International Journal of Coal Geology 99 (2012) 54-112

Infiuresttona’ Somrind of.

(0

Contents lists available at SciVerse ScienceDirect

International Journal of Coal Geology GLOLOGY

journal homepage: www.elsevier.com/locate/ijcoalgeo

Review article

Review and update of the applications of organic petrology: Part 1,
geological applications

Isabel Sudrez-Ruiz **, Deolinda Flores P, Jodo Graciano Mendongca Filho €, Paul C. Hackley d

@ Instituto Nacional del Carbén (INCAR-CSIC), Francisco Pintado Fe 26, 33011-Oviedo, Spain

b Departamento de Geociéncias, Ambiente e Ordenamento do Territério, Faculdade de Ciéncias, Universidade do Porto and Centro de Geologia da Universidade do Porto,
Rua do Campo Alegre, 687, 4169-007 Porto, Portugal

¢ Instituto de Geociéncias, Universidade Federal do Rio de Janeiro, Av. Athos da Silveira 274, Campus Ilha do Funddo, CEP 21.949-900, Rio de Janeiro, Brazil

4 U.S. Geological Survey, MS 956 National Center, Reston VA, 20192, United States

ARTICLE INFO ABSTRACT
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science. Later, with the development of specialized nomenclature, classification of coal components, and
the standardization and improvement of analytical (microscopical) methods, this discipline expanded in in-
terests and name, becoming organic petrology. Organic petrology carries a broader context, being as well a
tool applied in the study of dispersed organic matter in sedimentary rocks due to its importance in explora-

Ic()?;;vrircd;etrology tion for fossil fuel resources. At present, organic petrology is a discipline widely recognized for its role in fun-
Coal petrology damental and applied research with respect to both coal utilization and in geosciences. Throughout the 20th
Organic matter century several important monographs have been published on the discipline of organic petrology, including
Coal “Stach's textbook of coal petrology” (1st edition 1935, 2nd 1975, 3rd 1982), updated as the more general
Organic Facies “Organic petrology” by Taylor et al. (1998). More recently, the text “Applied coal petrology: the role of petrology
Palynofacies in coal utilization” was published by Suarez-Ruiz and Crelling (2008). This review is the first in a two-part review
fﬂi‘?g::"cs series that describes and updates the role of organic petrology in geosciences. A second part complementing this
Rank one and focused on the applications of organic petrology to other scientific fields will follow.
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1. Introduction

Organic petrology is a branch of earth sciences that studies the or-
ganic matter occurring in sedimentary sequences, particularly in coal
(concentrated organic matter) and finely disseminated in sedimentary
rocks (dispersed organic matter—DOM) by using a set of petrographic
methods mostly in combination with various geochemical analytical
techniques.

Organic petrology developed from coal petrology starting at the be-
ginning of the middle of 20th century, although Taylor et al. (1998)
noted that “it is impossible to place an exact date on the beginning of or-
ganic petrology”. In any case the use of coal petrology in the steel indus-
try and the founding of the International Committee for Coal Petrology
(now The International Committee for Coal and Organic Petrology, ICCP,
www.iccop.org) in 1953 and later The Society for Organic Petrology,
TSOP (www.tsop.org) in 1984 served to catalyze the development of
maceral nomenclature and taxonomic classification as well as to em-
phasize the use of standardized petrographic methods in the study of
coal and sedimentary rocks containing dispersed organic matter.

The petrology of organic matter usually is expressed by several fun-
damental parameters, including the nature of the organic constituents in
terms of macerals or maceral groups (an indicator of organic matter
type), and by the rank or thermal maturity of those organic components.
The importance of these parameters in the definition of organic facies,
geothermics and paleogeography of sedimentary basins, geological
structure and the present and past thermal regimes of the earth's crust
for basin analysis, assessment for the mining and utilization of coal,
and in the exploration for fossil fuel resources explains the strong devel-
opment of the organic petrology discipline. For coal, the content and
composition of included mineral matter and the presence of specific in-
organic trace elements are other important factors taken into account
with respect to utilization and environmental significance.

Stach (1935) and Stach et al. (1975) published the first important
textbook of coal petrology that discussed the methods and techniques
of this discipline as well as their application in the carbonization and
combustion industries. Throughout the 20th century an increasing em-
phasis on rocks other than coal and the application of organic petrology
to petroleum source rocks and oil shales with the same petrographic
techniques for coal studies resulted in a broader focus of this topic
and a revised and enlarged edition of Stach's textbook (Stach et al.,
1982). A new contribution was made by Taylor et al. (1998) entitled
“Organic petrology” that incorporated advances developed until that

date, revised and included parts of the Stach's textbook, and also dis-
cussed the most significant applied aspects of this discipline. Taylor et
al. (1998) stands as the most important comprehensive reference text
currently available in organic petrology. Another reference, contempo-
raneous to those previously mentioned and focused on the use of organ-
ic petrology in coal-bearing depositional systems appeared in 1992
(Diessel, 1992), showing coal facies analysis as a valuable method for
paleoenvironmental reconstructions using common maceral determi-
nations rather than microlithotype analyses. More recently, Suarez-
Ruiz and Crelling (2008) published a book on the role of coal petrology
applied to utilization including: coal mining and beneficiation, combus-
tion, carbonization, gasification, liquefaction, coal and coal derivatives
as precursors of specialized carbon materials, its role as a petroleum
source and reservoir, and environmental and health impacts of the
use of coal.

Beside these indispensable monographs, a large volume of organic
petrology research papers has been published in international journals
and conference proceedings. The diversity of topics discussed and the
importance and relevance to the scope of organic petrology have
allowed the publication of several thematic special volumes including
papers presented at symposiums. Peat and coal studies related to their
origin, facies and coalification processes were the focus of the papers
of the 12th and 13th volumes of the International Journal of Coal Geol-
ogy (Lyons and Alpern (1989a, 1989b), respectively); the petrography,
geology, palynology and geochemistry of coal and organic matter in
clastic rocks from Canada, and studies of trace elements were reported
by Bustin et al. (1991) and Goodarzi and Bustin (1993), respectively;
geology petrology, and coalbed methane in the Appalachian coals
were documented by Hower and Eble (1996) and Lyons (1998); the
50th volume of the International Journal of Coal Geology provided
state-of-the-art reviews and topical papers addressing the direction of
coal geology research during the first decade of the 21st century by
Hower (2002); papers on a multidisciplinary study focused on coalbed
methane in the Ferron Coals, Utah, were published in a special issue edi-
ted by Collett and Barker (2003); microbes, methanogenesis, and mi-
crobial gas in coal by Flores (2008); CO, sequestration in coals and
enhanced coalbed methane recovery edited by Karacan et al. (2009),
and more recently a review on CBM and CO,-ECBM related sorption
processes in coal was released by Busch and Gensterblum (2011).
Moreover, special mention should be paid to issues of the International
Journal of Coal Geology dedicated to the memory of eminent petrogra-
phers and pioneers in coal petrology such as William Spackman (Lyons
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and Alpern, 1989a); Marlies and Rolf Teichmiiller (Cook et al., 2005;
Lyons and Alpern, 1989b); Erich Stach (Pickhardt, 1989); Peter A.
Hacquebard (Bustin et al., 1991); Alex Cameron (Goodarzi and Bustin,
1993; Goodarzi and Potter, 2001); Pieter van Gijzel (Robison, 1997);
Marie-Therese Mackowsky (Lemos de Sousa, 2006); and Hermann W.
Pfefferkorn (Scheihing and Wnuk, 2010).

