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ABSTRACT

Thermal maturity is one of key parameters for source rock evaluation, which affects not only the
effectiveness of hydrocarbon generation and the properties of hydrocarbon but also the formation,
evolution and extinction of organic matter-hosted pores in shale reservoirs. Thus, accurate assessment
of thermal maturity is of great significance to the evaluation of conventional source rocks and gas-
bearing properties of unconventional shale reservoirs. However, thermal maturity assessment of the
Precambrian-Lower Paleozoic marine shale deposits has been challenging for several decades. On one
hand, the widely used gold standard-vitrinite reflectance (VR,) cannot be used for maturity assessment
due to the absence of vitrinite in the pre-Devonian strata. On the other hand, traditional organic
geochemistry approaches (e.g., Tmax, biomarkers) cannot be used for maturity assessment of marine
shale deposits at the high-over matured stages. In this review, four groups of macerals, including solid
bitumen, vitrinite-like maceral, zooclasts and liptinite, can be identified in the Precambrian-Lower
Paleozoic sediments, and optical characteristics and origins of these macerals have been summarized.
Furthermore, various proxies of thermal maturity assessment are systematically investigated, providing
potential solutions for accurate assessment of thermal maturity of the Precambrian-Lower Paleozoic
high-over matured marine shale reservoirs. However, accurate identification of different macerals (e.g.,
solid bitumen, vitrinite-like maceral, graptolite) is still challenged, and moreover, the use of optical
reflectance of these macerals is hindered due to optical anisotropies and various conversion relation-
ships that converted their reflectance to equivalent vitrinite reflectance (EqVR,). In addition, Raman
spectrometry is a rapid and non-destructive approach to evaluate thermal maturity of organic matter,
and several Raman parameters, including FWHM-G, RBS and Ip/Ig ratio, can be used as the reliable
maturity indicators, which overcome the influence of optical anisotropy on the optical indicators.
Nevertheless, the application of Raman spectroscopy has been limited due to the lack of uniform test
standards (e.g., experimental conditions) and peak fitting methods. In a word, every maturity proxy has
its suitable range of application and limitations, so a variety of maturity indicators are essential to
comprehensively evaluate thermal maturity of organic matter.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

With the urgent necessity of energy transition, unconventional
shale gas is becoming the major target of hydrocarbon exploration
(Liu et al., 2024; Luo et al., 2020; Montgomery et al., 2005;
Rahmani et al., 2022; Zou et al., 2018). Numerous studies have
investigated the structural characteristics, lithological composi-
tion, diagenesis, and pore characterization of gas shale reservoirs,
as well as the occurrence states of shale gas, promoting the better

1995-8226/© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:gaoping1212@cugb.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.petsci.2025.09.028&domain=pdf
www.sciencedirect.com/science/journal/19958226
www.keaipublishing.com/en/journals/petroleum-science
https://doi.org/10.1016/j.petsci.2025.09.028
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

S.-Y. Liu, P. Gao, X.-M. Xiao et al.

understanding of fine-grained sedimentary rocks (Bernard and
Horsfield, 2014; Cao et al., 2019, 2020; Hackley et al., 2021;
Loucks et al., 2009, 2012; Liu et al., 2022; Meng et al., 2024; Xing
et al,, 2023; Zhao et al., 2022). Thermal maturity can indicate the
degree of thermal degradation of organic matter (OM), which also
can be served as one of key indicators for evaluating the oil/gas-
bearing qualities of shale reservoirs (Hunt, 1996; Jarvie et al.,
2007; Mastalerz et al., 2018). When thermal maturity reaches
the over-mature stage, OM-hosted pores would continue to be
diminished and even disappeared at higher maturity levels, and
high risks would be faced in shale gas exploration and develop-
ment (Xiao et al., 2015). On the one hand, the origin, properties,
quality, and quantity of hydrocarbons generated from sedimentary
OM would be varied at different maturity stages (Mastalerz et al.,
2018; Sanei, 2020). Since the maturity parameters (e.g., VR,)
generally display positive relationships with gas content of shale
reservoirs (Hackley and Cardott, 2016; Hao et al., 2013; Mastalerz
et al., 2013), thermal maturity is one of major factors influencing
gas content of organic-rich shale reservoirs thus influencing the
determination of favorable areas for shale gas exploration
(Mastalerz et al.,, 2018). On the other hand, organic pores are
regarded as major storage spaces for methane gas of marine shale
reservoirs, so the formation, evolution, and disappearance of
organic pores are unavoidably controlled by the maturity levels
(Hao et al., 2013; Karg and Sauerer, 2022; Loucks et al., 2012;
Borjigin et al., 2021; Xu et al., 2022; Yang et al., 2021). Therefore,
accurate assessment of thermal maturity of sedimentary OM is
critical for understanding the distribution of effective source rocks
and high-quality shale reservoirs as well as thermal evolution and
hydrocarbon potential of studied basins.

Vitrinite reflectance (VR,) is the only one widely recognized
and comparable indicator of thermal maturity (Hackley et al.,
2015; Hunt, 1996). Nonetheless, the maturity level of the Pre-
cambrian to Lower Paleozoic shale deposits cannot be accurately
assessed due to the lack of higher plants and associated vitrinite
fragments in the pre-Devonian strata (Bertrand, 1990; Goodarzi,
1984; Goodarzi and Norford, 1985; Luo et al., 2020; Petersen
et al.,, 2013). Besides the VR,, some alternative indicators, e.g.,
Rock-Eval Tpax, maturity-related biomarkers, fluorescence, cono-
dont color alteration index (CAI), thermal alteration index (TAI),
illite crystallinity index, etc., can also be used for thermal maturity
assessment (e.g., Bertrand, 1990, 1993; Buchardt and Lewan, 1990;
Hartkopf-Froder et al., 2015; Jaboyedoff et al., 2001; Kiibler and
Jaboyedoff, 2000; Liu et al., 2024; Mukherjee et al., 2019;
Petersen et al.,, 2013; Varol and Demirel, 2020). However, the
Precambrian-Lower Paleozoic shale deposits usually have experi-
enced greater burial depths and longer thermal histories and
reached the high to over mature stages, thus traditional organic
geochemical approaches are invalid for thermal maturity assess-
ment (Yang and Horsfield, 2020). The CAI and TAI values have been
frequently used as semi-quantitative indicators for thermal
maturity assessment, thus optical reflectance has been still
regarded as the mostly used and practical approach (e.g., Bertrand,
1990, 1993; Buchardt and Lewan, 1990; Petersen et al., 2013). The
illite crystallinity index has been generally used as a proxy for
distinguishing diagenetic stages of very low-grade metamorphism
in low-temperature regionally metamorphosed areas (Jaboyedoff
et al, 2001; Kiibler and Jaboyedoff, 2000; Liu et al., 2024;
Mukherjee et al., 2019; Varol and Demirel, 2020). However, illite
crystallinity merely provides a rough range, which can be influ-
enced by the type of clay minerals, thus leading to the relatively
large errors (Kiibler and Jaboyedoff, 2000). In addition, basin
modelling can also be used as a complementary calibration
method to reduce methodological and analytical uncertainties
(Wang et al., 2023), but the uncertainties of some key geological
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parameters such as stratigraphic sedimentary burial history, rock
thermal physical properties, and paleo-heat flow can also lead to
significant deviations of output results (Wang et al., 2023).
Moreover, with the increasing maturity, chemical composition and
structures of the OM would progressively tend to be convergent,
and different macerals could be hardly distinguished by using
optical microscopy, hindering the further investigation of the or-
igins and aromatization processes of these macerals (Luo et al.,
2023).

Optical maturity indicators, e.g., solid bitumen reflectance
(SBRy), vitrinite-like maceral reflectance (VLMR,), and graptolite
reflectance (GR,), have been widely used for thermal maturity
assessment of the pre-Devonian shale succession, which can be
converted to equivalent vitrinite reflectance (EqVR,) (Goodarzi and
Norford, 1985; Jacob, 1989; Luo et al., 2021; Schmidt et al., 2019;
Wu et al., 2023). Solid bitumen (SB) is the most prevalent sec-
ondary maceral in the Precambrian-Lower Paleozoic marine shale,
and SBR, has been widely used for assessing thermal maturity of
sediments (e.g., Bertrand, 1990; Jacob, 1989; Landis and Castano,
1995; Schmidt et al., 2019; Schoenherr et al.,, 2007). However,
the results of the same sample measured by different authors can
be widely varied, which have been usually accounted for the
following two aspects. First, SB can be easily misidentified with
other macerals when it occurs as small particles (Hackley and
Cardott, 2016; Mastalerz et al., 2018; Petersen et al., 2013; Wang
et al., 2019; Wei et al., 2014, 2016). Second, optical anisotropy
and heterogeneity of SB can be observed at higher maturity levels
(Bernard et al., 2012a, 2012b; Landis and Castano, 1995; Loucks
et al.,, 2009; Wang et al., 2019; Xiao et al., 2000), and particu-
larly, abundant nano-scale pores can be developed within SB
(Bernard et al., 2012a, 2012b; Cardott et al., 2015; Curtis et al.,
2012; Liu et al., 2022; Mastalerz et al., 2013, 2018; Wang et al.,
2019). Vitrinite-like maceral (VLM), so-called as marine vitrinite,
is a primary maceral with optical properties similar to vitrinite
(Buchardt and Lewan, 1990), which is commonly found in the
Precambrian-Paleozoic marine shales (Buchardt and Lewan, 1990;
Luo et al., 2021; Sanei et al., 2014). Graptolite is a type of zooclasts
in the Lower Paleozoic marine shale, and GR, can be used as an
effective maturity indicator due to the distinctive optical charac-
teristics and specific biological origins of the graptolite (Goodarzi,
1984; Goodarzi and Norford, 1985, 1989; Goodarzi et al., 1985;
Gentzis et al., 1996; Bertrand et al., 2003; Petersen et al., 2013;
Lavoie et al., 2016; Luo et al.,, 2016, 2017, 2018, 2020). Nonethe-
less, optical reflectance indicators have several limitations in both
measurement and data processing. For example, the accurate
identification of organic zooclasts mainly depended on the re-
searcher’s experience and expertise and appropriate conversion
equations between optical reflectance and VR, values is crucial to
maturity evaluation. Therefore, the use of these indicators may
lead to inaccurate assessment of thermal maturity in the Pre-
cambrian-Lower Paleozoic shale deposits (e.g., Hackley et al.,
2018; Mastalerz et al., 2018; Misch et al., 2019).

Raman spectroscopy of carbonaceous materials can yield
representative spectral peaks (e.g., first-order vibrational peaks:
D-band and G-band) indicating the information of chemical
structures (Hao et al., 2019), which has been widely used to assess
the maximum temperature associated with contact and/or
regional metamorphism (Rantitsch et al., 2004; Endo et al., 2012;
Mathew et al., 2013; Buseck and Beyssac, 2014; Henry et al.,
2019a, 2019b), and maturity levels of the OM due to the advan-
tages of convenient, fast, and high-precision measurements
(Beyssac et al., 2002; Kelemen and Fang, 2001; Liu et al., 2013;
Wilkins et al., 2014). However, the unified standards, such as
sample preparation, testing conditions and deconvolution, are still
lacking, which have directly impacted on the widespread use of



S.-Y. Liu, P. Gao, X.-M. Xiao et al.

