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Abstract

Petroleum-system analyses are based on source-rock evaluation, since the interplay of sedimentary organic matter
quantity, quality, preservation, and thermal evolution drives hydrocarbon generation, preservation, and expulsion.
This review summarises the key terms, analytical parameters, and interpretive criteria used to define organic-rich
sedimentary rocks and their petroleum potential. The interrelationships among organic richness, kerogen type,
hydrocarbon affinity, generation potential and thermal maturity are highlighted. This paper combines the major
descriptive and analytical tools widely used in source-rock studies, such as total organic carbon (TOC) and Rock-
Eval pyrolysis parameters (HI, OI, PP, PI to Ro, Tmax, TAI, and SCI). It reviews in detail the classification of
sedimentary organic matter components into sapropelic and humic groups, the distinction between kerogen Types
I-IV, and the transformation of organic matter through diagenesis, catagenesis, and metagenesis. An integrated
framework, rather than isolated parameters, is critical for reliable source-rock interpretation; this argument is
considered here. This review offers a more coherent foundation for source—rock evaluation by structuring these
indicators into a unified evaluative workflow and outlining their strengths and weaknesses (with respect to
evaluating play potential) in both academic research and petroleum exploration.

Keywords: Source-rock evaluation; Petroleum geochemistry; Organic matter; Kerogen; Rock-Eval pyrolysis;
Thermal maturity.

1. Introduction

Source rocks are a fundamental part of petroleum systems as they control hydrocarbon
generation, retention and expulsion under burial and thermal history conditions. Consequently,
their evaluation is essential for basin analysis and hydrocarbon exploration, typically based on
an integrated appraisal of organic richness, kerogen type, hydrocarbon potential, thermal
maturity, and depositional controls (Peters and Cassa 1994; Tissot and Welte 1984; Hunt 1996).
Detailed characterization of source-rock behaviour helps improve the analysis and subsequent
modelling of sedimentary organic matter type and quality (maturity) during its progressive
transformation. Thus, geochemical and petrographic parameters (total organic carbon [TOC],
Rock-Eval pyrolysis parameters, biomarkers, and maturity indices) are used as the primary
criteria for evaluating organic-matter type, petroleum potential, and thermal evolution (Peters
et al., 2005; Senftle et al., 1993; Whelan and Thompson-Rizer, 1993). Although these
parameters are widely used in petroleum studies, there is no consistent nomenclature or
definition. Previous studies have often focused on single indicators in a poorly integrated
manner, which decreases interpretative clarity and does not allow for basin-to-basin or source-
rock system comparisons (Katz et al., 2001; Peters, 2010). Combining kerogen type with TOC,
HI, OI, Tmax, and Ro value accurately characterizes source rocks, a finding confirmed by
recent regional geochemical studies (Awadh, 2025). This review thus attempts to rationalize
the principal nomenclature of source-rock geochemistry, delineate the associations between
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organic richness, kerogen type, hydrocarbon potential and maturity, proffering a cohesive
platform for source-rock assessment relevant to petroleum-geological work.