Throughout the years, the International Committee for Coal and
Organic Petrology (ICCP) has played a prominent role in the develop-
ment and redefinition of maceral nomenclature (ICCP 1998, 2001;
Kwiecinska and Petersen, 2004; Sykorova et al., 2005), and codifica-
tion of the techniques used in organic petrology, the latter as interna-
tional standards (ISO 7404-1, 1994; ISO 7404-2, 2009; ISO 7404-3,
2009; ISO 7404-4, 1988; ISO 7404-5, 2009). Furthermore, the ICCP
has developed accreditation programs for petrographic analysis and
recently has initiated regular short courses for the formative aspects
of organic petrographers (ICCP News, 2009a, 2009b, 2010a, 2010b,
2011). Because of the strength of the ICCP advances in recent years,
results undertaken in its internal working groups increasingly are
being published in international journals, e.g., Araujo et al. (1998),
Borrego et al. (2006), Hamor-Vido (2004), and Mendonga Filho et
al. (2010a) among others, contributing to dissemination of the possi-
bilities and efficiency of organic petrology.

The use of organic petrography in establishing the origin of macerals
and its interpretation without considering some geochemical analysis
has not been exempted from criticism such as that made by Scott
(2002a).However, other authors such as Schieber (2001) emphasize
and illustrate how organic petrology contributes to more realistic
scenarios for black shale genesis where that discipline is complementary

Table 1

to sedimentological geochemical studies. In an objective way, what is
clear is that organic petrology is a powerful tool that is widely used
and recognized in geoscience studies as well as in the characterization
and prediction of properties of coals for industrial utilization. In addition,
the economic interest of petroleum fossil fuels has made organic
petrology an important discipline, allowing the obtainment of significant
data that contributes globally to address societal issues of fundamental
and applied interest in geological knowledge, optimization of the use of
fossil fuels resources, and implementation of advanced technologies
that enable their sustainable management.

The array of petrologic work published since the benchmark “Organ-
ic petrology” textbook appeared in 1998 (Taylor et al., 1998) has moti-
vated the development of this review, which is subdivided into two
parts. The first part is focused on geological applications (basin analysis,
fossil fuel resources) of organic petrography alone or in combination
with other analytical methodologies. The second part describes other
recent applications of organic petrology (environmental pollution, fo-
rensics, archeology, coal fires and self-heating). Finally, a significant
amount of bibliographic references is included in both papers.

2. General considerations
2.1. Introduction. The sedimentary organic matter

The organic matter in sedimentary sequences ranges from finely dis-
seminated occurrences of organic particles to concentrated organic

matter in coals. In general, an organic facies is mostly a mixture of com-
plex and heterogeneous organic materials. The characteristics of this

Examples of the application of organic petrology to organic facies analysis of all geological ages distributed worldwide, in the field of hydrocarbon (oil and gas) and coal exploration.

Author Materials/age/area

Application of organic petrology

Stukalova (1997)
Follows and Tyson (1998)
Wan Hasiah (1999)

Kim et al. (1999)
Robison et al. (1999)

Wagner (1999)

Flores (2002)

Bechtel et al. (2002)
Nzoussi-Mbassani et al. (2003)
Semkiwa et al. (2003)

Neumann et al. (2003)
Stasiuk and Fowler (2004)
Canonico et al. (2004),
Hackley et al. (2005),
Hackley and Martinez (2007)
Piedad-Sanchez et al. (2004a,b)
Akande et al. (2005)
Martinek et al. (2006)

Sawada (2006)

De la Rue et al. (2007)
Nowak (2007)
Zdravkov et al. (2007)
Sun and Sun (2008)
Hossain et al. (2009)

Smojic et al. (2009)
Flores et al. (2010)
Hackley et al. (2010)

Silva and Kalkreuth (2005)
Silva et al. (2008)
Kalkreuth et al. (2010)

Mendonga Filho et al. (2010b)

Koukouzas et al. (2010)

Dutta et al. (2011)

South Yakutian Coal Basin (Mesozoic age) in Siberia

Carboniferous lacustrine oil shales facies from Scotland

Organic facies from the Triassic marine shales in the central Spitsbergen
(Svalbard archipelago, Barents Shelf of Europe)

Late Aptian to Early Cenomanian deposits in Northern Sinai (Egypt)
Cretaceous and Jurassic hydrocarbon source rocks from the Southern
Indus Basin (Pakistan)

Modern and Late Quaternary deposits of the Equatorial Atlantic

Pliocene of Rio Maior Basin (Portugal)

Lower Miocene lignite from the Styrian Basin (Austria)
Cenomanian-Turonian source rocks from onshore Senegal

Permian coal and associate organic facies in Songwe-Kiwira Coalfield
from Tanzania

Aptian-Albian lacustrine sequences of the Araripe Basin (northeastern Brazil)
Devonian and Mississippian from the Western Canada sedimentary basin.
Coals and carbonaceous shales from Paleocene to Lower Miocene in
Western Venezuela

Carboniferous coal from the Central Asturian Coal Basin (North Spain)
Lower Maastrichtian of Bida Basin (Nigeria);

Lacustrine facies of Lower Permian from Krkonose Piedmont Basin in the
Czech Republic

Neogene neritic sediments of the Takafu area of central Japan
Frasnian-Famennian boundary, New Albany Shale, Indiana (US)

Late Paleozoic black shales in the Southwestern Poland

Neogene Elhovo Lignite in Bulgaria

Late Cretaceous from Songliao Basin (China)

Tertiary mudstones from the Sylhet Basin in Bangladesh

Lemes deposits (Late Jurassic) in Croatia

Carboniferous facies of Bugaco Basin (Portugal)

Carbonaceous shales of subbituminous rank (Neogene age ?) from Chalaw
deposits in Afghanistan

Permian coal from Parana Basin in Brazil

Oligocene lacustrine system in the Cenozoic Taubaté Basin (Southern Brazil)
Achlada and Mavropigi lignite deposits from northwest Macedonia (Greece)
Eocene lignites from the Kutch Basin in Western India.

Coal facies
Lacustrine oil shales facies
Organic facies of marine shales

Organic facies and thermal maturity.
Organic facies in hydrocarbon source rocks

Organic matter studies

Coal facies

Lignite coal facies

Organic matter facies in source rocks
Coal and associate organic facies.

Organic matter lacustrine facies
Organic facies
Coals and carbonaceous shales

Coal facies
Organic facies
Organic-rich lacustrine facies

Organic facies in neritic sediments

Organic facies and paleoceanographic conditions.
Organic matter in black shales

Depositional environment

Organic facies

Organic matter and depositional environment

of mudstones

Organic facies

Coal facies

Subbituminous carbonaceous shales facies

Coal facies
Lacustrine organic facies

Lignite deposits
Lignite coal facies
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mixture depend on the origin (type) and nature of the organic matter
(planktonic and bacterial biomass, land plants, and reworked material),
organic productivity, inputs to the sedimentary environment, physico-
chemical conditions existing in that environment, early diagenesis and
thermal evolution (maturation) that accompanies sediment burial,
and metamorphism (see summaries in Diessel, 1992; Stach et al,
1982; Senftle et al, 1993; Taylor et al., 1998; Teichmiiller and
Teichmiiller, 1982; Vandenbroucke and Largeau, 2007, and references
therein). Taking into account the role that organic facies play in the
field of hydrocarbons (oil and gas) and coal exploration, many studies
have been carried out for years on organic facies of all geological ages
distributed worldwide. Some examples include studies listed in
Table 1. These investigations among many others performed in the
past decades and to the present demonstrate the significant contribu-
tion of petrological studies of organic matter to the interpretation of
the genesis and development of sedimentary basins.