Raman spectroscopy in assessing organic matter maturity (Henry
et al,, 2019a).

Currently, primary approaches evaluating thermal maturity of
the Precambrian-Lower Paleozoic high-over mature marine shale
deposits include optical reflectance (e.g., SBR,, VLMR,, and GR,)
and the Raman spectral parameters. In order to acquire more
complete and reliable maturity results, the advantages and
shortcomings of various maturity approaches should be compre-
hensively evaluated. Therefore, the objectives of this review are to
(1) characterize the different macerals in Precambrian-Lower
Paleozoic shale, mainly including solid bitumen, vitrinite-like
maceral, zooclasts, and liptinites; (2) investigate the principles,
application, as well as advantages and limitations of various op-
tical reflectance parameters and Raman spectroscopy parameters;
(3) conduct a comparison study of various maturity approaches,
providing most reasonable ideas for accurate assessment of ther-
mal maturity in the high-over marine shale deposits.

2. Classification and characterization of macerals in the
Precambrian-Lower Paleozoic shales

Macerals in sedimentary rocks are the fundamental materials
for hydrocarbon generation, which could influence the hydrocar-
bon potential and quality of source rocks (Hackley and Cardott,
2016; Luo et al., 2020). Meanwhile, OM occurrences and types
are directly related to total porosity, pore structure evolution, and
gas-bearing property of shale reservoirs, playing a crucial role in
appraising the potentials of conventional and unconventional
hydrocarbon resources (Hackley and Sanfilipo, 2016; Liu et al.,
2022; Loucks et al., 2012; Borjigin et al., 2021; Xiao et al., 2015).
However, OM compositions of the Precambrian-Lower Paleozoic
sediments are principally contributed from lower organic organ-
isms, including planktonic algae, zooplankton, and bacteria
(Teichmdiller, 1986; Luo et al., 2023; Xiao et al., 2000; Zhong and
Qin, 1995). These organisms have experienced a long history of
burial and thermal evolution and reached the overmature stage,
displaying similar optical and morphological features and thus
resulting in difficult identification of various macerals (Zhong and
Qin, 1995). Numerous authors have proposed the definition of
different macerals in organic-rich shale deposits at different ages,
but there still have some differences in nomenclature of various
macerals, thus hindering practical application of organic petrology
(Hackley and Cardott, 2016; Luo et al., 2021, 2023; Zhong and Qin,
1995). Most recently, Luo et al. (2023) systematically studied both
naturally and artificially maturated samples of the Precam-
brian-Lower Paleozoic sections from all over the world. Based on
the optical properties (e.g., reflectance and fluorescence) and
structural features (e.g., morphology and texture) of various
macerals, as well as the source, genesis, sedimentary trans-
formations, and thermal degradation processes of the OM, they
established a classification and naming scheme of various mac-
erals, i.e., solid bitumen, vitrinite-like maceral, zooclasts, liptinites
and inertinites (Luo et al., 2023). In this study, we primarily refer to
the classification and nomenclature scheme proposed by Zhong
and Qin (1995) and Luo et al. (2023), and characterize various
macerals identified from the Precambrian-Lower Paleozoic shale
deposits in many sedimentary basins (Table 1).

2.1. Solid bitumen

Solid bitumen (SB) has been described by a multitude of terms,
including bitumen, solid hydrocarbon, migrabitumen, reservoir
bitumen, pyrobitumen, etc. (Gentzis and Goodarzi, 1990; Hackley
and Cardott, 2016; Hunt, 1996; Hwang et al., 1998; Jacob, 1989;
Khorasani and Michelsen, 1993; Mastalerz et al., 1995; Sudrez-
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Ruiz et al., 2012; Tissot and Welte, 1984; Wilson, 2000). Organic
geochemists define bitumen as the OM component soluble in
organic solvents, which is contrast to kerogen insoluble in organic
solvents (Hackley and Cardott, 2016; Hackley et al., 2021; Hwang
et al,, 1998; Mastalerz et al., 2018). Organic petrologists describe
bitumen as secondary component formed from thermal degrada-
tion of kerogen or crude oils, and the bitumen filling in pores, voids
and cracks of rocks can be easily identified using optical obser-
vations (Hunt, 1996; Li et al., 2024; Waliczek et al., 2019). In this
study, the latter has been described as SB.

As a secondary maceral, SB can be formed via a verity of
geological alteration processes, including thermal cracking of oils,
devolatilization, and biodegradation, but there have some differ-
ences in occurrence forms and optical properties (Li et al., 2024;
Liu et al., 2023). Abraham (1918) divided SB into six types based
on physical features, but the genesis of SB was not considered.
Subsequently, the influence of thermal maturity was introduced to
the classification of SB (Jacob, 1989; Landis and Castano, 1995), and
the boundary between SB and pyrobitumen at solid bitumen
reflectance (SBR,) = 0.7%. However, since liquid hydrocarbons and
their secondary products would continue to be cracked to pyro-
bitumen at high maturity stages, such a classification scheme
should be updated (Jacob, 1989). Thus, the boundary between SB
and pyrobitumen should be defined at the SBR, = 1.5%, which can
be shifted to 1.3% for sulfur-rich kerogen due to the secondary gas
generation (Mastalerz et al., 2018). Zhong and Qin (1995) defined
bitumen directly as secondary maceral based on its genesis.
Curiale (1986) genetically classified SB as pre-oil SB and post-oil
SB based on biomarkers and other geochemical analyses. Pre-oil
SB is immature products of source rocks, which displays very
viscous characteristics and has been migrated minimal distances
to fractures. Post-oil SB is the product of the alteration of a once-
liquid oil, which is generated and migrated from matured source
rocks. Misch et al. (2019) categorized SB into in-situ SB and
migrated SB based on secondary migration. Since the definition of
migration distance was ambiguous, Sanei (2020) further proposed
a new schematic model for generation and timing of multiple
phases of SB throughout the continuum of OM maturation in
source and tight reservoir based on genesis and thermal maturity,
i.e., diagenetic SB (or degraded bituminite), initial-oil SB, primary-
oil SB, late-oil SB (solid-wax) and pyrobitumen. Luo et al. (2023)
divided SB in the Precambrian-Lower Paleozoic sedimentary rocks
into three categories, including thucholite, in-source SB and
reservoir SB. Thucholite consists of radioactive mineral particles
and bitumen, which generally displays sub-rounded to rounded
and irregular shapes, with a diameter of about tens of micrometers
(Fig. 1(a) and (b)). SB around the radioactive particles generally
displays the decreasing optical reflectance from inside to rim
(Crick, 1992; Crick et al., 1988; Luo et al., 2014, 2023). In-source SB
occurs in source rock without long distance migration, while
reservoir SB is commonly found in reservoirs such as carbonate
rocks and sandstones after secondary migration (Luo et al., 2023).
In summary, the classification of SB is mainly based on the
following aspects: one is different properties of SB during thermal
evolution; another is occurrence states based on whether SB has
been migrated or not (Liu et al., 2023). However, SB in the high-
over mature shale reservoirs is mostly formed via complex
chemical alterations of some original macerals under the condi-
tions of high temperature and pressure, which may have not
migrated over long distances (Fig. 1(c)—~(f)).

SB often belongs to the prevalent OM component of in the
Precambrian-Lower Paleozoic high-overmature shale (e.g.,
Hackley and Cardott, 2016; Mastalerz et al., 2018; Rippen et al.,
2013). Unlike primary macerals, SB generally occupies the voids
or pore spaces of shale reservoirs thus displaying amorphous
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Classification of various macerals in the Precambrian-Lower Paleozoic shales (modified from Luo et al. 2023).

Maceral group Maceral Descriptions

Applicable age range

Solid bitumen (SB) In-source solid bitumen

Solid-phase secondary products remaining in the source rock after

Precambrian-Paleozoic

the petroleum migration

Thucholite
minerals

Vitrinite-like maceral Vitrinite-like particle

Degraded OM formed from the humification or strong bacterial
degradation that selectively degrade the active hydrogen-rich

Polymerized algal OM subjected to ionic radiation from radioactive /

Precambrian-Lower Paleozoic

component in marine lower organisms

(VLM)
Zooclasts Graptolite
Chitinozoan
Radiolarian
Liptinite Lamalginite
Bituminite bacterial biomass

Matrix-bituminite

Transformation products of the OM within the periderm, organic-
walls and bones of marine zooplanktons

Silurian-Ordovician
Ordovician-Devonian

/

OM formed from degradation products of algal products and /

shapes, e.g., polygonal, clumps, bands, stripes, and irregular shapes
(Fig. 1(c)~(f)). Thus, it’s hard to accurately identify SB according to
its morphology and occurrence forms (Mastalerz et al., 2018).
Optical properties, including texture and reflectance, represent a
robust method for the identification of SB particles (e.g., Goodarzi
and Macqueen, 1990; Jacob, 1985; Khavari-Khorasani, 1983). Based
on these properties, SB can be divided into three types: homoge-
neous, granular, and anisotropic (Landis and Castano, 1995). Ho-
mogeneous SB particles have a consistent flat, smooth surface and
uniform reflectance, which are ideal targets for reflectance mea-
surement (Landis and Castano, 1995; Mastalerz et al., 2018).
Granular SB particles typically have rough surfaces, lower reflec-
tance and display the gray-white or gray-yellow reflected light,
which occur in association with homogeneous SB or widely
disperse throughout the mineral matrix of the Precambrian-Lower
Paleozoic high-over mature shale (Fig. 1(c)(f)) (Mastalerz et al.,
2018; Liu et al.,, 2023; Luo et al.,, 2023; Sanei, 2020). Anisotropic
SB, also referring to reservoir SB or migrated SB, displays a variety
of optical texture, e.g., fine-grained mosaic, coarse flow mosaic,
domain and fibrous textures, which is not typical in shale reser-
voirs but usually occurred in carbonate rocks or sandstones (Gao
et al., 2018; Goodarzi et al., 2024; Liu et al., 2023; Luo et al.,,
2023; Stasiuk, 1997; Zuo et al., 2022a, 2022b).