2. Integrated Review of Source-Rock Evaluation Parameters

In petroleum geology, kerogen type, depositional environment, Rock-Eval pyrolysis
behaviour, hydrogen richness, thermal maturity and expulsion efficiency together define the
classification of source rocks and their petroleum significance within basin systems (Peters and
Cassa, 1994). Small-scale sedimentary environments where organic productivity is enhanced,
and oxygen supply is compromised are common locations for the development of organic-rich
source rocks, including coastal upwelling systems, swamps, shallow-marine settings, and
lacustrine basins. In these conditions, organic matter preservation is improved, and kerogen
builds up from algal, bacterial, plant debris and recycled inputs (Tissot and Welte, 1984; Senftle
et al., 1993). The generation ability of source rock mainly relies on the amount, quality and
maturity of organic matter. The most common measure of organic richness is TOC, while the
best proxies of organic quality are hydrogen richness and related pyrolysis indices. Aggregating
these isotopic signatures will permit unique identification of in-situ products from
hydrocarbons that have been migrated or contaminated (Hunt, 1996), including indigenous
bitumen and the bitumen/TOC ratio. The TOC is typically the first screening parameter used
in source-rock evaluation because it is a measure of the amount of organic material preserved.
Nevertheless, TOC alone cannot indicate kerogen type or predict hydrocarbon quality, and it
should be assessed in conjunction with pyrolysis data, kerogen typing, and maturity parameters
(Jarvie, 1991). The terminology and screening thresholds summarized in Tables 1-3 provide a
practical foundation for this first stage of assessment. Present-day TOC has also been compared
with reconstructed initial TOC in several basin-specific studies to evaluate the loss of organic-
richness during maturation (Isaac, 1987; Mohammed, 1998). Hydrogen-rich kerogen supplies
more oil-generating potential than hydrogen-poor kerogen. The Van Krevelen framework is
useful for visualizing changes in kerogen and the relationships among organic-matter type,
maturation pathway, and hydrocarbon potential. However, it is best regarded as a conceptual
guide rather than an independent interpretive tool (Hunt, 1996). This evolutionary relationship
is illustrated in Figure 1.

Table 1. Terminology used to classify source rocks within a sedimentary basin.

Source-rock type Definition

Effective Source rocks that have generated and expelled oil and/or gas.

Potential Source rocks that may generate and expel hydrocarbons depending on their level of thermal
maturity.

Active Source rocks that are currently generating fluids during the critical moment.

Inactive Source rocks that are no longer actively generating hydrocarbons but may retain residual
potential.

Spent Source rocks that have reached a post-mature stage and have largely exhausted their generative

capacity.
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Table 2. Average TOC contents in different lithologies (after Espitali¢ and Trichet, 1984).

Rock type Mean TOC (%)
Shale rock types 0.8
Shaly source rocks 2.2
Limy shale Source rocks 1.8
Limestone source rocks 0.7
All source rocks 1.8

Table 3. Interpretation of TOC values and petroleum potential (PP=S1 + S2) (after Leckie et al., 1988;
Dymann et al., 1996).

Property TOC (%) PP (mg HC/g rock)
Poor 0-0.5 0-2
Fair 0.5-1 2-6
Good 1-2 6-12
Very good 2-5 12-15
Excellent >5 >15
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Figure 1. Kerogen classification in the classic van Krevelen diagram (left) and the modified van Krevelen
diagram (right), after Gaupp et al. (2008).

2.2 Organic-matter origin, preservation, and kerogen affinity

The study of organic matter in petroleum geology requires consideration of three closely related
attributes: type, preservation, and maturity. The chemical composition of organic matter varies
according to the nature of its biological precursor material. Broadly, sedimentary organic
matter may be grouped into sapropelic material, derived mainly from aquatic organisms, and
humic material, derived predominantly from terrestrial higher plants (Hunt, 1996).
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Sapropelic organic matter is mainly composed of lipid-rich material such as algae, plankton,
and spores that accumulate in aquatic to semi-aquatic muddy environments, commonly under
oxygen-restricted conditions. In contrast, humic organic matter is derived largely from higher
land plants and is typically associated with peat-forming environments and wetlands where
oxygen availability is relatively greater. Amorphous organic matter is not restricted to a single
maceral group; it includes structureless and poorly recognizable particles that may be of either
sapropelic or humic origin, including degraded algal matter, fecal pellets, organic gels, and
altered humic debris (Hunt, 1996; Whelan and Thompson-Rizer, 1993; Senftle et al., 1993;
Dow, 1977).

