugar, thereby enhancing preservation (Henriches, 1992;
Killops and Killpos, 2013). The length of exposure to oxy-
genated water during deposition is a critical factor.

The sedimentation rate has a direct impact on organic
matter preservation and its types. For example, most of the
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Fig. 10 Summary of the factors contributing to the preservation and fate of organic matters
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preserved organic matter in deltaic systems is allochthonous
(Fig. 11) (e.g., Ghassal et al., 2016a). The high sediment
inputs outweigh the amount of organic matter required to
form monolayers, reducing marine organic matter preser-
vation (Henriches, 1992). Besides, terrestrial organic matter
is generally more resistant to degradation compared to
marine ones. Moreover, assuming the rate of organic matter
input is constant, and then the sedimentation is inversely
proportional to the preserved organic matter concentration
(Fig. 12). The foregoing dissection explains the increase in
richness and quality of organic matter in more distal and
deeper settings. High-energy waves and currents cause the

oxygen to circulate and destabilize the chemical and physical
conditions of the water column, affecting all of the above-
mentioned factors.

3 Kerogen Formation, Classifications,
and Alteration

Kerogen is the most common term used to describe the fossil
organic matter in sedimentary rocks. It is the fraction of the
organic matter in sedimentary rocks, which is insoluble in
organic solvents. Chemically, it is a macromolecule made of
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Fig. 12 Simplified diagram
illustrating organic matter
richness and preservation from
proximal to distal settings

condensed cyclic nuclei linked by heteroatomic bonds or
aliphatic chains (Tissot & Welte, 1984). In the absence of
migrated hydrocarbons, kerogen usually accounts for more
than 95% of total organic matter in sedimentary rocks
(Tyson, 1995). Humin is the early precursor of kerogen in
young sediments, insoluble in the soil or marine sediments
(e.g., Hayes et al., 2017). The primary distinction between
humin and kerogen is the presence of hydrolyzable fractions
in humin that diminish with burial (Tissot & Welte, 1984).

An array of physical and chemical analytical techniques
provides reliable information on the structure and compo-
sition of kerogen. These include elemental analysis (C, H, N,
and S), infrared spectroscopy, microscopic examination
including palynology, degradative oxidation, and various
pyrolysis techniques such as Rock—Eval, hydrous pyrolysis,
laser micro-pyrolysis, and Raman spectroscopy (Mendonca
Filho et al., 2012). Collectively, four types of kerogen can be
identified (Figs. 13 and 14). Type-I kerogen contains many
aliphatic chains and a few aromatic nuclei. The elemental
H/C ratio is originally high, and the potential for oil and gas
generation is also high. This kerogen type is mainly derived
from algal lipid or organic matter enriched in lipids by
microbial activity. It typifies kerogens of lacustrine source
rocks. Type-II kerogen comprises more aromatic and naph-
thenic rings. The H/C ratio and the oil and gas potential are
lower than observed for Type-I kerogen. It is usually related
to marine organic matter deposited in reducing environ-
ments, with a low to high sulfur content. Pollen grains,
spores, cuticles, and marine organic matter are important

components in this type of kerogen, but their assemblages
may vary depending on the proximity to the shorelines and
source rock age. Type-IIl kerogen encompasses mostly
condensed polyaromatics and oxygenated functional groups,
with minor aliphatic chains. The H/C ratio is low, and oil
potential is moderate, although this kerogen may still gen-
erate abundant gas at greater depths. The O/C ratio is
comparatively higher than for the other types of kerogen. It
is mostly derived from terrestrial higher plants. Type-IV
kerogen is a secondary type of kerogen and contains prac-
tically only aromatic components. The organic matter is
carbonized by oxidation before or during deposition and
possesses no potential to form hydrocarbon source rocks.

Organic matter is subjected to various compositional
alterations in the sediment—water interface and during burial.
The changes are caused by microbial activities, oxidations,
and thermal effects at a later stage (Fig. 15). The maturation
of organic matter starts with diagenesis, followed under
successively higher burial temperatures by catagenesis,
metagenesis, and finally metamorphism in extreme thermal
regimes (Horsfield and Rullkotter, 1994).