2.2. Vitrinite-like maceral

Vitrinite-like maceral (VLM) is a type of autochthonous, syn-
depositional, and dispersed OM, which is ubiquitous in the Pre-
cambrian-Lower Paleozoic shale deposits (Wu et al., 2023; Xiao
et al., 2000). Buchardt and Lewan (1990) firstly discovered one
type of OM very similar to vitrinite particles in morphology in the
Cambrian-Ordovician Alum shale deposits from Northern Europe,
which had been termed as “vitrinite-like maceral”. Subsequently,
VLM was also known as “marine vitrinite” (Zhong and Qin, 1995).
VLM displaying the rounded or lenticular-elongated shapes has
regarded to be primary origin, which always shows clear outlines
and smooth surfaces devoid of internal textures (Fig. 2(a)-(f)).
Moreover, it can be easily identified under optical microscope,
which displays brown colors under transmitted light, dark gray to
grayish-white colors under reflected light, and non or weak fluo-
rescence under fluorescent reflected light (Fig. 2(c) and (d)) (Xiao
et al., 2000). It exhibits the strong optical anisotropy at the over-
mature stage (Fig. 2(e) and (f)) (Luo et al., 2021; Wu et al., 2023).

The origins of VLM remain controversial, which have been
accounted for four major opinions. (1) VLM belongs to SB, which is
lack of void-filling properties and only optically similar to the
vitrinite (Hackley et al., 2018; Schmidt et al., 2019). Schmidt et al.
(2019) observed some overlapping data of the SBR, and vitrinite-
like maceral reflectance (VLMR,) both in naturally and artificially
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matured samples when the maturity levels were similar.
Furthermore, they noted a similar increasing trend between the
VLMR, and SBR, values during artificial maturation, implying that
VLM may belong to SB. However, Luo et al. (2021) found that some
VLM were encapsulated by bituminite in the Precambrian—-Cam-
brian overmature shale deposits, and moreover, VLM and bitu-
minite particles displayed different optical anisotropies (Fig. 2(c)
and (d)), indicating that the VLM could be categorized as original
maceral rather than aggregates of in-source SB. (2) VLM is a part of
organic zooclasts, including graptolites and chitinozons (Goodarzi,
1984; Goodarzi and Norford, 1985; Petersen et al., 2013). Petersen
etal. (2013) suggested that a part of VLM in the Alum shale may be
derived from graptolite fragments, which displayed similar optical
characteristics of graptolite with increasing burial depth and
temperature. (3) VLM is formed via the gelification of poly-
saccharides of multicellular algal seaweeds, fungal hyphae, and
arthropod cuticle (Buchardt and Lewan, 1990). Buchardt and
Lewan (1990) suggested that the evolutionary pathway of VLM
followed that of suppressed-vitrinite rather than coal-vitrinite in
hydrous pyrolysis experiments, indicating that VLM may be
derived from organic remains enriched in polysaccharides, such as
cellulose, alginic acid, pectin, and chitin. Similarly, Xiao et al.
(2000) suggested that VLM in the Cambrian-Ordovician source
rocks form the Tarim Basin were mainly formed from the gel-
ification of algal OM, because they were rich in hydrogen and
exhibited a similar outline and size with multicellular algae. (4)
VLM is derived from the degradation of marine lower organisms
(e.g., planktonic algae) (Khan et al., 2020; Luo et al., 2014, 2021;
Wang et al., 1996; Wu et al., 2023; Xiao et al., 2000; Zhong and
Qin, 1995). For example, Wang et al. (1996) believed that VLM in
the Lower Paleozoic high-over mature source rocks were mainly
derived from the residues during thermal degradation of algae and
its derivatives, and moreover, the formation and evolution of VLM
can be clearly observed according to the thermal simulation of
immature algal materials. Based on stable carbon isotopic com-
positions of various organisms and humic acids in diverse sedi-
mentary environments, Zhong and Qin (1995) suggested that the
humification of the OM could also occur in marine environments,
and found that marine lower organisms could be transformed into
VLM materials via marine humification under moderately
oxygenated environments according to the atomic H/C and O/C
ratios of marine humic acids and VLM from different basins.
However, Luo et al. (2021) found the 25-norhopane, an indicator of
substantial biodegradation, in the Precambrian VLM-bearing sed-
iments, and an evolutionary pathway of “lamalginite — bituminite
— VLM” during the artificial maturation of algal materials was
proposed. They suggested that VLM in Precambrian shales may be
formed as a result of strong bacterial degradation (e.g., sulfate-
reducing bacteria and methanogens) of the lamalginite/
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Lamalginite

/

Solid bitumen

~

/

Thucholite

Fig. 1. Microphotographs of various types of the SB in source rocks. All microphotographs (excluding Fig. 1(a)) were captured under oil immersion reflected light. (a-b) The
thucholite displaying halo characteristics was closely associated with the lamalginite (indicated by yellow fluorescence) and the SB along the bedding planes in the Ediacaran Salt
Range Formation shale from the Indus Basin (Khan et al., 2020). (¢) The amorphous SB displaying the weakly reflected light surrounds a granular mineral particle in the Cry-
ogenian Dalongpo Formation black shale from the South China (Ai et al., 2021). (d) The granular SB has rough interior and granular mosaic texture with indistinct edges in black
shale of the Ordovician-Silurian Wufeng-Longmaxi formations (WF-LMX). (e) The amorphous SB with fuzzy edges filled in the intergranular pores of mineral particles in the
Lower Cambrian shale from the South China. (f) The layered SB displaying the weakly reflected light developed among clay platelets of the Lower Cambrian Qiongzhusi Formation

shale from the South China.

bituminite under anoxic environments (Luo et al, 2021). The
anaerobic bacterial degradation process occurs in the water col-
umn or within the sediments, which can selectively degrade the
active hydrogen-rich component of the kerogen, thereby enriching
the residual kerogen with higher contents of stable carbon (Khan
et al., 2020; Luo et al., 2014; Machel, 2001; Sanei et al., 2014).

In summary, the origin of VLM remains unclear. Nevertheless, it
is believed that VLM, as a primary maceral, is neither an aggregate
of SB particles nor a part of zooclasts due to the lack of distinct
biological structures, which may be originated from the
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humification of marine lower organisms under the moderately
oxygenated conditions or selective bacterial degradation of marine
organisms in anoxic environments resulting in the loss of active
hydrogen-rich components, finally displaying similar optical
characteristics with the vitrinite.

2.3. Zooclasts

Zooclasts refer to the optically visible carbonized residuals of
various types of animals (Zhong and Qin, 1995). Three types of
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Fig. 2. Microphotographs of various types of the VLM in shales. All microphotographs (excluding Fig. 2(d)) were captured under oil immersion reflected light. (a) An elongated and
segmented VLM particle in the Lower Cambrian shale in the South China. (b) A segmented VLM particle has a granular mosaic texture similar to the granular graptolite in the WF-
LMX black shale in the South China. (c-d) Different optical and fluorescence characteristics between the VLM and other macerals (e.g., lamalginite and bituminite) of the
Mesoproterozoic Xiamaling Formation lowly-matured shale deposits (Luo et al., 2021). The striped VLM with a smooth surface displays dark brown to non-fluorescing color under
the fluorescent light, and gray-white color under reflected light, while the bituminite, lamalginite, and matrix-bituminite particles display yellowish-brown colors under the
fluorescent light. (e—f) Photomicrographs of a VLM particle in the Lower Cambrian Niutitang Formation shale display strong optical anisotropy with 90° rotation of the microscopy
stage under polarized light. The vitrinite-like maceral reflectance (%) is given beside the measurement site (indicated by red square) (Wu et al., 2023).

zooclasts, including graptolite periderm, chitinozoan vesicle and
radiolarian, can be mainly identified in the Precambrian-Lower
Paleozoic marine shale deposits (Bertrand, 1990; Goodarzi, 1984;
Goodarzi and Norford, 1985; inan et al., 2016; Lavoie et al., 2016;
Luo et al.,, 2023; Petersen et al., 2013; Synnott et al., 2018; Wang
et al., 2019). Although major sources of the buried OM in the
early Paleozoic oceans have been generally regarded to be primary
producers (e.g., phytoplankton; Luo et al., 2023), recent studies
have found that some zooplanktons, e.g., graptolite (Fig. 3(a)~(f)),
chitinozoan (Fig. 3(g) and (h)), and radiolarian (Fig. 3(i)), can have
an important contribution to the buried OM in Lower Paleozoic
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shale deposits (Ardakani et al., 2018; Luo et al., 2016, 2020, 2023;
Obermajer et al., 1996, 1999).

2.3.1. Graptolite

Graptolite is a type of marine zooplanktons, mainly living in the
early Paleozoic oceans (Clarkson, 1981), which can be widely found
in the Lower Paleozoic shale deposits around the world (Ardakani
et al., 2018; Goodarzi, 1984; Luo et al., 2020; Reyes et al., 2018).
Rhabdosome (colony) with more than one branch (stipe) is the
major biological structure of graptolites, which is generally con-
sists of fusellar tissue and cortical tissue (Luo et al., 2020). The
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Fig. 3. Microphotographs of various types of the zooclasts in source rocks. All microphotographs were captured under oil immersion reflected light. (a) The elongated NGG
particles have concentric layer structures and high reflectance characteristics in the WF-LMX black graptolitic shale. (b) The NGG and GG particles were closely associated with
each other and distributed along the bedding planes of the WF-LMX shale (Luo et al., 2018). (c) An elongated NGG particle and associated with the SB seemed to be distributed
along the bedding planes of the WF-LMX black graptolitic shale. (d) A blocky-shaped NGG particle in the WF-LMX shale displays the spindle-like concentric layer structure and
has higher reflectance values relative to the SB. (e-f) High bireflectance were displayed in one same NGG particle from the WF-LMX shale in sections perpendicular to bedding
when the microscope stage was rotated at 90° under polarized light. The graptolite reflectance (%) is given beside the measurement site (indicated by red square). (g) A chiti-
nozoan with complete biological structures, including oral tube, chamber, and appendices from the Utica Shale (Ardakani et al., 2018). (h) A chitinozoan clast with the chamber in
the Ekwan River Formation shale (Bertrand and Malo, 2012). (i) A radiolarian fragment consisting of fine-grained OM in the interior and chalcedony in the rim has been widely
found in the WF-LMX shale, and the interior OM displays the characteristics of growth bands (Liu et al., 2022).

individual zooids are situated along a stipe and connected by a
stolon through a common canal. The fusellar layers, thecae and
common canal can be observed under optical reflected light
(Fig. 3(a)) (Clarkson, 1981; Crowther, 1981; Moore, 1995).

Based on optical characteristics, the graptolite can be classified
into granular graptolite (GG) and non-granular graptolite (NGG)
(Fig. 3(b)). The GG generally displays fine-grained mosaic textures
under reflected light and has weaker anisotropy and lower
reflectance relative to the NGG (Fig. 3(b)), which has often been
found in carbonate source rocks (e.g., Goodarzi and Norford, 1985).
The NGG generally displays optically homogeneous textures with
lath or blocky shapes (Fig. 3(c)<(f)), which is often found in
mudstone source rocks (Goodarzi, 1984). The NGG may display a
long stripe-like shapes in slices perpendicular to bedding planes
(Fig. 3(c)). However, it sometimes shows blocky shapes in slices
parallel to bedding planes, and a spindle-like concentric layer
structure can also be clearly observed (Fig. 3(d)) (Link et al., 1990;
Luo et al., 2017, 2020; Zheng et al., 2022). Generally, the anisotropy
of NGG will increase during thermal maturation based on the
positive correlation between GRymax and graptolite bireflectance
(Fig. 3(e) and (f)) (Luo et al., 2017), which may be related to the
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varying molecular structures of organisms (Goodarzi and Norford,
1985).