Preservation of organic matter is governed mainly by two conditions: high biological
productivity and oxygen-deficient conditions in the water column and at the sediment-water
interface. Environments such as continental margins, lagoons, lakes, and deltaic systems in
warm climatic settings are therefore commonly associated with elevated organic productivity
and, where oxygen restriction is sufficient, with favourable conditions for the formation of
high-quality source rocks (Demaison and Moore, 1980; Tissot and Pelet, 1981; Gluyas and
Swarbrick, 2005). This relationship is illustrated by biomarker evidence from western Iraq,
where hydrocarbons from the Abu-Jir Fault Zone were inferred to originate from carbonate
source rocks deposited under marine anoxic conditions, with the Chia Gara Formation
identified as the most likely source rock (Alkhafaji et al., 2022) .Representative oxygen-
depleted depositional settings are shown in Figure 2.
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Figure 2. Schematic illustration of depositional environments and their corresponding kerogen types
relevant to petroleum source-rock formation (after Brooks et al., 1987).

Kerogen is the insoluble macromolecular residue produced through the diagenetic
reconstruction of biological materials in sedimentary rocks (Durand, 1980). Its hydrocarbon-
generation behaviour is governed largely by hydrogen richness. In general, the volume of
hydrocarbons that can be generated and expelled increases with atomic H/C ratio, which
explains the enduring value of hydrogen- and oxygen-based classification schemes (Hunt,
1996).

Kerogen typing should not rely on a single criterion. It is best constrained by integrating
petrographic observations with geochemical relationships such as HI versus OI and S2 versus
TOC. Within this framework, Types I and II are predominantly oil-prone; Type Il is gas-prone,
mixed oil and gas-prone, or effectively inert or non-generative (Peters et al., 2005). These
classification relationships are summarized in Figure 3 and Tables 4 and 5. In addition, some
sulfur-rich Type IIS systems may enter the oil window earlier than conventional Type II or III
kerogens in particular basin settings (Pitman et al., 2004). Resinite-rich terrestrial assemblages
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may also yield oils or condensates at relatively low maturity compared with typical gas-prone
Type III kerogen (Connan and Cassou, 1980; Snowdon and Powell, 1982; Monnier et al.,

1983).
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Figure 3. Kerogen classification based on hydrogen and oxygen indices (modified from Hunt, 1996).

Table 4. Main characteristics of organic-matter types occurring naturally in coal and sedimentary rocks
(modified from Hunt, 1996).

Caterory Sapropelic Humic
Liptinite (exinite) Vitrinite Inertinite
Alginitel, Cerinite, Sporinite, Tehmte,. Fusinite, ..
Cutinite, Resinite, Telocomte,. ‘ Inertod.etpmte,
Coal macerals = Liptodetrinite D.esmocolllllmte, Scler(.)u.mte,
b i Vitrodetrinite, Macrinite
e Fluorescence IAmorphous Non-fluorescence Amorphous
Kerogen type Eeln It I v
H/C g 19-1, 1.5-0.8, 1-0.5 0.6-0.1
0/C © e 0.02, 0.2-0.02, 0.4-0.02 0.3-0.01
Type of OM SOM NSOM SOM NSOM
Source Marine, Lacustrine, Terrestrial, Terrestrial, Recycled,

*OM = organic matter; **SOM = structured organic matter, and NSOM =

organic matter.

non-structured

Table 5. Correlation between kerogen type, hydrocarbon affinity, and representative depositional setting

(after Peters et al., 2005).

ngoegzlfl Composition (mgH(IJ-I/iJTOC) TOC (%) | Product (Main) Represi‘:i‘itzg:l‘gl‘t’s“‘““al
I Amorphous / Lipids | 600-900 >1.5 Oil Prone Lacustrine (Lakes)

11 Exinite 300-600 >1.0 Qil Prone Marine

111 Exinite/ Vitrinite 50-200 5-10 il & Gas Mixed

111 Vitrinite 50-200 <1.0 Gas Prone Terrestrial

v Inertinite <50 <1.0 None Oxidized or degraded
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2.3 Thermal evolution of organic matter and hydrocarbon windows