The classification of the organic matter based on H/C and O/C atomic
ratios (van Krevelen, 1961, 1993) typically distinguishes three main
types of kerogens (Type I, Type Il and Type III) in the order of decreasing
H/C and O/C ratios (Fig. 1). The various types of kerogens initially were
associated to specific geological settings (Tissot and Welte, 1984). Thus,
Type I kerogen occurred in lacustrine environments where selective ac-
cumulation of algal material or severe biodegradation of the organic
matter took place; Type Il was related to open marine sediments
where autochthonous organic matter derived from a mixture of
phyto- and zooplankton was deposited in a reducing environment,
with a Type II-S that was a high sulfur variety of Type II; and finally,
Type Il kerogen was essentially derived from terrestrial plants and de-
posited in proximal environments (Durand, 1993). A secondary type of

¥ Atomic ratio H/C

1.0 1

0.5+

0 T T T T T T

0 0.05 0.10 0.15 0.20 0.25 0.30
P Atomic ratio O/C
Main path oh humic coals (after Durand et al. 1976)

p— Boundaries of the field of kerogen
-

k.. Evolution paths of the principal types of kerogen

Fig. 1. Main types and evolution paths of kerogen: types I, Il and IIl (from Tissot and
Welte, 1984; Figure 11.4.11, Chapter 5, page 161).

Source: Petroleum formation and occurrence by B. Tissot and D.W. Welte. Springer-Verlag
(Ed.), Heidelberg, 669 pp., copyright 1984, reprinted with kind permission from Springer
Science + Business Media B.V. www.springer.com.

kerogen (Type IV) composed of aromatic carbonized organic matter
(pre-deposition, during deposition, or during oil cracking) with no po-
tential for hydrocarbon generation also has been described. Coals are
classified as Type IIl kerogen (Durand et al., 1977). A recent review by
Vandenbroucke and Largeau (2007) on the origin, evolution and struc-
ture of kerogen modified this classification, indicating that Type I kero-
gen can be sourced from various highly specific precursors of aliphatic
nature in different sedimentary environments, Type Il kerogen can be
associated with planktonic organic matter in open marine and fresh
water lacustrine environments, and Type III kerogen is from higher
plants and can be associated with terrestrial inputs into lacustrine or
marine settings. Type I kerogen displays a very high potential for liquid
hydrocarbon generation, which decreases in Type Il kerogen, while the
oil potential of Type IIl kerogen is only moderate although it may still
generate abundant gas at greater depths. Fig. 2 shows some images of
kerogen Types I, 11, and IIL

2.2. Organic petrography

The basis of organic petrography is optical microscopy that includes
reflected and transmitted white light, fluorescence (UV and blue light
excitation), and polarized light analysis of the organic matter in a
broad sense. Moreover, palynological studies combined with organic
petrography focused on the geological aspects are also taken into ac-
count in view of its important contribution.

Incident white light petrography allows the observation of images
that are formed by reflectance contrast. Ultraviolet (UV), blue and
blue-violet incident light allow imaging of organic material (mostly
macerals of liptinite group) by autofluorescence emissions. Organic
components observed using incident light are described as macerals,
typically identified and described in coals (Fig. 3). In addition to some
macerals, maceral varieties and secondary products, other components
associated with the organic facies such as faunal relics can be observed
in sedimentary rocks. Exhaustive information on the application of or-
ganic petrography using incident white light to study coals and dis-
persed organic matter in sedimentary rocks can be found in
summiaries, reviews and books such as, Bustin et al. (1985), Davis
(1984), Falcon and Snyman (1986), Stach et al. (1982), Suarez-Ruiz
and Crelling (2008), Taylor et al. (1998), and Teichmiiller (1989). More-
over, since its foundation in 1980, the International Journal of Coal
Geology has included most fundamental and applied research per-
formed using organic petrographic studies in incident light alone or in
combination with other analytical techniques.

The study of organic matter by transmitted light has a complementary
character for the diagnosis of organic components and generally is ap-
plied to chemically isolated organic material (organic residue after acid
treatment) or on whole rock thin sections. These types of observations
mainly are focused on the study of palynofacies, which consists of the de-
scription of the components observed in palynological residues (Fig. 4)
and the corresponding evaluation of their relative proportions (Combaz,
1964, 1980; Tyson, 1995). Some examples of the combined use of organic
petrography and palynofacies analysis to determine organic matter type,
depositional conditions and assessment of thermal maturity include
Ercegovac and Kosti¢ (2006), Hakimi et al. (2010a,b), Mendonga Filho
et al. (2010b), Nielsen et al. (2010), Nzoussi-Mbassani et al. (2003),
Pross et al. (2007), Smojic et al. (2009), and Zhang et al. (2009) among
others.

2.2.1. Sampling and preparation of samples for microscopic analysis

2.2.1.1. Sampling. Samples for the study of organic material can be taken
from the surface (outcrops and open pit mines) or from the subsurface
(underground mines, boreholes and exploration wells). In many cases
washed well cuttings are used but special care is necessary because cut-
tings can be contaminated by caved materials or drilling mud additives.
In the case of surface samples the main problem is weathering and
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Fig. 2. Optical microscopy. Photomicrographs of organic-rich shales with different types of kerogens. Images a, ¢, and e were taken in reflected white light and b, d, and f in fluo-
rescence mode. a,b): green River shale, Uinta Basin (USA), Eocene, immature kerogen Type I, huminite (a) and (b) fluorescent alginite; c,d): black shales from Vale das Fontes For-
mation, Lusitanian Basin, Portugal, Jurassic, immature kerogen Type II, c) huminite and inertinite, and (d) fluorescent alginate; e,f): carbonaceous shale, Carbonera Formation,
Eocene-Oligocene from Venezuela, immature-mature kerogen Type III, varied macerals, mainly liptinite. (a-d: large side of the picture: 175 pm and e-f: 300 pm).

oxidation, effects that can be recognized by the reddish or reddish-
brown and also whitish or greenish color of exposed rock surfaces, the
presence of oxidized (rusted) pyrite, and other secondary mineraliza-
tion (melanterite), joints, and root horizons. Outside of research on nat-
ural weathering, oxidized samples (Fig. 5) cannot be used in any
petrological or geochemical studies. In addition to avoiding caving con-
tamination and additives to the drilling mud that may contain extrane-
ous organic matter (e.g., lignite), any post-sampling heating effects or
acidification treatment should be identified when sampling from bore-
holes and exploration wells (subsurface samples). A summary of appro-
priate sampling procedures is reported in Taylor et al. (1998) and
retains relevance at the present time. Some ASTM (such as ASTM,
1992) and ISO norms also describe sampling protocols. The total
amount of sample material required for an investigation will depend
on the type of sample, the concentration of organic matter in the rock,
and the various analyses to be performed.