Regarding the origins of the GG and NGG particles, some au-
thors hypothesized that the both were derived from different parts
of rhabdosome, e.g., the common canal and the shell with fusellar
layers (Goodarzi, 1984). However, Luo et al. (2018) found that the
soft GG could transform into the hard and brittle NGG at the GR,
reaching 1.24% based on artificial thermal maturation of the
Estonian Alum Shale, indicating that the NGG can be derived from
GG under the effect of thermal stress (Luo et al., 2018). Although
the graptolite contains less nanopores relative to SB, chemical
composition and organic geochemical characteristics of the former
show that the graptolite is mainly gas prone and has great po-
tentials of hydrocarbon generation (Bustin et al., 1989; Cardott and
Curtis, 2018; Inan et al., 2016; Liu et al., 1996; Luo et al., 2020;
Wang et al.,, 2017).

2.3.2. Chitinozoan

Chitinozoan vesicle is derived from the hollow organic vesicles
of the chitinozoans, which has morphological details like bottle or
flask shapes with an oral tube, chamber, and appendice and are
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common in the Ordovician-Devonian marine deposits (Fig. 3(g)
and (h)) (Grahn and Paris, 2011). Chitinozoan reflectance is a
powerful method of thermal maturity assessment in Lower
Palaeozoic rocks (Goodarzi et al., 1985; Bertrand, 1990; Tricker
et al., 1992; Petersen et al.,, 2013; Hackley and Cardott, 2016;
Reyes et al., 2018). Due to the limited distribution of chitinozoan,
however, it is difficult to obtain sufficient reflectance data, hin-
dering the extensive use of chitinozoan reflectance. Chitinozoan
vesicle displays a relatively homogeneous optical texture at low
maturity stages, while it shows strong optical anisotropy and
optically wavy extinction like graptolite at higher maturity stages
(Fig. 3(g) and (h)) (Bertrand and Malo, 2012; Ardakani et al., 2018).
Although some sporadic fractures of variable sizes remained in
chitinozoans, no significant organic pores could be observed in
chitinozoans at the varying maturity stages from “peak oil” to “dry
gas window”, implying non-porous chitinozoan walls (Ardakani
et al,, 2018). Meanwhile, Dutta et al. (2013) suggested that chem-
ical compositions of chitinozoan were similar to those of Type III
kerogen and gas-prone bio-macromolecules.

2.3.3. Radiolarian

Siliceous radiolarian, a lower zooplankton with siliceous skel-
etons, has been frequently found in the Lower Paleozoic shale
deposits (De Wever et al., 2002; Liu et al., 2022; Lu et al., 2016; Tan
et al., 2020). Radiolarian fragments displaying the rounded or
fragmented shapes usually contain OM in the interior and chal-
cedony rim under optically reflected light (Fig. 3(i)) (Gao et al.,
2022, 2024). The interior OM appears to display the fine-grained
mosaic textures, but SEM observations have revealed that such a
false appearance was resulted from the mixture of fine-grained
OM (probably SB) particles and microcrystalline or nanocrystal-
line quartz (Gao et al., 2022, 2024; Hu et al., 2020).

2.4. Liptinite

Liptinite is generally categorized as a type of oil prone marcels
(Liu et al., 2022), including lamalginite, matrix-bituminite and
bituminite (Fig. 2(c) and (d)) (Hackley et al., 2018; Luo et al. 2023;
Wau et al., 2023). Lamalginite is very easy to be distinguished under
the reflected light, which displays yellowish to brown fluorescence
with filamentous shapes and develops along the bedding planes
(Fig. 2(c) and (d)) (Kus et al., 2017; Luo et al., 2023). Bituminite (so-
called amorphous OM, sapropelinite or amorphinite; Hackley and
Sanfilipo, 2016; Mukhopadhyay et al., 1985; Van Gijzel, 1981) is
intimately intermingled within the mineral matrix, displaying
amorphous or strip shapes and variable fluorescence at low-
medium maturity levels (Fig. 2(c) and (d)) (Luo et al.,, 2023;
Taylor et al., 1998; Taylor and Liu, 1989), which may be the
decomposition products of marine algal bodies and planktonic
debris (Goodarzi et al., 2022). Sometimes, bituminite occurs in a
continuum with the organic-leaner “mineral bituminous ground-
mass”, as known as matrix-bituminite (Fig. 2(c) and (d)) (Hackley
et al, 2018; Taylor et al., 1998). It's widely accepted that the
bituminite may be formed from the degradation of algal materials
and bacterial biomass, which has regarded to have the greatest
potentials of hydrocarbon generation (Hackley et al., 2018; Pickel
et al., 2017; Taylor et al., 1998). Liptinite can be converted in-situ
to SB during thermal maturation (Hackley et al., 2018), resulting
in gradual disappearance of biogenic structure and fluorescence
features at higher maturity stages. Therefore, liptinite is
commonly observed in immature to early mature source rocks
(Hackley et al., 2018), but the original outlines of biological or-
ganisms can be roughly observed sometimes (Liu et al., 2022).In a
word, the occurrence of liptinite in the highly-matured shale
reservoirs is still disputed.
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3. Optical reflectance of different macerals

Until now, three major macerals, including SB, VLM and NGG,
have been commonly selected as the ideal targets for optical
reflectance measurements to evaluate thermal maturity of the
Precambrian-Lower Paleozoic high-over mature shale reservoirs
(e.g. Buchardt and Lewan, 1990; Jacob, 1989; Landis and Castano,
1995; Petersen et al., 2013; Riediger, 1993; Schoenherr et al.,
2007; Xiao et al.,, 2000; Zhong and Qin, 1995). Although other
recognizable macerals (e.g., chitinozoan) can also be used as po-
tential targets for maturity evaluation (Bertrand, 1990), they will
not be discussed in this review due to the relatively low research
levels, as well as less distribution in shale deposits. Therefore,
three major optical reflectance indicators, as well as the advan-
tages and disadvantages of these indicators, will be discussed.

3.1. Solid bitumen reflectance

It’s widely accepted that SB is the dominant maceral in the
majority of high-over mature shale deposits (Hackley and Cardott,
2016), and solid bitumen reflectance (SBR,) has also regarded to be
a reliable maturity indicator (e.g., Cardott et al., 2015; Hackley and
Cardott, 2016; Mastalerz et al., 2018; Petersen et al., 2013; Reyes
et al., 2018; Wei et al., 2016).

As mentioned above, SB is mainly derived from the thermal
cracking of kerogen or retained hydrocarbons in shale reservoirs
under high temperatures, belonging to the secondary maceral
(Curiale, 1986; Mastalerz et al., 2018), and the SBR, values increase
with increasing thermal maturity (Hackley et al., 2015; Petersen
et al.,, 2013; Riediger, 1993; Valentine et al., 2014). However, SB
and vitrinite display the different evolutionary pathways, e.g.,
different increase rates of optical reflectance at different maturity
stages (Liu et al., 2019). Numerous studies have shown that the
SBR, values were typically lower than the corresponding VR,
values at low maturity stages (VR, < 1.0%-1.5%) (e.g., Hackley and
Lewan, 2018; Schmidt et al., 2019). Since SB is a product of oil
cracking, it contains large amounts of aliphatic compounds thus
theoretically resulting in low aromaticity and relatively low
reflectance relative to the vitrinite (Curiale, 1986; Wei et al., 2016).
With the increasing maturity, the aromaticity of SB increases
(Landis and Castano, 1995), and SB and vitrinite display a similar
evolutionary pathway at the VR, > 1.0%-1.5% (Hackley and Lewan,
2018; Liu et al., 2019; Wang et al., 2020).

The conversion of the SBR, and VR, values plays a critical role in
maturity evaluation, which has received much attention until now
(e.g., Bertrand, 1990; Jacob, 1989; Landis and Castano, 1995;
Schmidt et al., 2019; Schoenherr et al., 2007). As early as 1989,
Jacob (1989) proposed an empirical equation between the SBR,
and VR, values for the migrated SB in carbonate reservoirs, but the
measured SBR, values were less than 2.5%. Subsequently,
numerous authors have proposed a variety of empirical equations
between the SBR, and EqVR, values of various lithologies (e.g.,
carbonates and mudstone) from global sedimentary basins
(Table 2; Fig. 4(a)). For example, Landis and Castano (1995)
measured the reflectance values of the vitrinite and associated
homogeneous SB particles in source rocks from several sedimen-
tary basins around the world, and proposed an empirical equation
between the SBR, and VR, values, with wide applicable conditions
(0.5% < VR, < 5.0%). Schoenherr et al. (2007) integrated the
measured data of Jacob (1989) and Landis and Castano (1995), and
proposed an updated empirical equation between the SBR, and
VR, values. In addition, Bertrand (1990) used the chitinozoan
reflectance as an intermediate variable, and established an
empirical equation between the SBR, and EqVR, values of the
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Table 2
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The empirical equations for equivalent vitrinite reflectance calculation (EqVR,, %) based on solid bitumen reflectance (SBR,, %).

Empirical equations

Applicable conditions

Materials/age/area

References

EqVR, = 0.679SBR,+0.3195
EqVR, = 0.618SBR,+0.40
EqVR,=(SBR,+0.03)/0.96
EqVR, = 0.618SBR,+0.40
EqVR, = 0.277SBR,+0.57
EqVR,=(SBR,—0.13)/0.87

EqVR, = 0.668SBR,+0.346
EqVR,=(SBR,+0.41)/1.09
EqVR,=(SBR,—0.059)/0.936
EqVR,=(SBR,+0.2443)/1.0495
EqVR, = 0.83SBR,+0.22
EqVR, = 1.355BR,—0.16
EqVR, = 0.938SBR,+0.3145

SBR, < 5.0%
SBR, < 2.5%
Limestone
SBR, < 0.52%
SBR, > 0.52%
Limestone

/

0.5% < EqVR, < 5.0%
EqVR, > 1.5%

0.5% < EqVR, < 5.0%
/

/
0.07% < SBR, < 5.40%

Permian and Triassic oil shale in China

Carbonate rocks from Germany and undisclosed countries
Paleozoic marine sequences in Gaspe Peninsula of Eastern Canada
Lower Jurassic “Nordegg Member” marine rocks in Canada
Sedimentary Basin

Ordovician to Devonian samples in the Quebec, Northwest
Territories, and Yukon Territory

Carbonate rocks in China

Upper Devonian and Cretaceous samples from USA
Silurian-Devonian source rocks in the Gaspé Belt basin, Canada
Data from Jacob (1989) and Landis and Castano (1995)

Middle Devonian/lower Mississippian New Albany Shale
Naturally-matured shale samples from China, Sweden and Estonia
Data from Jacob (1989), Landis and Castano (1995), Newman et al.
(2013), Araujo et al. (2014), Agirrezabala et al. (2014), Mahlmann

Feng and Chen (1988)
Jacob (1989)
Bertrand (1990)
Riediger (1993)

Bertrand (1993)

Liu and Shi (1994)

Landis and Castano (1995)
Bertrand and Malo (2001)
Schoenherr et al. (2007)
Wei et al. (2016)

Luo et al. (2018)

Schmidt et al. (2019)

and Le Bayon (2016), Wei et al. (2016) and Hackley and Lewan

(2018)
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Fig. 4. The relationships between the SBR, and VR, or EqVR, values. (a) The relationships between the SBR, and EqVR, values from previous works revealing greater differences at
the overmature stage. (b) A cross-plot of the SBR, versus VR, or EqVR, values showing a new fitted empirical equation. Data are from Agirrezabala et al. (2014), Feng and Chen
(1988), Hackley et al. (2016), Liu et al. (2019), Mahlmann and Le Bayon (2016), Wang et al. (2020), Wei et al. (2016).