The evolution of organic matter with burial is divided into three main stages: diagenesis,
catagenesis and metagenesis. Diagenesis refers to the biological and physicochemical changes
occurring after deposition of organic matter and/or minerals, but prior to significant thermal-
induced transformation. At this stage only minimal hydrocarbon generation takes place
(although biogenic methane can be produced in large amounts with the right microbial
conditions; Abrams, 2003). Figure 4 summarizes the transformation from organic matter to
petroleum. Catagenesis comes after diagenesis and is the primary stage of petroleum formation.
Generally, it refers to the thermal changes of organic matter during the catagenic processes
occurring at burial at a temperature ranging from about 50-200 °C (Abrams, 2003; Hunt, 1996).
The stage of evolutionary development includes kerogen cracking, the formation of
hydrocarbons (both liquid and gas), and systematic changes in maturity indicators (Reflectance
Index/Ro, Tmax, Thermal Alteration Index/TAI). During catagenesis, all kerogen types
become progressively more hydrogen-deficient and present-day values of HI become lower
than their original (and in plutonized conditions, intrinsic) values (Jarvie, 2007). Such
equivalents can be established, calibration against less mature (or younger) equivalents assists
in the reconstruction of original generative potential (Rullkotter and Marzi, 1988).

Metagenesis is the third and final stage of thermal alteration, during which residual organic
matter and liquids previously formed are predominantly cracked to gas under even higher
temperature and pressure conditions than during the peak oil generation phase, often following
a major window of oil formation but preceding metamorphic overprint. H/C ratios are highly
reduced at this stage, and source-rock conditions are overmature (Al-Mashramah, 2011;
Abrams, 2003; Hunt, 1996).

These stages have practical utility for hydrocarbon windows. In screeing for maturity, this
requires calibrating geochemical indicators with the expected hydrocarbon generation products
(Table 6).
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Figure 4. Stages of organic-matter maturation and transformation into petroleum (after Hunt, 1996).

Table 6. Thermal maturity indicators and associated hydrocarbon-generation stages (after Horsfield and
Rullkétter, 1994; Hunt, 1996).

Ro (%) SCI TAI Tmax (°C) Hydrocarbon stage Temperature (°C)
0.2-0.5 1-5 1-2.5 <430 Immature <50
0.5-0.7 5-6.5 2.5-2.7 430-445 Early oil window 60-90
0.7-1.0 6.5-8 2.7-29 445-455 Peak oil window 90-120
1.0-1.3 8-8.5 2.9-3.0 455-470 Late oil window 120-160
1.3-2.6 8.5-10 3-5 >470 Gas window >160

2.4 Rock-Eval pyrolysis and hydrocarbon-generation potential

During pyrolysis, organic matter is thermally decomposed in the absence of oxygen. Rock-
Eval pyrolysis, still in source-rock studies, is by far the most frequently applied rapid screening
method for assessing organic richness classes and kerogen types (oils—gases), potential
contributions to hydrocarbons, and rock maturity [11]. Since source-rock type cannot be
classified based on TOC alone, interpretive evaluation of pyrolysis parameters must
accompany and support the interpretation offered by nlocated data.

The S1, S2, S3, TOC and Tmax are the main Rock-Eval outputs. S1 is free hydrocarbons that
are already in the rock, S2 represents any remaining generative capacity of kerogen and S3 is
carbon dioxide which has been released during pyrolysis (Hunt, 1996). Petroleum potential
(PP) is generally defined as S1 + S2, and a first-order parameter used for metallic source-rock
potential assessment (Dymann et al., 1996). Figure 5 shows the relation between these
parameters in pyrolysis.
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Petroleum potential interpretation should be conservative. The PP values, 2 mg HC/g rock, are
generally indicative of poor source quality, and those in the range 2-6 mg HC/g rock indicate
moderate potential, while PP values of 6 mg HC/g rock often imply good to excellent source
rocks. Relationships of source-rock quality, as illustrated by a PP versus TOC cross-plot in
Figure 6. Similar to the GOR versus TOC relationships, where abnormally high S1 values
relative to a corresponding amount of available kerogen (TOC) may indicate
migrated/contaminant hydrocarbons are present (Fig 7; Dymann et al.,1996; Hunt, 1996);
However, these thresholds do not supersede kerogen typing or maturity assessment. They
should be interpreted with respect to the overall depositional setting (facies), mineral-matrix
effects and thermal evolution. Minimum effective thresholds approaching 2.5 mg HC/g rock