Diagenesis includes physical, chemical, and microbio-
logical processes occurring within a few hundred meters of
overburden. It is a process through which the system
approaches equilibrium under shallow burial, low tempera-
ture, and pressure, where the sediments consolidate. Cata-
genesis is the stage where kerogen is converted to petroleum
hydrocarbons due to increasing burial and thermal stress.
Tectonism and volcanism affect the geothermal regimes by
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intensifying catagenesis and altering geothermal gradients.
Metagenesis is the last stage of thermal maturation of
organic matter at very high temperatures, commonly asso-
ciated with very deep burial (Tissot & Welte, 1984). At this
stage, only methane is generated, and inert carbon and gra-
phite are formed in the rock. Finally, metamorphism is the
last thermal evolution stage when the sediments are deeply
buried and exposed to very high pressure (>300 MPa) and
temperature above 200 °C (Mendonga Filho et al., 2012;
Tissot & Welte, 1984). At this stage, the remaining organic
carbon converts to inorganic carbon.

Lacustrine

Oil Prone

Fig. 13 Summary of main kerogen types

4 Common Source Rock Depositional
Environments
4.1 Terrestrial Environments
4.1.1 Mires
Mires are wetlands with heavy vegetation where the water
table is near or above topsoil (Rydin et al., 1999). They
include swamps, fen, bogs, moors, musky, and peatland
(McCabe, 1991). They form peats, which are the primary
precursor for coal formation. Mire characteristics are depen-
dent on the development of flora, geographical location, cli-
mate, and structural framework (Taylor et al., 1998). The
early Carboniferous period witnessed a significant flourishing
of vascular plants, which resulted in extensive peat mires for
the first time (Glasspool & Scott, 2005). No significant peat
development was recorded before Carboniferous.

The water balance between the groundwater and rainfall
must exceed evaporation to enhance organic production. The
water balance maintains water depth that controls the aerobic
versus anaerobic zones (Taylor et al., 1998), a condition that
varies seasonally and due to climate changes. Accumulation
of peat in mires requires a continued gradual increase in the
water table, isolation from seawater flooding, and low fluvial
sediment supply (Stach et al., 1982). Mires are classified
based on the vegetation types, which depend on the geo-
logical age and the abovementioned factors related to water
balance. As a result, only a small fraction of the original

Terrestrial Various

organic matter is developed into coal (Taylor et al., 1998).
Based on their hydrological system, Taylor et al. (1998)
classified mires (Fig. 16) as follows:

1. Topogeneous mires: where peat formation is caused
primarily by high water levels. They include marshes,
fen, and swamps.

2. Ombrogenous mires: form in high rainfall regions and
where the groundwater level is below peat-forming lay-
ers. They include bogs.

The topogeneous mires are generally more affluent than the
ombrogenous in the inorganic substance and plant nutrients.

4.1.2 Lacustrine

Lakes are landlocked water bodies isolated from marine
access (Fig. 17). They constitute less than 0.1% of the
hydrosphere, yet they are considered primary source rock
depositional environments (Killops & Killops, 2013). They
can originate from several geological and hydrological
processes such as glacial, tectonic, volcanic, fluvial, coastal,
and chemical. These processes generate enclosed depres-
sions and water bodies to form lakes (Branstrator, 2009).
The lake size, morphology, climate, and river inputs control
the water chemistry, salinity, and thermal regime, as well as
organic matter productivity and preservation (Demaison and
Moor, 1980; Selly, 1998; Katz, 2012; Killops & Killops,
2013). Best organic primary productivity and preservation
occur in density stratified water columns. Water density
stratifications occur seasonally when warm water caps cooler
water or low salinity water sets on hypersaline water in
low-wind areas.

The first condition that favors organic matter productivity
and optimum preservation in lakes is water column stratifi-
cation caused by temperature differences. This process is
seasonal and dependent on lake depth and size as well as the
sunlight and wind intensity. During the summer season,
abundant light and nutrients promote phytoplanktonic bio-
productivity and higher oxygen levels in the upper layer,
compared to an oxygen-depleted anoxic and more dense
water layer underneath. The density contrast inhibits water
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Fig. 14 Selected images of several kerogen types seen under
microscope. a-b: Organic matter (Pediastrum and Botryococcus algae)
related to the kerogen Type-I. ¢-d: Organic matter (dinocysts, spores,
pollen, and phytoclasts) related to kerogen Type-II. e-f: Organic matter

(wood tissues: non-opaque phytoclasts) related to the kerogen Type-III.
g-h: Organic matter (carbonized and charred wood tissues: opaque
phytoclasts) related to the kerogen Type-IV
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circulation, resulting in water stratification and improved
organic preservation (Selly, 1998; Killops & Killops, 2013).
Salinity variations also play a significant role in water
stratification, as changes in water temperature are sensitive
to its salinity.