Paleozoic marine successions. Subsequently, the empirical equa-
tions between the SBR, and EqVR, values had been updated ac-
cording to different lithologies (Bertrand, 1993; Bertrand and
Malo, 2001). However, practical application of these empirical
equations might be challenged due to several conversions and
complex origins of migrated SB. In overall, a positive linear rela-
tionship between the SBR, and VR,/EqVR, values seems to be dis-
played in majority of previous studies. However, Xiao et al. (1991)
suggested that a positive linear correlation between SBR, and VR,/
EqVR, values may only exist at the high maturity stage. Luo et al.
(2021) found that the SB in the reservoir rocks have higher
reflectance than that in the adjacent source rocks due to more
aliphatic and aromatic hydrocarbons (Luo et al., 2021). Moreover,
they have established two distinct correlation trends between
SBR, and EqVR, for the artificially matured Mesoproterozoic shale
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and Cambrian Alum shale samples, and such a difference may be
attributed to the variations of original kerogen compositions.
Additionally, an updated empirical equation between the SBR, and
EqVR, values has been established based on the large numbers of
measured points from previous works (Fig. 4(b); Agirrezabala
et al., 2014; Feng and Chen, 1988; Hackley and Sanfilipo, 2016;
Liu et al, 2019; Mahlmann and Le Bayon, 2016; Wang et al.,
2020; Wei et al., 2016), which is shown in the following:
EqQVR, — 0.71SBR, + 0.31 (n — 88 R? — 0.99) (1)

Such an empirical equation can be comparable to the equation
proposed by Wei et al. (2016). However, the calculated EqVR,
values display large differences at the same SBR, values, particu-
larly at the overmature stage (Fig. 4(a)). When the SBR, values are
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given, some equations can yield lower EqVR, values (e.g., Liu and
Shi., 1994; Liu et al., 2019; Riediger, 1993) whereas other equa-
tions can yield higher EqVR, values (e.g., Bertrand, 1990, 1993;
Schmidt et al., 2019; Schoenherr et al., 2007). Compared with
previous empirical equations, such a new equation was fitted from
a variety of data sources, including naturally and artificially
matured source rocks from many sedimentary basins. Meanwhile,
this equation has a wide range for maturity assessment, which
could essentially cover different stages of hydrocarbon generation.

3.2. Vitrinite-like maceral reflectance

VLM is an original and indigenous maceral with similar optical
features to vitrinite, which is widely developed in the Precam-
brian-Lower Paleozoic deposits around the world (Buchardt and
Lewan, 1990; Luo et al., 2021; Schmidt et al., 2015; Xiao et al.,
2000; Zhong and Qin, 1995). Buchardt and Lewan (1990) firstly
identified VLM in the middle Cambrian-Lower Ordovician Alum
shale in southern Scandinavia. Moreover, they found that the
evolutionary pathway of VLM was very similar to that of sup-
pressed vitrinite, and VLM reflectance (VLMR,) displayed a nega-
tive linear relationship with atomic H/C ratios of kerogen fractions,
indicating that VLMR, may be a useful thermal maturity indicator
(Buchardt and Lewan, 1990). Subsequently, some authors have
conducted comprehensive investigations on the relationship be-
tween VLMR, and VR, values (Table 3; Fig. 5(a)). For example,
Cheng et al. (1995) and Wang et al. (1996) conducted artificial
simulation of Lower Paleozoic lignite and kerogen samples from
Ordovician Kukersite oil shale, and established a positive linear
relationship between the VLMR, and VR, values within the VR,
range of 0.73%-2.0%. Similarly, Luo et al. (2021) established a linear
relationship between the VLMR, and VR, values based on artificial
maturation of the Proterozoic Xiamaling Formation shale,
Cambrian Alum shale and Carboniferous coal samples. Thus, it's
widely accepted that a linear relationship occurred between the
VLMR,, and VR, values.

However, some studies suggested that there was a multi-stage
positive linear relationship between VLMR, and VR, values
(Schmidt et al., 2015; Xiao et al., 2000). Xiao et al. (2000) had
investigated the VLM in the Lower Paleozoic deposits from the
Tarim Basin and found three-stage linear correlations between
VLMR, and VR, values based on artificially- and naturally-
maturated samples. In contrast, Schmidt et al. (2015) suggested
two-stage linear regression equations according to the naturally-
and artificially-matured samples from the Ponta Grossa Formation
(Middle Devonian or older).

Table 3

Petroleum Science 23 (2026) 1066-1088

In this study, based on large amounts of measured points from
previous works (Cheng et al., 1995; Luo et al., 2021; Schmidt et al.,
2015; Wang et al., 1996, 2010; Wu et al., 2023; Xiao et al., 2000), a
positive linear relationship between the VLMR, and VR, values can
be clearly observed (Fig. 5(b)), and an updated empirical equation
has been established in the following:

EqVR, = 0.86VLMR, + 0.37 (n —103; R? = 0.93) (2)

This new liner relationship is similar to Eq. (1), consistent with
the empirical equation proposed by Schmidt et al. (2019), which
implies that SB and VLM particle may have similar optical evolu-
tionary paths at the high-overmature stages. Similarly, this new
empirical equation covers extensive data sources, but the reli-
ability of this equation may be reduced at the VR, > 3.0%, probably
resulting from the limited quantity of previously available data
(Fig. 5(b)).

3.3. Graptolite reflectance

Graptolite, a primary maceral, can be easily identified under
optical microscope due to its large sizes and distinctive morpho-
logical features (Bertrand et al., 2003; Goodarzi, 1984; Goodarzi
and Norford, 1985; Goodarzi et al., 1992a, 1992b, 2024; Luo et al.,
2020; Petersen et al., 2013). Previous works have revealed that
the physicochemical properties of graptolite are more sensitive to
temperature variations, and the optical evolutionary characteris-
tics of the graptolite are similar to those of the vitrinite (Gentzis
et al, 1996; Goodarzi et al., 1992b). Since the NGG is widely
developed in the Lower Paleozoic shale deposits and generally
displays smooth surface and relatively homogeneous optical
texture under reflected light relative to the GG (Luo et al., 2020;
Petersen et al., 2013), the random reflectance of the NGG (GR,)
has been widely used as a maturity indicator of the Lower Paleo-
zoic sedimentary rocks (Table 4) (Goodarzi and Norford, 1985; Luo
et al., 2020).

Many authors have proposed a variety of empirical equations
between the GR, and EqVR, values (Fig. 6), but these equations are
established by using some intermediate variables (e.g., CAI, Tmax)
(Bertrand et al., 2003; Gentzis et al., 1996; Goodarzi and Norford,
1985; inan et al., 2016; Petersen et al, 2013; Synnott et al.,
2018). For example, several authors had established the relation-
ships between maximum reflectance of graptolite (GRomax) and
EqVR, values via the use of conodont alteration index (CAI), which
is a semi-quantitative maturity indicator (Gentzis et al., 1996;
Goodarzi and Norford, 1985). Petersen et al. (2013) proposed an

The empirical equations for equivalent vitrinite reflectance calculation (EqVR,, %) based on vitrinite-like maceral reflectance (VLMR,, %).

Empirical equations Applicable conditions

Materials/age/area

References

EqVR, = 0.461VLMR,+0.75
EqVR, = 0.533VLMR,+0.667

0.73% < EqVR, < 2.0%
1.0% < EqVR, < 2.0%

EqVR, = 1.26VLMRy+0.21
EqVR, = 0.28VLMR,+1.03
EqVR, = 0.81VLMR,+0.18
EqVR, = 0.9171VLMR,+0.1819
EqVR, = 0.8452VLMR4+0.3756
EqVR, = 1.07VLMR,—0.18

VLMR, < 0.75%

0.75% < VLMR, < 1.50%
VLMR, > 1.50%

VLMR, < 0.75%

0.75% < VLMR, < 1.50%
Pre-Cambrian

The Cambrian and Ordovician source rocks

Middle Cambrian-Ordovician carbonates and mudstones in
China

Naturally and artificially matured lower Palaeozoic source
rocks in the Tarim Basin

Artificially-matured lower Devonian and middle Devonian
samples in the Parana Basin
Artificially-matured shale samples of the Meso-proterozoic

Cheng et al. (1995)
Wang et al. (1996)

Xiao et al. (2000)

Schmidt et al. (2015)

Luo et al. (2021)

Xiamaling Formation in China and Cambrian Alum
Formation in Sweden

EqVR, = 0.67VLMRomax+0.32 Precambrian-Lower

Paleozoic shale

Naturally- and artificially-matured shale samples from
Sweden, Denmark and China

Wu et al. (2023)

Note: VLMR,max refers to the maximum reflectance of VLM particle.
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Fig. 5. The relationships between the VLMR, and VR, or EqVR, values. (a) The relationships between the VLMR, and EqVR, values from previous works. (b) A corss-plot of the
VLMR, versus VR, or EqVR, values showing a new fitted empirical equation. Data are from Cheng et al. (1995), Luo et al. (2021), Schmidt et al. (2015), Wang et al. (1996, 2010), Wu

et al. (2023), Xiao et al. (2000).

Table 4

The empirical equations for equivalent vitrinite reflectance calculation (EqVR,, %) based on graptolite reflectance (GR,, %)and chitinozoan reflectance (Rcp, %).