are also frequently employed in application-related studies of expulsion potential for oil-prone
source rocks (Akande et al, 2011).
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Figure 5. Schematic Rock-Eval pyrolysis thermogram illustrating S1, S2, S3, and Tmax. (after Espitalié et
al., 1977).
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Figure 6. Conceptual interpretation of source-rock quality by plotting petroleum potential (PP) against
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Figure 7. S1 versus TOC cross-plot used to distinguish indigenous hydrocarbons from migrated or
contaminant hydrocarbons (after Hunt, 1996).

2.5 Thermal maturity indicators and their interpretive limitations

Thermal maturity defines the degree of temperature-time-controlled modification that
sedimentary organic matter undergoes to form several product types, such as oil, wet gas, dry
gas, and pyrobitumen. The reality is that maturity cannot be measured with only one indicator;
its assessment must consider a series of complementary indicators, since every parameter has
strengths and weaknesses (Abrams, 2003).

Tmax: The temperature at which the S2 peak releases hydrocarbons at its maximum rate during
Rock-Eval pyrolysis. Tmax is generally positively correlated with maturity and has been
widely used to differentiate the immature, oil-window, and gas-window intervals. Type II and
III kerogen (Killops, Killops 1993), on the other hand, show initial oil generation at ¢.430-435
°C but gas for higher Tmax values indicative of late oil to wetgas or gas depletion environment.
Where S2 becomes very low, where a lot of recycled organic matter is present, or where the
response is heavily influenced by an unusual type of kerogen (Type I or sulfur-rich Type IIS
kerogen), Tmax becomes reconfirmed as unreliable.

The Ro is one of the most commonly accepted indicators to present maturity for fine-grained
sedimentary rocks. Its robustness comes from its definition as the ratio of light reflectance
determined by oil-immersion microscopy on vitrinite particles and is most valid when suitable
and properly identified vitrinite exists (Jarvie, 2005; Hunt, 1996). These include the relative
scarcity of vitrinite in some lithologies, problems with polishing and calibration, and
contamination from recycled particles.

Thermally induced colour changes in spores and pollen provide further maturity information
(TAI SCI). While very useful in cases where other indicators are unavailable, these methods
may be considered more subjective, as they rely on colour estimation and the presence of
palynomorphs that have not been affected (Staplin 1969; Idan et al. 2015). Figure 8 shows their
correspondence,

The production index (PI), calculated as S1/(S1 + S2), reflects the fraction of building
hydrocarbons versus total generative capacity and should mainly be used for comparison
between homogenous source rocks situated at different maturity levels. The oil window is
generally characterized by PI values of around 0.1-0.4, beyond which gas dominance gradually
increases (Tissot and Welte, 1984; Ejedawe, 1986; Peters, 1986; Nton et al., 2009; Dow, 1977).
The PI-Tmax relationship is illustrated in Figure 9, and the full correlation matrix of maturity
indicators is presented in Table 7.
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Figure 8. High-resolution photomicrograph showing representative palynomorph specimens and their
corresponding SCI and TAI values, highlighting progressive color darkening with increasing thermal
maturity (modified after Idan et al., 2015).
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Figure 9. Production Index (PI) versus Tmax showing hydrocarbon maturity zones from immature to dry

gas.

Table 7. Thermal Maturity Indicators and Hydrocarbon Generation Stages.