When the study of organic matter is focused on the creation of
maturity/coalification profiles or any other type of profile, it should
be considered that: i) the samples should be taken from the same
lithotype or stratigraphic level in order to get comparable data and
to avoid scatter in reflectance values due to variations in the host

lithology; ii) core samples are recommended (Fig. 6); iii) if the strat-
igraphic series displays unconformities (faults, transgressions), both
sides of the conformity should be sampled; iv) samples should be
taken following regular and similar intervals along the whole strati-
graphic profile; v) a sufficient number of samples have to be taken
particularly in case of regional studies that require input of enough
data for statistical analysis and maturity modeling. For example,
large datasets were used by Colmenero et al. (2008) including 1344
samples from the Carboniferous coal fields in North Spain to establish
the regional variation of coal rank; Dewing and Sanei (2009) used
about 6300 samples for maturity studies in the Canadian Arctic
Islands; and Ruppert et al. (2010) compiled vitrinite reflectance
data from 2845 samples to define the thermal maturity patterns of
Pennsylvanian coal rocks in the Appalachian Basin (USA).

2.2.1.2. Preparation. For studies in incident light microscopy, polished
epoxy-mounted samples can be prepared from whole rock, crushed ma-
terial (coals or sedimentary rocks with dispersed organic matter) or from
concentrates of organic matter. In block samples for microscopical anal-
ysis, the organic matter can be observed in-situ and organic/inorganic re-
lationships can be examined (Fig. 2). Grain mounts/particulate pellets
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from the crushed rock normally are used for quantification of compo-
nents and random reflectance measurements, as are kerogen concen-
trates (from rocks with low organic matter content) obtained after
dissolution in acids of the mineral matrix (Fig. 7), or from densimetric
concentrates of the organic matter created by flotation in heavy liquids.
As for kerogen isolation, recent work by Mendonga Filho et al. (2010a)
found that the kerogen concentration procedure (using acid treatment)
clearly modifies the fluorescence properties of organic material,

provoking a shift of the spectral N\« towards higher wavelengths
(Table 2) while vitrinite reflectance was unaffected.

A relatively new method for sample preparation is the use of heat-
setting thermoplastic powders wherein the rock sample is mixed with
a powdered polymer and then compressed in a hydraulic cylinder
under high pressure and temperature (130 °C). At this temperature
the powder liquefies, binds the organic matter, and solidifies when
the cylinder is cooled to room temperature. The high temperature is

Fig. 3. Optical microscopy. Photomicrographs taken under reflected white light (a to d, g, and k to n) and fluorescence mode (e, f, and h to j). a): vitrinite (collotelinite and collodetrinite),
liptinite (sporinite and cutinite) and inertodetrinite in an bituminous coal rank. b): vitrinite (collotelinite) and inertinite (semifusinite and inertodetrinite) in an anthracite coal rank.
¢): vitrinite (collodetrinite) and liptinite (sporinite). d): textinite with wide open cell walls filled with corpohuminite. e): sporinite. f): cutinite. G): suberinite cell walls and corpohuminite
cell fillings. h): exsudatinite filling funginite cell walls. i): resinite in a crescent form. j): alginite, Botryococcus colonies. k): fusinite. 1): semifusinite. m): funginite. n): fusinite.
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Fig. 3 (cont

thought not to affect the organic matter, because it is applied only for a
very short time span (approximately 10-15 min). With respect to coal
sample preparation (grain mounts/pellets) the ISO 7404-2 (2009) and
the equivalent ASTM D2797/D2797M-09 (ASTM, 2010a) norms de-
scribe the appropriate protocols. The preparation of samples containing
solid bitumens (e.g., in studies of bitumens associated with ore de-
posits) requires different and more specific procedures such as de-
scribed by Jacob (1993) because of their special characteristics.

For analysis in transmitted light microscopy the study of organic
matter has been conducted using either palynological residues or by
methods of palynofacies (Fig. 4) analysis (Combaz, 1964, 1980;
Filipiak, 2002; Mendonga Filho et al.,, 2002, 2010b, 2011a,b; Menezes
et al,, 2008; Tyson, 1993, 1995). Globally, the organic matter from sed-
imentary rocks is recovered after acid treatment with HF, HCI or H,SO4
to remove the mineral matter and to obtain an organic residue.
Depending on the applications or rock types, this treatment can be sup-
plemented by an oxidative step for removal of the organic microfossils
and residual minerals. Recent descriptions of these procedures based on
Tyson's (1995) recommendations are described in Ercegovac and Kostic¢
(2006), Garcia et al. (2011), Ghasemi-Nejad et al. (2009), Mendonga
Filho et al. (2002, 2010b), Oliveira et al. (2004, 2006), Pross et al.
(2007), and Riboulleau et al. (2003) among others.

inued).

2.2.2. Identification of organic components in coal and in rocks with
dispersed organic matter (DOM)

2.2.2.1. Type of organic components. In incident light microscopy the or-
ganic matter components, macerals, are identified on the basis of their
physico-optical properties. They are easily observed in coals and are
also found in sedimentary rocks as dispersed organic matter (DOM).
Macerals are microscopical organic entities derived from terrestrial, la-
custrine and marine plant remains and modified by deposition process-
es, early diagenesis and subsequent thermal evolution. There are three
maceral groups: huminite/vitrinite, liptinite and inertinite (Fig. 3).
Over the last two decades the International Committee for Coal and
Organic Petrology (ICCP) has refined the description of macerals and re-
vised their nomenclature (ICCP, 1998, 2001 for vitrinite and inertinite
maceral groups respectively, and Sykorova et al., 2005 for huminite
macerals). The ICCP nomenclature and classification of macerals are
herein recommended. The ICCP also currently is preparing an updated
description and classification of organic components included in the lip-
tinite group.

The huminite group is identified in low rank coals such as lignites
and subbituminous coals (rock with a low degree of thermal maturi-
ty) and is the precursor of the vitrinite group found in medium and



Fig. 4. Optical microscopy. Photomicrographs of immature particulate organic matter in transmitted white light and in fluorescence mode (palynofacies analysis). Kerogen Type I: amorphous organic matter, Pediastrum and Botryococcus
Algae; kerogen Type II: amorphous organic matter, Cuticle, Prasinophyte Algae, Acritarchae and Dinocysts; and kerogen Type III: wood tissues (non-opaque phytoclasts).
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Fig. 5. Optical microscopy. Photomicrographs taken in reflected white light of coals. a): non-oxidized coal (Westphalian bituminous coal, underground coal mine from North Spain);
b): oxidized coal (probably hydrothermal alteration) from the Jurassic of Morocco; c): oxidized coal (recovered from a beach in North Spain for pollution studies, and d): highly
weathered from a surface outcrop (Stephanian bituminous coal from North Spain). (All images have the same scale bar.)

high rank coals (ICCP, 1998; Sykorova et al., 2005). This group derives
from botanical tissues mainly composed of lignin and cellulose. Humi-
nite/vitrinite macerals are found in highest concentration in sediments
of terrestrial origin (e.g., coals and carbonaceous shales) and are nearly
absent in most carbonate rocks. The inertinite maceral group (ICCP,
2001) derives from plant material that has been affected by pre- or
syn-sedimentary alteration processes such as oxidation, moldering and
fungal attack. The liptinite maceral group (ICCP, 1971, 1975; Stach et
al,, 1982; Taylor et al., 1998, Teichmiiller, 1989) is derived from the resis-
tant lipoid part of the organisms such as spore and pollen, cuticles, and
various types of vegetal secretions (plant waxes, fats, oils and resins),
algal-derived materials, and some degradation products and products
of secondary generation during the maturation processes. Macerals of
the liptinite group are best characterized by their fluorescence proper-
ties at low rank/maturity and therefore observation with incident UV