Empirical equations

Applicable conditions

Materials/age/area

References

13(GR,) = 1.11g(EqVR,)—0.04

GR, = 2.113EqVR,—0.3221

EqVR, = —0.026GR2+0.524GR,+0.5925
EQVRo = 0.5089GRomax+0.4064

EQVR, = 0.4168GRomax—0.4655

EqVR, = 0.9376GR,+0.0278

EQVR, = 0.73GRy+0.16

EqVR, = 1.055GR,—0.053
EQVRo = 0.56GRomax-+0.35
EqVR, = 0.97GRo—0.2
EqVR, = 0.22GR,+2.55
EqVR, = 0.99GR,+0.08

EQVR, = 0.75GR,+0.64
EqQVR, = 0.36GR,+2.23
EqVRo=(Rc,—0.08)/1.152

0.5% < GR, < 3.0%

GRomax < 5.0%

GR,

0.72% < GRomax < 4.27%
5% < GRomax < 9.21%

/

0.47% < GR, < 2.14%

0.65% < GR, < 4.03%
/

2.19% < GR, < 3.5%
GR, > 3.5%

/

GR, < 3.5%
GR, > 3.5%
1% < Reh < 2%

Paleozoic marine sequences in Gaspe Peninsula of Eastern
Canada

Lower Paleozoic sediments of the Lower Yangtze region
Graptolite-bearing sediments in the Tarim Basin, Ordos
Basin, and Southern Jiangsu Province in China

Silurian-Devonian source rocks in the Gaspé Belt Basin,
Canada

Middle Cambrian-lower Silurian shale samples in southern
and central Sweden and the Danish Island Bornholm
Naturally-matured shale samples from China, Sweden and
Estonia

Ordovician-Silurian naturally-matured shale samples in
the South China

Graptolite-bearing sediments from the Ordovician-Silurian
in China, Liten Formation in Czech and Alum shale in
Estonia and Sweden, data from Luo et al. (2018), Bertrand
(1990), Bustin et al. (1989), Reyes et al. (2018)
Ordovician-Silurian naturally-matured shale samples in
the South China

Late Silurian to Devonian samples yielded chitinozoa and
vitrinite collected from eight countries from three
continents

Bertrand (1990)

Zhu et al. (1998)

Cao et al. (2000)

Bertrand and Malo (2001)
Petersen et al. (2013)

Luo et al. (2018)

Wang et al. (2019)

Luo et al. (2020)

Meng et al. (2022)

Tricker et al. (1992)

Note: GRy, GRomax, GRomin refer to the random reflectance, maximum reflectance, and minimum reflectance of non-granular graptolite particles, respectively. R, refer to the

chitinozoan reflectance.

empirical equation between the GR, and EqVR, values by using an
intermediate variable of T, values. Cao et al. (2000) used some
organic geochemical indicators as the intermediate variables, and
successfully established several empirical equations between GR,/
GRomax and EqVR, values based on the Ordovician-Silurian shale
and carbonate samples from the Tarim Basin, Ordos Basin, and
South China. However, the use of intermediate variables may in-
fluence the reliability of calculated EqVR, values, particularly at the
higher maturity levels, since most organic geochemical indicators
will be invalid at high-over maturity stages (Bertrand et al., 2003;
Gentzis et al., 1996; Goodarzi and Norford, 1985). Luo et al. (2020)
presented a new correlation between GR, and EqVR,, i.e., EQVR, =
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0.99GR,+0.08, based on published results as well as natural and
artificial maturation of graptolite and vitrinite particles. Addi-
tionally, they suggested that chemical compositions of graptolite
periderm were similar to those of vitrinite, and electron micro-
probe, fourier transform infrared spectroscopy (FTIR) and Raman
spectrum results revealed that graptolite was prone to kerogen
Type II-1II (Luo et al., 2020). However, Meng et al. (2022) evaluated
the maturity of the WF-LMX high-over mature shale samples in
the Sichuan Basin by using the reflectance of SB and graptolite, as
well as the Raman-related parameters of kerogen fractions, and
found that there is not a positive linear relationship between GR,
and EqVR, values during thermal evolution (Meng et al., 2022).
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Fig. 6. The relationships between the GR, or GRomax and EqVR, values. Data are from
Bertrand and Malo (2012), Cao et al. (2000), Luo et al. (2018, 2020), Meng et al. (2022),
Petersen et al. (2013), Wang et al. (2019), Zhong and Qin (1995), Zhu et al. (1998).

They suggested that the graptolite displayed a similar thermal
evolutionary path with the vitrinite when the GR, values were less
than 3.5%. At the GR, > 3.5%, the maturation of the vitrinite follows
the graphitization trend, whereas that of the graptolite follows the
original evolutionary trend (Meng et al., 2022). In a word, although
there is a linear quantitative relationship between the GR, and VR,
values, it’s still doubted whether a positive linear relationship
between GR, and EqVR, values occurred.

3.4. Several challenges

Although optical reflectance parameters (e.g., SBRo, VLMR,, and
GR,) have been widely studied and used for assessing thermal
maturity of the Precambrian-Lower Paleozoic highly matured
source rocks, several issues still remain unsolved, hindering the
application of these parameters.

(1) Accurate identification of different macerals in source rocks
under optical microscope is an essential prerequisite of ac-
curate maturity evaluation by using optical reflectance pa-
rameters, which can be only conducted by skilled and
experienced researchers. SB particles dispersed in the Pre-
cambrian-Lower Paleozoic shale reservoirs generally
display amorphous shapes and tiny sizes (e.g., Hackley et al.,
2018; Luo et al., 2023; Wang et al., 2019), so they are hardly
identified and measured, thus probably resulting in signifi-
cant artificial errors. Meanwhile, the measured SB particles
should be large enough, and only those particles with
smooth surfaces can be used for the targets for optical
reflectance measurements (Xiao et al, 1991). Compared
with SB particles, VLM and graptolite particles can be easily
identified due to their unique morphological features and
larger sizes, thus the tasks of optical reflectance measure-
ments may be relatively easy. However, the maturity eval-
uation of the Precambrian-Lower Cambrian source rocks
that are devoid of VLM and graptolite particles can only be
conducted by using SBR, values.
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(2) The measured reflectance values can be influenced by
different pre-treatment methods of studied samples. Sanei
and Ardakani (2016) found that great differences of reflec-
tance were displayed in the shale samples polished by
traditional mechanical and ion milling methods, respec-
tively. The OM particles could be heated by ion milling
processes, resulting in higher measured values of optical
reflectance. In particular, SB appears to be more susceptible
to thermal alteration than zooclasts (Sanei and Ardakani,
2016). Moreover, the measured GR, values can be influ-
enced by the orientation of the slices during sample pre-
treatment (Luo et al., 2020), mainly including parallel and
perpendicular to bedding planes. Zhong and Qin (1995)
suggested that the measurement of the GR, values were
reasonable in the slices parallel to bedding planes. Recently,
Luo et al. (2020) noticed that standard deviation of the GR,
values measured from the slices perpendicular to bedding
planes was smaller than those measured from the slices
parallel to bedding planes, which appeared to be more ac-
curate in case studies.

(3) The measured reflectance values can be influenced by
complex properties of macerals during thermal alteration
process. When the SBR, values exceeded 1.5%-2.0%, abun-
dant nanopores and surface imperfections can be formed in
SB particles of shale reservoirs due to oil cracking and gas
de-volatilization (Bernard et al.,, 2012a, b; Loucks et al,,
2009). SEM observations have revealed that organic pores
were widely developed in SB (Fig. 7(a)-(e)) as well as
graptolites (Fig. 7(f)-(h)), and the occurrence of abundant
nanopores and fine-grained mosaic texture would un-
doubtedly result in the decrease of optical reflectance. In
addition, there have a false appearance on the granular
mosaic texture within SB particles, which actually resulted
from abundant nano-pores within SB particles, thus leading
to the unreliability of measured reflectance (Fig. 7(a)-(e)). In
order to avoid the effect of nanopores, Sanei et al. (2015)
found that a probe size of 1.7-2.8 pm? was optimal for op-
tical reflectance measurements, which can provide a
reading area sufficiently small to mitigate surface imper-
fections and maintain an acceptable level of standard de-
viation. Meanwhile, optical anisotropy of VLM and NGG
particles would be enhanced at the high-over maturity
stages, which would also influence the measured reflec-
tance results.

In a word, these optical reflectance parameters have unique
application domains, and several external and internal factors
influencing the accuracy of empirical equations for the EqVR,
values should be taken into consideration, mainly including
geological background of studied samples, measurement errors,
and the option of different empirical equations. Moreover, greater
artificial errors would be obvious in the over mature samples. In
order to obtain accurate thermal maturity, different optical in-
dicators can be adopted based on specific features of studied
samples, and the measured data should be comprehensively
analyzed.

4. Raman spectroscopy
4.1. Basic principle and Raman spectral parameters

Raman spectroscopy can be categorized as a technique char-
acterizing the structure of molecules based on the Raman scat-

tering, and the shift and intensity of characteristic peaks can
directly reflect the vibrational modes of molecules and crystals
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Fig. 7. SEM photographs showing pore characteristics of the SB and graptolite particles. (a) SEM photograph showing an amorphous SB particle hosting numerous pores occupied
within the intergranular pores of minerals in the WF-LMX black shale. (b) SEM photograph showing the SB particles hosting numerous pores distributed among clay platelets in
the WF-LMX black shale. (c-e) BSE photograph showing different SB with little nanopore (d) and the SB with abundant nanopores (e) in the tight gas siltstone sample from the
Montney Formation (Sanei et al., 2015). (f) SEM photograph showing the VLM displaying a clear boundary with bituminite, and the bituminite fill the space between mineral
grains (Luo et al., 2021). (g) SEM photograph showing an elongated graptolite particle in the WF-LMX black shale. (h) A close-up image delineated by the yellow rectangle in
Fig. (g) illustrating few SEM-visible pores in the graptolite in the WF-LMX black shale. (i) SEM photograph showing a transect graptolite displaying different pore characteristics of
different parts of graptolite, including porous in the interior and less porous or no pores in the rim (Zheng et al., 2022).

hosted in the materials, providing the detailed information on
chemical compositions of the materials and crystal configuration
features (Yui et al., 1996). In the material science, Raman spec-
troscopy has been used to determine the average domain size of
graphitic crystallites in carbonaceous materials (Kelemen and
Fang, 2001). In the field of geoscience, Raman spectroscopy has
been increasingly used to determine the thermal alteration of OM
as a result of rapid and non-destructive measurements (Henry
et al., 2019b; Khatibi et al., 2019; Liu et al., 2013; Sauerer et al.,
2017; Schito et al., 2017; Wilkins et al., 2015). During thermal
maturation, chemical compositions and structures of sedimentary
OM could be irreversibly altered, and progressive exhaustion of
hydrogen atoms and heteroatomic groups would lead to a trans-
formation of molecular structures from disorder to order, which
can be identified by the Raman spectrum (Beyssac and Rumble,
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2014; Ferralis et al., 2016; Henry et al., 2019a, 2019b; Schito
et al., 2017, 2023). Numerous studies have also proved that
Raman spectroscopy is a useful geothermometer for geological
samples, including kerogen, bitumen, graptolite, and other
carbonaceous materials (Hao et al., 2019; Kelemen and Fang, 2001;
Meng et al., 2022; Schmidt and Inan, 2016; Song et al., 2023; Zhou
et al.,, 2014).