Hydrocarbon stage Ro (%) SCI TAI Tmax (°C)
Immature 0.2-0.5 1-5 1-2.5 <430
Early oil window 0.5-0.7 5-6.5 2.5-2.7 430-445
Peak oil window 0.7-1.0 6.5-8 2.7-2.9 445-455
Late oil window 1.0-1.3 8-8.5 2.9-3.0 455-470
Gas window 1.3-2.6 8.5-10 3-5 >470

2.6 Source-Rock Evaluation Workflow

The most important outcome of this review is that source-rock assessment should be conducted
as an integrated workflow and not a series of isolated measurements. Evaluation, in practical
terms, should start from TOC screening for organic richness sampled by the diplomes or shrubs,
using PS-50ROCs to characterize organic-mass type and kerogen affinity (e.g., Eq. 8), Rock-
Eval parameters to assess hydrocarbon-generation prospective (Eq. 5; includes log10D)), and
be calibrated vectively with TmaxUpTc through an array of Pl(ve) [pearce indices)], well-
defined maturity markers (ro(RcTw)) such as isotopic and lithological temperatures associated
with mixed hydrogenities, converting compound stability between ambient growth temperature
ranges (TAI); molecular format-and-age illustrations correlating sorption continuity (SCI)).

Likewise, you need to know the restrictions of every indicator. TOC recognizes richness but
ignores generative quality; HI and OI are best approximations of kerogen affinity but sensitive
to maturity; Tmax is rapid yet potentially misinformative in low-S2 samples; Ro is more robust
although dependent on the availability and correct identification of vitrinite in the source rock
material analyzed; and TAI/SCI dimensions have useful support value as curation tools,
although interpretation remains subjective. A defensible interpretation thus only arises when
these parameters are assessed in combination and assessed against the angiosperm depositional
environment and burial history.

This unifying framework will provide consistency in terminology, reduce ambiguity in
interpretation and allow for more robust comparisons of source-rock studies across different
basins. Its relevance today is especially pronounced in the context of modern petroleum
exploration, where the search for unconventional targets and mixed-kerogen systems requires
progressively more integrative applications of both geochemical evidence and basin-evolution
concepts (Welte et al. 1997).

3. CONCLUSIONS

This review shows that source-rock nomenclature and geochemical parameters are of greatest
utility when considered as components of an integrated evaluative system, rather than as
independent descriptors. Total organic carbon is still the main screening parameter for organic
richness, but must be evaluated in conjunction with kerogen type, hydrogen richness, pyrolysis
behaviour and maturity indicators to more accurately constrain hydrocarbon potential.
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The transformation of kerogen and the generation windows for hydrocarbons can be
conceptually framed in terms of generic pathways of organic matter that have evolved through
diagenesis, catagenesis, and metagenesis. This framework includes the sapropelic/humic
classification of organic matter and the Types I-1V classification of kerogen, providing a useful
correlation between biological input, depositional environment, and petroleum potential.

It illustrates in addition that no single maturity parameter is sufficient alone. While Tmax, Ro,
TAI, SCI and PI all provide useful but incomplete information, care must be taken to interpret
them in regard to kerogen type, sample quality and analytical limitations. As such, integrated
maturity assessment still plays a fundamental role in identifying immature, oil-window and
gas-window intervals.

The major contribution is the presentation of source-rock terminology and parameters within a
defined, integrated geochemical workflow, starting with richness screening, followed by
kerogen affinity (dialect), hydrocarbon potential (viz), and maturity calibration (motif). This
framework also helps clarify petroleum-geological interpretation efforts and promotes a more
standardized assessment of source-rock quality across natural systems, both conventional and
unconventional.

There is still significant potential for future work in source-rock geochemistry, including
continued standardization of terminology and basin-specific calibration of screening
thresholds, especially where mixed organic inputs, sulfur-rich kerogens or unconventional
shale systems prevent straightforward application of standard interpretive schemes.
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