B

§

g i

or blue light may be required (Figs. 2, 3). Liptinite macerals show the
highest content in hydrogen and through thermal evolution they are a
source of hydrocarbons (Taylor et al., 1998; Tissot and Welte, 1984). A
thorough discussion of this subject was presented by Wilkins and
George (2002) in their review on coal as a source rock for oil. Some ex-
amples of the liptinite contribution to oil generation from source rocks
and coals have been documented by Petersen et al. (2001) in a study
of the Oligocene lacustrine mudstone and coals in the Song Hong Basin
(Vietnam); Li et al. (2006) for Tertiary terrestrial source rocks in West-
ern Kamchatka (Russia); Mi et al. (2010) for coal measure source-
rocks in Songliao basin (northeastern China), and Sachse et al. (2011)
for source rocks from the Tarfaya basin in the Atlantic Margin of Moroc-
co, among many others. On the other hand, in coals the associations of
various macerals are called microlithotypes (the description given by
the ICCP can be found in ISO 7404-4, 1988 and Taylor et al., 1998). The

Fig. 6. Example of core samples used for a research on organic facies and organic maturity profiles (from Mendonga Filho et al,, 2011b).
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Fig. 7. Optical microscopy. Photomicrographs of the immature kerogen concentrates. a-b) Reflected white light; c-d) fluorescence mode (blue light excitation). Kerogen Type II
from the Vale das Fontes Formation (Lower Jurassic age). Lusitanian Basin, Portugal. (Large side of the picture: 175 um.)

term “phyterals” was introduced by Cady (1942), to designate plant
forms or fossils in coal and was used in studies concerning the botanical
identity of the precursors of coals using phyteral analysis (e.g., Lapo and
Drozdova, 1989).

The chemistry of coal macerals has been the object of multiple in-
vestigations, particularly in the last 25 years due to both the develop-
ment of maceral separation techniques (e.g., Dyrkacz and Horwitz,
1982; Dyrkacz et al., 1984; Honaker et al., 1996) and the refining
and development of analytical tools to probe the chemistry of mac-
erals in situ and its behavior upon heating. Some examples of these
types of maceral studies are listed in Table 3.

In sedimentary rocks with dispersed organic matter (e.g., oil
shales, source rocks, Fig. 2) faunal relics, and microfossils of various
compositions are found in addition to the huminite/vitrinite,

Table 2

Comparison of Npax values (in nm) obtained from spectral fluorescence analysis per-
formed on liptinite components identified in the whole rock and in kerogen concentrates.
Sample (OMC4) from the Lusitanian Basin in Portugal (Jurassic age and kerogen Type II).
Nmax Values are higher in kerogen concentrates.

Data from Mendonga Filho et al., 2010a, Table 7, page 164). Source: Effect of concentration of
dispersed organic matter on optical maturity parameters, by J.G., Mendonga Filho, C.V.,
Araujo, A.G., Borrego, A.C, Cook, D., Flores, P., Hackley, J.C., Hower, M.L, Kern, K., Kommeren,
J. Kus, M., MastalerzJ.0., Mendonga, T.R, Menezes, ], Newman, P., Ranasinghe; LVAF,
Souza, 1, Suarez-Ruiz and Y., Ujiié, in: International Journal of Coal Geology 84, 154-165,
copyright 2010, reprinted with kind permission from Elsevier, www.Elsevier.com.

Analysis Parameters Organic Whole rock Kerogen concentrate
component OMC4A OMC4B
1 Nmax Liptinite 567 569
2 Nmax Telalginite 538 557
3 Nmax Telalginite 530 565
4 N Telalginite 586 588
5 Nmax Alginite 520 550
6 Nmax Alginite 520 550
7 Nmax Telalginite 530 565
8 Nimax Liptinite 530 550

inertinite, and liptinite groups (Fig. 3). The zooclasts group includes:
scolecodonts, chitinozoans, graptolites and conodonts, and other or-
ganic remains such as fish scales (Fig. 8a,b). Dinoflagellates and acri-
tarchs are other forms of algal-derived materials in rocks which occur
as resistant cysts (Fig. 8c-f). Moreover, non-structured organic mat-
ter, that is, amorphous organic matter (Bertrand et al., 1993) or an
organo-mineral groundmass (organic matter intimately associated
with the fine-grained minerals such as clays), commonly is identified
in oil shales and source rocks. At low thermal maturity, the amor-
phous organic matter typically is fluorescent with spectra containing
a strong green-yellow component at various intensities. Usually the
amorphous organic matter constitutes an important fraction of the
total organic matter in non-coaly organic rocks. This organic matter
can be also observed in transmitted light and in palynological resi-
dues (Fig. 9). The formation and preservation of amorphous organic
matter are considered to be a complex process that involves its deg-
radation under a combination of aerobic and anaerobic conditions.
Its chemical composition varies considerably ranging from
hydrogen-rich to hydrogen-poor material (Senftle et al., 1993). The
petrographic assessment of the amorphous organic material is impor-
tant for many reasons including biostratigraphic studies in conjunc-
tion with palynomorph analysis, as a tool for paleoenvironmental
evaluation, and for the evaluation of hydrocarbon source rock poten-
tial as shown (e.g.) by Alpern (1980), Batten (1983), Bertrand et al.
(1990), Bishop and Philp (1994), Durand (1980), Ercegovac and
Kosti¢ (2006), Mukhopadhyay (1989a), Thompson-Rizer (1993),
Thompson and Dembicki (1986), among other studies mainly developed
in the 1980s-1990s.

Another component of the organic matter in sedimentary rocks is
solid bitumens (see a summary in Taylor et al, 1998). Classifications
of solids bitumens based on physico-optical properties have been
reported by Jacob (1989, 1993) and Landis and Castafio (1995) among
others. Solid bitumens appear in the macroporosity of the rocks, and
as vein fillings, or dispersed in the mineral matrix and their size is variable
(Fig. 10). They are secondary products of the coalification/maturation
process and derive from the cracking of the macromolecular structure


image of Fig.�7
http://www.springer.com

64

Table 3

Some examples of the studies on chemistry and behavior of coal macerals using specialized analytical techniques.

L. Sudrez-Ruiz et al. / International Journal of Coal Geology 99 (2012) 54-112

Author

Coal component/age/provenance

Analytical technique

Meuzelaar et al. (1984)
Silbernagel et al. (1986)

Lyons et al. (1987)

Mastalerz and Bustin (1993)
Mastalerz and Bustin (1996)
Mastalerz and Bustin (1997)
Guo and Bustin (1998)
Jiménez et al. (1998a)

Jiménez et al. (1998b)

Gurba and Ward (2000)
Dyrkacz and Bloomquist (2001)
Greenwood et al. (2001)
Mastalerz and Gurba (2001)
Machnikowska et al. (2002)
Sun et al. (2003)

Stowik and Wieckowski (2003)

Walker and Mastalerz (2004)

Bruening and Cohen (2005)
Li et al. (2007)

Scott and Glasspool (2007)
Ward et al. (2005)

Ward et al. (2007)

Ward et al. (2008)

Zhao et al. (2010a)

Zhao et al. (2010b)
Guedes et al. (2010)

Morga (2010)

Concentrates of various macerals

Isolated coal macerals

Coal macerals from bituminous coal rank

Coal macerals

Characterization of macerals from the three maceral groups in coals
of Late Jurassic to Early Cretaceous age. Mist Mountain Formation,
British Columbia, Canada.