Raman spectrum of the OM is mainly composed of two regions,
including first-order region (1000-1800 cm™!) and second-order
region (2400-3500 cm™!) (Fig. 8(a)~(c)) (Tuinstra and Koenig,
1970). The first-order region comprises the D-band (disordered
peak) and the G-band (ordered peak or graphite peak) (Fig. 8(a)
and (b)). D-band, also known as A-band or D1-band, occurs at the
Raman shift of 1250-1450 cm™!, which is related to the breathing
motion of the sp? atoms in an aromatic ring having a A1g symmetry
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Fig. 8. (a) Non-deconvolved Raman spectrum showing first-order Raman bands of OM and Raman parameters that can be calculated, including Wp, Wg, FWHM-D, FWHM-G, RBS
and Ip/Ig (R1). (b) 6-band deconvoluted spectrum with the proposed nomenclature of the bands when performing deconvolution. (c) A diagram showing the variation of second-
order Raman bands of OM with increasing maturity (ordering). (1-2) amorphous OM. (3-4) ordered graphite. (5) highly ordered graphite. All figures were modified from Henry

et al. (2019a).

mode vibration (Tuinstra and Koenig, 1970). The G-band, located in
the Raman shift of 1500-1650 cm ™, is related to the in-plane vi-
bration of carbon atoms in graphene sheets with Exg, symmetry,
which is the in-plane vibration of carbon atoms in graphene sheets
(Liu et al., 2013; Pimenta et al., 2007; Reich and Thomsen, 2004;
Tuinstra and Koenig, 1970). It has been previously reported that
the intensity of D-band would be lowered and the width of G-band
would be decreased with increasing maturity (Xiao et al., 2020).
Therefore, many Raman spectral parameters are commonly used
as effective indicators to assess organic maturity of sediments
(Guedes et al., 2010; Hao et al., 2019; Liu et al., 2013; Marques et al.,
2009; Sauerer et al., 2017).

The second-order region appears as a broad band at low
maturity stages and separates into several obvious and identifiable
bands at the anthracite stage, e.g., S1 (2450 cm ™), S2 (2700 cm™ 1),
$3(2950 cm~ ') and $4 (3200 cm 1) (Fig. 8(c)) (Beyssac et al., 2002;
Liu et al., 2013; Pasteris and Wopenka, 1991; Wang et al., 2019).
With the beginning of OM graphitization, the S2 and S3 peaks
become clearer and the S1 peak becomes visible (Fig. 8(c)). With
the increasing degree of graphitization, the intensity of S2-band is
gradually increasing and the intensities of S1, S3 and S4 bands are
decreasing. Subsequently, the S2 peak would be gradually split
apart to G1’ and G2’ peaks in highly-ordered graphite (Beyssac
et al., 2002; Henry et al., 2019a; Lespade et al., 1982; Rantitsch
et al, 2016). In addition, the S3 peak shows systematic peak
shifting toward higher wavenumbers with the increasing R,
values, indicating that S3 peak position may be a potential matu-
rity indicator (Spotl et al., 1998; Wang et al., 2021). At present, the
formation of second-order bands has been widely attributed to a
mixture of overtones and combinations of distinct inelastic scat-
tering of the bands in the first-order region (Beyssac et al., 2002;
Childress and Jacobsen, 2017; Wopenka and Pasteris, 1993), but
further investigation is required.
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4.2. Raman maturity indicators and their relationships with
reflectance of different macerals

Beny-Bassez and Rouzaud (1985) firstly found that the Raman
spectroscopy could be used for evaluating the OM coalification and
graphitization degree based on artificially heated samples. Sub-
sequently, Spotl et al. (1998) demonstrated that the Raman spec-
troscopy can be used to determine the VR, values within a large
maturity range of 0.38%-6.1% based on a series of naturally-
matured samples. Wilkins et al. (2014, 2015) proposed that the
Raman Maturity Method (RaMM) was a non-graphical technique
for thermal maturity determination covering the VR, range of
0.4%-2.5%. Numerous authors have also found the close links be-
tween first-order vibrational bands and the maturity degree of the
measured OM, and the width and height, relative intensity ratio,
and position changes for the D-band and G-band can be quanti-
tatively indicated by different parameters, including the position
of the D-band (Wp) and G-band (W), Raman band separation
(RBS), the full width at maximum height of D-band and G-band
(FWHM-D, FWHM-G), and the intensity ratio of D and G bands (R1
or Ip/Ig) and so on (Table 5; Beyssac et al., 2002; Henry et al., 2019a,
2019b; Kelemen and Fang, 2001; Liu et al., 2013; Meng et al., 2024;
Sauerer et al., 2017; Schito et al., 2016, 2017; Wilkins et al., 2014,
2015).

A large number of the naturally and artificially maturated
samples has revealed systematic changes between several Raman
parameters and maturity levels, but there still have some differ-
ences on the variation tendencies of the Raman parameters
(Fig. 9). At the low maturity stage, strong fluorescence in-
terferences are often present in the Raman spectrum (Schmidt and
inan, 2016). Additionally, the D-band displays irregular
morphology and lower intensities, and only the G-band shows the
relatively clear morphology (Beyssac et al., 2002; Ferralis et al.,
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The empirical equations for equivalent vitrinite reflectance calculation (EqVR,, %) based on Raman spectroscopy parameters.

Empirical equations Applicable conditions

Materials/age/area References

1g(X1600) = —0.0720EqVR,+5.5256

1g(X1350) = —0.1147EqVR,+6.0076

In(Y) = 0.0985EqVR,—1.0930

In(RBS) = —0.0582In(EqVR,)+5.5834

EqVR, = 0.0537RBS—-11.21

EqVR, = 1.1659Ip/Ic+2.7588

EqVR, = —6.384 +
5.429log(RBS)+0.863log('b’) +0.832log
(saddle index)—2.677log(FWHM-
G)-0.611log(FWHM-D)

EqVR, 52.3363 +
13.1992log(RBS)—0.7964log(’h’)+8.1121log
(FWHM-D)+15.3255log(Ip/Ic)

EqVR, = 0.089RBS—19.937

2.1% < EqVR, < 15.0%

Medium-high mature
Overmature-ex-graphite
0.4% < EqVR, < 1.2%

1.0% < EqVR, < 2.5%

Graptolite-bearing shales

EqVR, = 0.030RBS—5.538 0.4% < EqVR, < 3.35%

Paleogene sedimentary rocks and
metamorphic rocks in the Australia

Wang and Hu (2002)

Standard coal and solid OM samples of varying
maturity levels

Reference coal samples from the Joint Coal
Board Evaluation Laboratory, Cessnock, NSW

Liu et al. (2013)

Wilkins et al. (2014)

Permian coals in the northern Carnarvon Basin
of Western Australia

Wilkins et al. (2015)

Ordovician-Silurian shale samples from
Sichuan Basin and Ordovician Alum Shales
from Sweden and Estonia

Abitibi shale, Ordovician-Silurian shale and
coal samples, data from Birdwell and Wilson
(2019), Hackley et al. (2020), Stefanopoulos
et al. (2017), Ruppert et al. (2013), Lupoi et al.
(2019) and Tewalt et al. (2010)

Hao et al. (2019)

Stokes et al. (2023)

Note: Xi600, X1350 refer to the peak areas of the G-band and D-band, respectively. Y refers to the area ratio of the D-band and G-band. ‘b’ refers to the slope of the linear
spectral background. Saddle index refers to the height ratio of the G-band to the minimum of the saddle between the overlapping G-band and D-band.

2016). With the increasing maturity levels, the D-band and G-band
display more notable morphologies (Henry et al., 2019b). The po-
sitions of two bands are close to each other, and area ratio of two
peaks gradually increases (Ferralis et al, 2016). In addition,
second-order vibrational peaks can be appeared within the Raman
shift of 2500-2700 cm ™! at the VR, > 2.0% stage (Fig. 8(c)) (Beyssac
etal., 2002; Liu et al., 2013; Pasteris and Wopenka, 1991; Xiao et al.,
2020; Wang et al., 2019).

Although the absolute values of the Raman parameters from
previous studies are very hard to be compared due to the various
deconvolution methods and experiment conditions, some trends
between the Raman parameters and optical reflectance values can
be clearly described for various OM particles (Fig. 9). Firstly, the
Wp and W values would be changed to some extents with the
increasing maturity levels (Fig. 9(a) and (b)). The Wp values show
an overall decreasing trend, but display a reverse trend at the over
mature stages with a “turning point” at 3.5%-4.0% VR, (Fig. 9(a)),
indicating the transformation of disordered carbon to ordered
graphite (Hou et al., 2019). However, the W, values seem to display
an overall slight increase trend (Fig. 9(b)), indicating the increasing
abundance of aromatic compounds and enhanced polycyclicity
(Schmidt and Inan, 2016). In fact, the position of G-band may be
shifted due to the related variation of the single/double bond
strength of aromatic rings and chains (Schmidt and inan, 2016).
Thus, this scenario could be resulted from the transformation and
reduction of amorphous carbon, as well as the rapid increase of
aromatic sheets during thermal maturation (Wang et al., 2023).

The RBS values show a nonlinear relationship with optical
reflectance values (Fig. 9(c)). At the VR, values less than 3.5%-4.0%,
a rapid rise of the RBS values can be observed, while the trend
becomes a flat or slightly decreased pattern when the VR, values
more than 3.5%-4.0% (Fig. 9(c)). The observed increase of the RBS
values at the first stage may be resulted from the decreasing
quantity of disordered carbon in the OM. However, a slight
decrease of the RBS values at the second stage may be related to
the increasing aromaticity of the OM, since a portion of aliphatic
side chains would be dropped among aromatic rings during the
condensation and polymerization of aromatic components at the
higher maturity stages (Hao et al., 2019; Henry et al., 20193, 2019b;
Liu et al., 2013; Sauerer et al., 2017; Wang et al., 2023; Xiao et al.,
2020; Zhou et al., 2014).
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The widths of the D-band and G-band were principally sug-
gested to be a function of crystallite size as well as degree of de-
fects (Dillon and Woollam, 1984). At the lower VR, values, the
larger width of D-band indicates the presence of the chars con-
taining aromatic rings of various sizes, but graphite crystals are
impossible to be formed (Li et al., 2006). With the increasing
maturity levels, the morphology of G-band and D-band would
become sharper and narrower, displaying a sharp decrease of the
FWHM-D values (Fig. 9(d)). However, the FWHM-D values display
the dichotomous trends with the increasing VR, values, which
represent disparate patterns in naturally and artificially matured
samples, respectively (Fig. 9(d)). Some authors have revealed that
Raman spectra data showed different maturation rates between
naturally- and artificially-matured samples, indicating the as yet
undetermined differences in carbon chemistry. The considerable
differences between naturally- and artificially-matured samples
may be attributed to different structural information captured by
Raman and reflectance measurements, and to the incomplete
structural transformation of artificially matured samples. (Hackley
and Liinsdorf, 2018; Khatibi et al., 2019; Hao et al., 2019). In
contrast, the FWHM-G values display an overall slow decreasing
tendency with the increasing maturity, and an opposite tendency
occurred at the VR, > 3.5%-4.0% (Fig. 9(e)), probably resulting from
the transformation of amorphous carbon to crystalline graphite
within the kerogen (Kouketsu et al., 2014; Wang et al., 2023).