Differences in salinity cause the second water density
stratification condition. It initiates in regions where subsur-
face saline springs intrude the lakes or where salt diffuses
from evaporites at the sediment—water interface (Killops &
Killops, 2013).

Based on their access to water flows, lakes are classified
as hydrologically open and closed, with some lakes alter-
nating between the two types during their geological histo-
ries (Killops & Killops, 2013). They are also classified based
on their mixing into amictic lakes, meromictic lakes, and
holomictic lakes (Hutchinson & Loffler, 1956). Amictic
lakes are usually located in polar regions or high mountains.
Their permanent ice cover prevents water mixing.
Meromictic lakes, on the other hand, partially mix, espe-
cially in the upper layer, while holomictic lakes mix annu-
ally at various degrees based on geographic locations. The
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Fig. 17 Summary of lacustrine hydrological settings in the four seasons, depositional environment follows Killops and Killops (2013)

differences between these types are best described in
Hutchinson and Loffler (1956).

The hydrologically closed lakes are usually formed by
tectonic activities, volcanism, or glaciation, primarily in
open regions where evaporation exceeds precipitation
(Langbein, 1961; Waiser & Robarts, 2009). The evaporation
and precipitation change substantially, affecting the lake
water level and shorelines, which cause sediment reworking.
During high lake water levels, water stratification and anoxic
conditions prevail in the central part allowing for the
deposition of organic-rich layers with carbonate and evap-
oritic minerals (Killops & Killops, 2013; Waiser & Robarts,
2009).

The hydrologically open lakes receive a balanced water
inflow from rivers and precipitation and outflow from
evaporation, allowing the shorelines and water level to sta-
bilize (Reading, 1986). Lake sedimentation is controlled by
its size, depth, and river inputs that change seasonally. The
river inputs are higher during the summer and decrease
during the wintertime. Moreover, lakes are usually sur-
rounded by vegetation (Killops & Killops, 2013). Therefore,
the nearshore deposits are dominated by siliciclastic depo-
sition and allochthonous organic matter sourced from plants

surrounding the lakes. The siliciclastic inputs diminish
toward the more distal or central part, replaced mostly by
carbonates enriched with organic matter (Allen & Collinson,
1986). Similar to marine environments, the organic matter
richness is greatly affected by sediment dilution. Thus, the
richness of organic matter in the nearshore area is less than
in the distal area due to the difference in sedimentation rates.
Due to the rapid changes in fluvial inputs, the lake sedi-
mentation and organic matter types and richness are
remarkably heterogeneous. A common example of source
rock deposited in a lacustrine environment is the Green
River Formation in the USA.

4.2 Marine Environments

Marine source rocks are deposited in four main settings:
broad flooded continental shelves (deltaic settings),
oxygen-minimum zones along continental shelves, upwelling
zones, and rift/barred basins (e.g., Katz, 2012; Kosters et al.,
2000; Littke, 1993). The oxygen-minimum zones in aquatic
environments are defined as mid-layers deficient in oxygen
concentrations compared to the layers below and above in
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oceans and lakes. They persist over millions of km? and over
long periods of geological time (Diaz et al., 2013). They are
created by the deposition of organic matter, where oxygen
can, in some instances, be reduced to complete anoxia.

42,1 Deltaic Settings

Deltas represent transitional depositional environments
between completely terrestrial and completely marine and
are considered some of the favorable settings to accommo-
date organic-rich sediments. Several factors control the delta
formation and characteristics, including climate, sediment
and water discharge, wave intensities, tides, and tectonic
regime (Boggs et al., 2006; Allen and Allen, 2013). There
are several criteria to classify deltas, yet in this chapter, the
classification of Galloway (1975) is adopted. He classified
deltas based on their front regimes into (1) wave dominated,
(2) tide dominated, and (3) fluvial dominated.

The wave-dominated deltas are characterized by their
destructive nature, as wave force inhibits fine-grained sedi-
mentation and casts the shorelines to form a cuspate shape
(Nienhuis et al., 2015). This high-energy type of delta does
not commonly host petroleum source rocks.

On the other hand, the tide- and fluvial-dominated delta
types are characterized by their constructive nature and their
tendency to host prolific source rock beds (Allen and Allen,
2013). Tide-dominated deltas occur on a large scale (hun-
dreds of km) with cyclic variant energy sediments (Good-
bred & Saito, 2012).