Chemistry of coal macerals (from the three maceral groups).

Mist Mountain Formation, Late Jurassic, Elk Valley Coalfield, Canada.
Chemical structure of liptinite macerals (alginite, bituminite,
sporinite, cutinite and resinite) in bituminous coals of Carboniferous
to Tertiary age and of varied provenance.

Chemical structure of vitrinite macerals

Vitrinite macerals from coals of varied provenance.

Elemental composition of macerals and vitrinite reflectance
anomalies in coals from Gunnedah Basin (Permian age), Australia.
Concentrated coal macerals from varied provenance.

Coal macerals (resinite, cutinite and vitrinite) from Carboniferous
and Eocene age and solid bitumen in Carboniferous limestones,
from China

Hand-picked vitrinites from coals of different rank.

Isolated vitrinite, fusinite and liptinite from coals of varied rank.
Lower and Upper Silesian Basin (Poland).

Concentrates of vitrinite and inertinite from Chinese bituminous coals.
Coal macerals

Functional groups and chemistry of coal macerals from the
Pennsylvanian of Indiana, USA.

Physical properties and oxidation of coal macerals

Coal macerals (telocollinite, fusinite and alginite) of Permian

age from the Bowen Basin, Australia

Experimental charcoalification for inertinite maceral group
investigations

Maceral chemistry and rank advance in coals from the Bowen
Basin, Australia

Elemental composition of macerals (from the three groups) in coals
from Greta Coal Measures, Permian age, Sidney Basin, Australia
Elemental composition of coal macerals (from the three groups) from
various Australian coals

Pyrolysis behavior of coal macerals

Pyrolysis behavior of vitrinite and inertinite from Chinese Pingshuo coal

Collotelinite, fusinite and macrinite from vitrinite-rich coals of different
rank and varied provenance

Behavior of semifusinite and fusinite in steam and coking coals

from the Upper Silesian Coal Basin (Poland)

Curie-point pyrolysis mass spectrometry

Electron spin resonance

Laser microprobe

Electron microprobe and micro-FTIR spectroscopy
Reflectance micro-FTIR spectroscopy

Electron microprobe and micro-FTIR analysis

Micro-FTIR spectroscopy

Gray-King pyrolysis and FTIR analysis

Chemical and petrographic analysis, Rock-Eval and
Gray-King pyrolysis, solvent extraction, coking
properties, textural characterization.

Electron microprobe analysis

Solvent extraction
Laser micropyrolysis Gas chromatography-mass
spectrometry.

Electron microprobe for Nitrogen analysis

Diffuse reflectance Fourier transform infrared (DRIFT)
spectroscopy.

Pyrolysis (TG/DTG), FTIR and >*CNMR

Microwave Power on EPR Spectra

Electron microprobe and Fourier Transform Infrared
Spectrometry (FTIR)

Atomic force microscope (AFM).

Attenuated total reflectance micro-Fourier transform
infrared (ATR-FTIR) spectroscopy

Artificial charcoalification of wood and organic
petrography

Electron microprobe

Light-element electron microprobe

Electron microprobe and ultimate analysis of

whole coals

Thermogravimetry coupled with mass spectrometry
(TG-MS) and in a fixed-bed reactor
Thermogravimetry coupled with mass spectrometry
(TG-MS) and in a fixed-bed reactor

Micro-Raman spectroscopy

Micro-FTIR analysis

of kerogens into liquid hydrocarbons or from the cracking of oil to gas.
Teichmiiller (1974a, 1974b, 1974c)) introduced the term exsudatinite
(Fig. 11) for a solid bitumen generated (secondary maceral of the liptinite
group) during the thermal evolution of the highly hydrogenated compo-
nents of organic matter. Qil/hydrocarbons in the form of fluorescent
droplets or absorbed by diagenetic minerals also are included as bitu-
mens (Taylor et al.,, 1998).

In transmitted light microscopy (using white light and
fluorescence), organic matter is studied by means of palynofacies.
The term palynofacies was established by Combaz (1964). Later
Hughes and Moody-Stuart (1967) proposed the term palynological
facies in the same general sense as palynofacies but many other au-
thors have also defined palynofacies (e.g., Batten, 1973, 1981, 1982;
Leopold et al., 1982; Powell et al., 1990; Traverse, 1988). In any case
the concept and application of palynofacies techniques were spread
by Batten (1996) and Tyson (1993, 1995), where a modern
palynofacies concept was described as: “a body of sediment contain-
ing a distinctive assemblage of palynological organic matter thought
to reflect a specific set of environmental conditions or to be associated
with a characteristic range of hydrocarbon-generating potential”.
Palynofacies analysis involves the integrated study of all aspects of

the palynological organic matter assemblage. The main populations
that are identified in palynological residues initially were classified
(Combaz, 1964, 1980) as: terrestrial organic fragments, pelagic and
benthic microfossils, and amorphous organic matter or amorphous
fraction and later reorganized (Fig. 4) as phytoclasts, palynomorphs,
and amorphous organic matter by Tyson (1993, 1995). Palynofacies
analysis combined with studies of organic petrography, geochemical
investigation, stratigraphy and paleontology, is an useful tool in the
interdisciplinary analysis of organic matter, providing accurate
information for the interpretation of depositional paleoenvironments,
in paleoclimate reconstruction, in the study of origin and transfer of
fossil organic matter to recent terrestrial environments, hydrocarbon
source rock potential, and for hydrocarbon exploration, among
others. Some examples of these investigations are listed in Table 4.

2.2.2.2. Quantification of organic components. For most investigations of
organic matter in sedimentary rocks it is important to determine the
relative proportions of the various organic components contained in a
specific sample. For coals this can be obtained via quantification of mac-
erals in incident white light (helped with fluorescence observations if
necessary, e.g., Hackley et al., 2007) through point counting analysis on
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Fig. 8. Optical microscopy. Photomicrographs taken in white light (a-b: reflected white light; c,f: transmitted light and d,f: fluorescence mode). a,b): hand-picked Chitinozoa from
Devonian of Brazil; c,d): acritarchs in Devonian rocks, Brazil, immature kerogen Type II; and e,f): dinocysts; Cretaceous marine rocks, Brazil, immature kerogen Type II.

particulate pellets. This analytical procedure is standardized by the ISO
7404-3 (2009) and ASTM D2799-09 (ASTM, 2010b) normative proto-
cols. Automated methods using computerized image analysis were de-
veloped in recent years for maceral analysis although the manual
point-counting method is still used the most extensively. The natural as-
semblages of macerals in coals, microlithotypes, and coal-mineral associ-
ations, carbominerite, also can be quantified via microlithotype analysis
(ICCP, 1963). The analytical procedures are standardized in the ISO
7404-4 (1988) norm.

Quantification of organic components present in non-coal rock sam-
ples using reflected light microscopy and on particulate pellets can be
performed following the method established for the petrographic eval-
uation of macerals in coals. However, taking into account that the organ-
ic matter in non-coal samples is dispersed and that many components,
such as some liptinite macerals and some zooclasts, are only visible in
fluorescence mode (which is not always applied in coal petrographic
analysis), results are not as accurate and components of the organic mat-
ter often are under- or over-estimated. In one effort to improve quanti-
fication, Boucsein and Stein (2009) used the point-counting method
usually applied for macerals in coals but only counting organic compo-
nents in their organic petrological study of a black shale formation (Pa-
leocene/Eocene) from the Arctic region.