Yui et al. (1996) suggested that the height of the Raman peaks
could not indicate any physical meaning, but the variation trend of
the Ip/I; ratio (termed as R1) represented the decoupling of the
changing rate of increase in both in-plane crystallite size and de-
gree of defects in carbonaceous materials during progressive
metamorphism. However, some authors believed that the Ip/Ig
ratio represented the ordering degree of internal molecular
structure of OM (Zhang and Li, 2019; Zhou et al., 2014). The Ip/Ig
ratio displays no significant variations or an overall slight
decreasing tendency with the increasing maturity at the VR, <
3.5%-4.0% (Fig. 9(f)), implying the slow growth of aromatic rings
within the OM. The chemical structure of the OM is transitioning
from amorphous carbon to crystalline graphite (Wang et al., 2019),
thus resulting in the formation of larger conjugated aromatic
clusters having the decreased amounts of aliphatic chains and
higher structural ordering degrees (Du et al., 2014). At the VR, >
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3.5%-4.0%, the Ip/Ig ratio shows a significant increasing tendency
(Fig. 9(f)), suggesting a rapid increase of aromatic clusters within
the OM (Wang et al., 2023).

In summary, the FWHM-G and RBS values can be regarded as
the highly reliable indicators for assessing thermal maturity of
source rocks at various maturity stages, but they cannot indicate
the matuirty levels within the VR, range of 3.5%-4.0%. The Ip/Ig
ratio can be used for an effective maturity indicator at the VR, >
3.5%. The relationships between other Raman parameters and
optical reflectance values have not been established yet, which are
largely accounted for the significant effect of different data pro-
cessing methods on the calculated Raman parameters.

4.3. Advantages and limitations

Raman spectroscopy is increasingly becoming an alternative
approach to determine thermal maturity of the OM, directly
reflecting the molecular structure of OM (Henry et al., 2019a). The
advantages of the Raman technique mainly include in the
following two aspects. (1) Raman spectrometry is a rapid and non-
destructive approach to evaluate thermal maturity, and the
analytical spot size is generally only a few microns (Schmidt and
[nan, 2016). For the measurement of powdered samples, only
small amounts of samples (dozens of mg) are needed (e.g., Zhou
et al., 2014). Recently, Xiao et al. (2020) also suggested that the
Raman technique was very sensitive to the OM in mineral-organic
aggregations (MOA), and found that perfect Raman spectra with D-
band and G-band derived from the OM in the MOA could be ob-
tained when the TOC content of studied shale samples reached
about 0.6%. Moreover, the Raman parameters of the MOA were in
good agreement with those of the associated SB (Xiao et al., 2020),
indicating that the Raman spectrometry could be used as a po-
tential tool to assess thermal maturity of low-TOC source rocks. (2)
The dispersion degree of measured Raman parameters is relatively
low relative to optical reflectance parameters. Moreover, the
identification of different macerals and optical anisotropy can be
neglected during the measurement of Raman spectroscopy, which
must be taken into consideration during optical reflectance mea-
surement (Liu et al., 2013). For example, Liu et al. (2013) found that
the Raman parameters of different macerals and SB particles dis-
playing strong optical anisotropies at the high-over mature stages
tended to be similar characteristics, indicating that Raman spec-
troscopy could be widely used for assessing thermal maturity of
highly-matured shale samples and have huge prospects in
geological applications. Recently, Zuo et al. (2022b) also found that
the reservoir SB displaying different optical textures shared the
same graphite crystal defects and sizes, and surface roughness
cannot affect the Raman parameters.

Although the Raman spectroscopy offers several advantages,
there still have some limitations on the application of such an
approach in thermal maturity evaluation. (1) The standards of
sample types, experimental conditions and curve fitting are lacked
(Beyssac et al., 2002; Henry et al.,, 2019a; Sauerer et al., 2017;
Wilkins et al., 2014; Xiao et al., 2020). The Raman spectrum is
subject to variation as a result of varying test conditions, including
the laser wavelength, the laser power, the experimental temper-
ature, and so forth (Henry et al., 2019b). It is widely acknowledged
that distinct laser wavelengths could impact the D-band region of
OM (Ferrari and Robertson, 2001; Henry et al., 2018; Sauerer et al.,
2017; Vidano et al., 1981). The Raman shift of D-band would be
increased with increasing excitation wavelength, whereas the
position of G-band remains unaffected (Beyssac et al., 2002;
Beyssac and Lazzeri, 2012; Jubb et al., 2018; Kouketsu et al.,
2014). High laser power would lead the oxidization of measured
OM particles due to the heating, thus resulting in the reduction of
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G-band position and the suppression of D-band intensity (Everall
et al,, 1991; Kagi et al.,, 1994). (2) It is widely accepted that sam-
ple types can affect the Raman spectrum (Ammar and Rouzaud,
2012; Beyssac et al., 2003; Henry et al., 2018; Liinsdorf, 2016).
Until now, several sample types have been used for characterizing
OM via Raman spectroscopy, including polished rock cut-surfaces,
thin-sections, strew slides and rock chips (Beyssac et al., 2003;
Henry et al., 2018; Liinsdorf, 2016; Schito et al., 2017; Wilkins
et al., 2014). Previous authors have suggested that the polishing
of rock surfaces would lead to the decrease of D-band position and
the increase of D-band intensity due to the frictional heating
(Henry et al., 2018; Liinsdorf, 2016). Additionally, it is rapid and
economical to use the unpolished rock-chips for Raman analysis,
but it may be challenging to locate OM particles under the mi-
croscope and avoid the fluorescence produced by adjacent min-
erals (Sauerer et al., 2017; Henry et al., 2019a). However, potential
effects of sample types on the Raman spectrum remains unclear,
and further work is needed to suggest an optimized sample
preparation method for assessing the OM thermal maturity. (3)
The deconvolution of Raman spectrum and the number of fitted
peaks (2-10) in the first-order region are varied by different au-
thors, and the Raman results of previous works are very hard to be
compared (Henry et al., 2019b), thus hindering the extensive ap-
plications in case studies. Some authors suggested that a simple 2-
band deconvolution, only including the D-band and G-band, may
be more reliable for the wide utilization of Raman spectroscopy as
a geothermometer (Xiao et al., 2020), since muli-band deconvo-
lution methods may yield more artificial errors during the peak
fitting.

5. Summary and prospects

Thermal maturity assessment is still challenging for the Pre-
cambrian-Lower Paleozoic high-over mature marine shale de-
posits due to the absence of vitrinite, hindering the evaluations of
resource potentials of source rocks and gas-bearing properties of
shale reservoirs. At present, optical reflectance indicators (e.g.,
SBR,, VLMR, and GR,) and Raman maturity indicators (e.g., FWHM-
G, RBS and Ip/Ig) have been widely used for thermal maturity
assessment, while these indicators have favorable application
conditions and several limitations. This review systematically
investigated the optical and Raman maturity indicators, and
several conclusions can be drawn.

(1) According to the optical properties (reflectance, fluores-
cence) and structural features (e.g., morphology, texture) of
organic materials, four types of macerals, i.e., solid bitumen,
vitrinite-like maceral, zooclasts, and liptinite, can be iden-
tified in the Precambrian-Lower Paleozoic sedimentary
rocks. Solid bitumen is secondary maceral formed from
thermal degradation of kerogen or crude oils, and usually
displays amorphous shapes filling in pores, voids, and cracks
of rocks. Vitrinite-like maceral is a primary maceral that
may be formed from the humification or strong bacterial
degradation of marine lower organisms, displaying the
rounded or lenticular-elongated shapes. Zooclasts mainly
consist of graptolite, chitinozoan vesicle and radiolarian
with distinct biological structures.

(2) Solid bitumen, vitrinite-like maceral and graptolite have
been widely used for optical reflectance measurements.
However, incorrect identification and optical characteristics
of different macerals would lead to artificial errors during
maturity evaluation, and various empirical equations for the
EqVR, values based on different optical reflectance in-
dicators display greater variations. According to large
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amounts of measured points from previous works, two
empirical equations for the EqVR, values have been estab-
lished based on the SBR, and VLMR, values, respectively, i.e.,
EqVR, 0.71SBR,+0.31 (R> = 0.99), and EqVR,
0.86VLMR,+0.37 (R? = 0.93). However, the universality and
accuracy of the above two empirical equations remain to be
examined, due to the limitations of selected data and
different application conditions.

(3) Raman spectroscopy, with the characteristics of economical,
rapid, non-destructive, and high-resolution measurements,
provides an alternative approach to assess thermal maturity,
which can be utilized independently or be complemented
with other traditional maturity indicators. The FWHM-G
and the RBS may be the most reliable parameters to
assessing thermal maturity at the VR, = 0.5%~3.5%-4.0%,
while the Ip/lz ratio may be the only reliable maturity
parameter at the VR, > 3.5%-4.0%. It is still challenging to
indicate the maturity levels within the VR, range of
3.5%-4.0% by using Raman parameters. In addition, a paucity
of unified standards in those areas such as sample prepa-
ration, testing conditions, fitting equations, and peak fitting
number, directly impacts the widespread use of the Raman
spectroscopy in assessing thermal maturity.

(4) It is critical to realize that every indicator has both advan-
tages and limitations. As for thermal maturity assessment of
high-over mature shale reservoirs devoid of vitrinite, a va-
riety of maturity indicators should be comprehensively used
to yield accurate results. Among them, optical reflectance of
SB has been widely used in many case studies, but cautions
must be paid in accurate identification and optical anisot-
ropy of SB particles, as well as the selection of empirical
equations for the EqVR, values. Raman spectroscopy can be
used as a complementary approach to assess thermal
maturity. Therefore, optical reflectance and Raman spec-
troscopy should be jointly used in thermal maturity
assessment of the Precambrian-Lower Paleozoic high-over
mature shale reservoirs to yield more precise maturity in-
formation for shale gas exploration and development.
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Appendix

Abbreviations Terminology

oM Organic matter

GG Granular graptolite

NGG Non-granular graptolite

SBR, Solid bitumen reflectance

VLMR, Vitrinite-like maceral reflectance

VLMRomax Vitrinite-like maceral maximum reflectance

GR, Non-granular graptolite random reflectance

GRomax Non-granular graptolite maximum reflectance

VR, Vitrinite reflectance

EqVR, Equivalent vitrinite reflectance

Wp The Raman shift of D-band

Wq The Raman shift of G-band

FWHM-D Full width at half maximum of D-band

FWHM-G Full width at half maximum of G-band

RBS Raman band separation

In/lg Raman band height ratio of D-band and G-band
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