The depositional characteristics of the deltaic environ-
ments classify deltaic source rocks into offshore and onshore
types. The onshore source rocks are mostly peat and mire
deposits during transgressive system tract events behind the
landward stepping shorelines (Kosters et al., 2000). The
offshore deltaic source rocks are primarily siliciclastics and
characterized by low to good total organic carbon values that
range from 0.5 to 3.0% with dominated kerogen Types-III/IV
and minor marine organic matter input. The kerogen in del-
taic systems is mostly transported with high proportions of
higher plant tissues (allochthonous) and aquatic algae (au-
tochthonous) (Bustin, 1988; Ghassal et al., 2016a; Tissot &
Welte, 1984). Due to the high-sedimentation rates and
oxygen-level fluctuations, the organic matter richness and
preservation are variably reduced. Examples of deltaic source
rocks include the Mississippi, Niger, and Ganges River del-
tas, representing fluvial-dominated, wave-dominated, and
tide-dominated systems, respectively.

Rivers transport terrestrial organic matter such as vit-
rinite, inertinite, coal particles, and freshwater algae as well
as pollen and spores and other cuticles and plant tissues to
coastal areas where marine algae deposit. River discharges
and sea-level changes control the relative proportions of
terrestrial and marine organic inputs. In addition, the inten-
sity of water circulation modifies the oxygen level, resulting
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in partial oxidation of organic matter. These conditions
vanish in more distal settings, as discussed below.

4.2.2 Marine Continental Shelves

Marine continental shelves are some of the most favorable
depositional environments for source rock development
(Fig. 18a). The source rocks are deposited over a wide area
depending on the size of the shelf and the OMZ. The source
rock organofacies vary from proximal to distal setting. The
source rocks in the proximal settings are rich in terrestrial
organic matter and siliciclastic minerals. Further to more
distal settings, the carbonate to siliciclastic proportions
increase with more marine organic matter. The most distal
settings are rich in carbonate contents with high sulfur-rich
kerogen (Ghassal et al., 2018). A common source rock
deposited in a continental shelf environment is the Posidonia
Shale in Germany.

4.2.3 Upwelling Zones

About half of the world’s organic-rich source rocks were
formed in upwelling zone conditions (Parrish, 1987). This is
due to the higher biological activities that surpass the pro-
ductivity encountered in regular shelves (Katz, 2012;
Koblentz-Mishke et al., 1970). During an elevated green-
house warm climate, the warm winds move the marine
coastal waters toward the ocean, and deep nutrient-rich
waters rise and replace them, which intensify bioproductiv-
ity. Upwelling activities decrease during cold climates
(Bakun, 1990; Parrish, 1987). Moreover, the upwelling
zones mainly prevail in the western continental margins due
to wind directions and the Coriolis effect caused by the
Earth’s rotation affecting mid-latitude zones (Fig. 18b) (e.g.,
Katz, 2012; Ghassal et al., 2016b). The prominent biopro-
ductivity increases the amount of deposited organic matter
and reduces the bottom-water oxygen levels, which leads to
enhanced organic matter preservation (Katz, 2012; Littke
et al., 1997). The spatial distribution of preserved organic
matter depends on seabed bathymetry. The source rocks
formed in upwelling zones are dominated by liptinitic
kerogen. The dilution of terrestrial and reworked organic
matter and sediment sourced by fluvial discharges are usu-
ally reduced relative to purely marine organic matter. The
cold upwelling water reduces the air humidity in the
shoreline vicinity, inhibiting fluvial runoff (Robinson &
Davies, 2016). A common example of source rock deposited
in an upwelling setting is Tarfaya Cenomanian/Turonian
marlstone section in Morocco.

4.2.4 Restricted Marine Basins

Silled or barred basins are depressions on the seafloor where
water circulation is restricted (Fig. 18c). This restriction
makes them good areas to trap nutrients, intensifying the
bioproductivety and oxygen depletion and consequently
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Fig. 18 Summary of the various marine settings, depositional environment in a) and b) follow Selley (1998), ¢) follow Hallam and Bradshaw
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increasing the organic matter deposition and preservation
(e.g., Allen and Allen, 2013; Selley, 1998). The aquatic
organic matter here is expected to be less diversified com-
pared to open marine settings. Due to the shallow nature and
proximity to shorelines, these settings receive fair terrige-
nous inputs. The richness of the preserved organic matter is
highly variable due to the rapid fluctuation in sea level and
turbidity of the water column. Source rock development in
these settings is caused cussed by thermal density or salinity
stratifications.
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