Quantification of the various components of the organic matter
within lower rank coals in transmitted light via palynofacies analysis
also is performed using a point-counting method by identifying spe-
cific categories of the organic components present in the slides. This
type of quantitative palynofacies analysis was described by Tyson
(1995) and is widely applied, including recent work (e.g.,) by Garcia
et al. (2011), Ghasemi-Nejad et al. (2009), Graz et al. (2010),
Mendonga Filho et al. (2010b), and Roncaglia and Kuijpers (2006).

2.2.3. Coal rank and maturity degree of the dispersed organic
matter. Optical methods to evaluate the coal rank and thermal
maturity of the dispersed organic matter

2.2.3.1. Coal rank and maturity degree of the dispersed organic matter.
Coalification and maturation are processes that affect the organic mat-
ter after its deposition. They result from the burial of the organic matter
and are governed by an increase in temperature, the time (duration of
heating), and pressure. As described in Taylor et al. (1998) the term
coalification applies to coal evolution. It begins after peatification has
taken place and comprises the progressive change of the carbonaceous
material through the stages of lignite, subbituminous and bituminous
coal to anthracite and meta-anthracite. With continued burial
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Fig. 9. Optical microscopy. Photomicrographs of concentrates from organic-rich rocks. Images a and c, were taken in transmitted white light and b, d, in fluorescence mode.
a,b): Amorphous organic matter (AOM) in Permian rocks, and c,d) in Cretaceous organic-rich rocks from Brazil.

coalification may be followed by the graphitization process (e.g.,
Oberlin, 1984). The specific stage of coalification reached by a coal dur-
ing its evolution is called “rank”. During the process of coalification, the
main chemical changes occurring in the organic matter are condensa-
tion, polymerization, aromatization, the loss of functional groups con-
taining O, S and N, an increase in carbon content and a decrease in
moisture and volatile matter contents. The main physical changes oc-
curring due to increasing pressure are related to variations in porosity,
density and hardness, and the alignment of basic structural units
(BSUs). The term maturation has been long used to describe the diage-
netic evolution of the dispersed organic matter with increasing burial
depth and temperature (Figs. 12, 13a,b) leading to the formation of oil
and gas (eg, Taylor et al, 1998; Tissot and Welte 1984;
Vandenbroucke and Largeau, 2007 and references therein). As reviewed
by Vandenbroucke and Largeau (2007), with increasing maturity of or-
ganic matter in sedimentary rocks four important stages are recog-
nized: i) early diagenesis with a major loss of N and potential
incorporation of inorganic S and O into the kerogen; ii) diagenesis in
strict sense with a significant loss of O mainly as CO, and H,0; iii) cata-
genesis with a loss of H and C because of the generation of oil and wet
gas; and, iv) metagenesis in which a reorganization of the aromatic net-
work of the residual kerogen occurs, increasing its aromaticity with pro-
duction of CH,4 and non-hydrocarbon gases (CO,, H,S, and N»).

The changes experienced by the organic matter during coalifica-
tion or maturation also are reflected in the variation of optical proper-
ties. For example, the reflectance of huminite/vitrinite, liptinite and
some inertinite macerals increases, the fluorescence properties of
some organic components (Fig. 14) change in a characteristic way
(spectra shift towards higher wavelengths and lower intensities for
most liptinites), secondary products and macerals (Fig. 11) may be
formed, and an anisotropic fabric is developed.

2.2.3.2. Optical methods to evaluate the coal rank and the thermal matu-
rity of the dispersed organic matter. In addition to the identification of
the organic matter components in sedimentary rocks, determination
of its thermal maturation is essential to evaluate petroleum genera-
tion history, predict basin evolution, validate geological modeling, ex-
plore for hydrocarbons resources, and plan for resource utilization,
among many other applications. The evaluation of thermal maturity
of the organic matter by optical microscopy is based on visual assess-
ment (e.g., spore coloration) or direct measurement of optical proper-
ties (e.g., huminite/vitrinite reflectance measurement).

2.2.3.2.1. Vitrinite/huminite reflectance. Vitrinite reflectance mea-
sured in incident white light under oil immersion is the most robust
parameter used in organic petrology to define the degree of coalifica-
tion reached by a coal, and thus the class of coal (ISO 11760, 2005),
and the level of maturity of sedimentary rocks containing dispersed
organic matter (ICCP, 1971; Stach et al., 1982; Taylor et al., 1998). Re-
flectance is the proportion of light reflected (expressed as a percent-
age) by a polished surface as measured by a photometer or other
detector (digital cameras). This property is related to the aromaticity
of the organic components and it increases (although not linearly) for
all macerals as the level of coalification or maturation increases and
the atomic O/C and H/C ratios decrease. Reflectance usually is mea-
sured on vitrinite (huminite) in coals and in rocks younger than
Upper Silurian which marks the first appearance of vascular plants
and so the precursor material to huminite and vitrinite. The reflec-
tance may either be recorded as maximum reflectance (Rpyax, %) Or
random reflectance (R,, %). The methodology and procedure used
for vitrinite reflectance measurements are standardized in the ISO
7404-5 (2009) and ASTM D2798-09a (ASTM, 2010c) norms for
coals. ASTM also has a new test method for the measurement of the
reflectance of vitrinite dispersed in sedimentary rocks (ASTM,
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Fig. 10. Optical MICROSCOPY. Photomicrographs taken in reflected white light. Solid
bitumens in (a) Bossier shale (USA), Jurassic, overmature kerogen Type II, reflectance
of bitumen: 2.01%; and (b) Woodford shale (USA), Devonian, overmature kerogen
Type II, reflectance of bitumen: 2.03%.

2011). Vitrinite reflectance is directly correlated with other physico-
chemical rank/maturity parameters (Figs. 13, 15) and may provide
the true maturity stage reached by the organic matter for some
cases in which other parameters show suppressed values or are use-
less. For example, Li et al. (2006) in a study of Tertiary terrestrial and
Cretaceous marine source rocks in Kamchatka (Russia) and Stasiuk et
al. (2006) in their investigation of petroleum generation from the Tri-
assic and Jurassic coals in North Iran documented lower values of Tax
(maturity parameter from the Rock-Eval pyrolysis) with respect to
the rank/maturity obtained from vitrinite reflectance measurements.

Vitrinite reflectance alone or in combination with other geochem-
ical rank parameters has been used extensively and worldwide to as-
sess rock strata across a broad range of thermal maturity stages,
ranging from early diagenesis through catagenesis to low grades of
metamorphism in coals and in non-coal organic-rich rocks. This is
reflected in hundreds of studies developed in the last decades. Some
of these studies, particularly the more recent, are mentioned through-
out this review.

However, despite the advantages of using vitrinite reflectance as a
rank/maturity parameter, it is also known that it is not exempt from
problems and limitations. It has been recognized that perhydrous,
or marine-influenced, coals and in general vitrinite with a high hy-
drogen content possess anomalously low (suppressed) reflectance
values (Barker, 1991; Carr, 2000; Hao and Chen, 1992; Iglesias et al.,
2002; Mukhopadhyay, 1992, 1994; Newman and Newman, 1982;
Price and Barker, 1985; Suarez-Ruiz et al., 1994a,b; Wilkins and
George, 2002 among others). For dispersed organic matter, effects
caused by host lithology were described by Bostick and Foster
(1975) as one of the causes of vitrinite reflectance suppression.
These authors demonstrated that vitrinite reflectance in shales,

Fig. 11. Optical MICROSCOPY. Photomicrographs taken in fluorescence mode. Exsuda-
tinite (bitumens) (a) in the Indio Formation, Paleocene-Eocene from Texas (USA),
and (b) in the Thar Lignite Formation, Paleocene-Eocene from Pakistan.

sandstones, and limestones from the same section differed from
each other and was in general lower than vitrinite reflectance of asso-
ciated coal seams. Goodarzi et al. (1988) reported positive reflectance
deviations for vitrinites included in carbonate lithologies and nega-
tive deviations for shales compared to associated coals. The vitrinite
in kerogen (and in some coals) shows suppressed reflectance when
it is associated with a significant amount of hydrogen-rich substances
such as liptinite macerals (Hutton and Cook, 1980; Kalkreuth and
Macauley, 1984, 1987; Petersen and Vosgerau, 1999; Raymond and
Murchison, 1991), and amorphous organic matter (Price and Barker,
1985). In oil shales from Australia and Canada there is a progressive
decrease in vitrinite reflectance as the alginite content increases,
from reflectance levels of about 0.9% in alginite-poor samples to
0.4% in alginite-rich samples (Hutton and Cook, 1980). A similar
trend was shown in the Stellarton Basin of Nova Scotia, Canada,
where coal seams are interbedded with numerous oil shale beds
(Kalkreuth and Macauley, 1984). Here, oil shales immediately under-
lying humic coals show suppression in vitrinite reflectance by about
50%. Barker et al. (2007) in a petrographic study targeted specifically
at vitrinite reflectance suppression concluded that suppression
caused by bitumen/hydrocarbon impregnation is a rare phenomenon
but it may occur in huminite macerals (in low maturity stages) as
shown by Cuesta et al. (2005) and Suarez-Ruiz et al. (1994a)
(Fig. 16). To solve the problem of reflectance suppression, alternative
optical methods (Kalkreuth et al., 2004; Ujiié et al., 2004; Veld et al.,
1997, Wilkins et al, 1992, 1995, 2002), non-optical alternatives
(Rimmer et al., 1993; Wang and Hu, 2002), correction schemes (Lo,
1988; Smith and Smith, 2007) and vitrinite selection criteria
(Buiskol Taxopeus, 1983) have been used for rank/maturity determi-
nation for cases in which the reflectance of the vitrinite is suspected
to be suppressed. Measurements of the carbon (and oxygen) contents
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Some examples of palynofacies analysis combined with studies of organic petrography, geochemical investigations, stratigraphy and paleontology.

Author

Materials/age/area

Application

Sweet and Cameron (1991)

Sifeddine et al. (1996)
Tribovillard et al. (2001)
Del Papa et al. (2002)

Schigler et al. (2002)

Oboh-Ikuenobe and Villiers (2003)

Riboulleau et al. (2003)
Jacob et al. (2004)
Martin-Closas et al. (2005)

Masselter and Hofmann (2005)

Sebag et al. (2006a)
Sebag et al. (2006b)
Carvalho et al. (2006a,b)

Ercegovac and Kosti¢ (2006)
Miiller et al. (2006)

Ntamak-Nida et al. (2008)
Zavattieri et al. (2008)

Gotz et al. (2008)
Ghasemi-Nejad et al. (2009)
Smojic et al. (2009)

Zhang et al. (2009)

El Beialy et al. (2010, 2011)
Mendonga Filho et al. (2010b)
Kholeif and Ibrahim (2010)
Medeanic and Silva (2010)
Graz et al. (2010)

Deniau et al. (2010)
Schigler et al. (2010)

Hermann et al. (2011)

Garcia et al. (2011)

Amphitheater Formation (Eocene to Oligocene) and
Ravenscrag Formation (Maastrichtian to Paleocene)
from Canada.

Palynofacies and geochemistry of sediments from the
Lac du Bouchet in France.

Kimmeridgian sandstones and mudstones from
northernmost France.

Eocene perennial lake, Lumbrera formation,
northwest Argentina.

East coast basin (Middle Connacian-Late Campanian).
New Zealand

Organic matter from the western continental shelf
of Southern Africa.

Oil shales (upper Jurassic) from Volga Basin Russia.
Lacustrine organic matter. Lagoa do Ca¢6 (Brazil).
Lacustrine basins.

Miocene coal-bearing sediments from Austria.
Characterization of particulate organic matter in surficial
sediments and organic matter transfers

Holocene alluvial deposits from Lower Seine Valley.
France.

Sergipe basin (Aptian-Albian succession).
Northeastern Brazil.

Various types of organic facies

Late Pennsylvanian-Early Permian in Lake Odernheim.
Saar-Nahe Basin, Germany.

Lacustrine and alluvial fan facies from the Cretaceous
in Kribi-Campo (Cameroon)

Early Jurassic sediments at the southern border of the
Neuquén Basin, Argentina.

Upper Cretaceous of the Vocontian Basin, southeast
France.

Kazhumi formation (Albian-Cenomanian) from
northern Persian Gulf

Lemes facies of Late Jurassic in age from Croatia.
Mesozoic-Cenozoic continental rift basins. East China
Upper Cretaceous series from the Northwestern
Desert, Egypt

Oligocene lacustrine system in the Cenozoic Taubaté
Basin, Southern Brazil

Inner Continental Shelf and Middle Slope Sediments
offshore Egypt, South-eastern Mediterranean.

Varied palynomorphous

Recent terrestrial environments

Oligocene turbiditic deposits, offshore Angola.

Tartan Formation (Late Paleocene) from the Great
Sub-basin in New Zealand

Early Triassic recovery: The Salt Range and Surghar
Range records.

Holocene of San Nicolas terrace of the Cauca paleolake

Organic facies and depositional paleoenvironments

Lacustrine organic fluxes and paleoclimate variations
Organic facies and sea level variations

Palynofacies and paleoenvironments

Sea-level cycles.

Depositional environments

Depositional conditions and organic matter preservation
Paleoenvironmental and paleoclimatic changes
Palynofacies studies

Palynology and palynofacies studies

Origin and transfer of particulate organic matter in
recent environments.

Inventory of sedimentary organic matter

Paleoenvironmental reconstruction

Petroleum source rock evaluation
Sedimentary evolution.

Petroleum potential
Depositional environment
Sea-level changes
Petroleum potential

Source potential and hydrocarbon exploration
Potential source rocks

Palynostratigraphy, paleoenvironmental implications
and organic geochemistry investigations.

Organic facies

Palynofacies analysis

Paleoreconstructions

Transfers of fossil organic matter

Organic geochemistry and palynofacies analysis to
determine the proportion and preservation of terrestrial
organic matter.

Palynofacies, organic geochemistry and depositional
environment investigation of potential source rock.
Organic matter and paleoenvironmental signals

Palynofacies analysis and paleohydrology of northern
South America.

of vitrinite macerals using light-element electron microprobe tech-
niques (Gurba and Ward, 2000; Ward et al., 2007) also have been
shown to provide a better rank indicator than vitrinite reflectance
in cases where anomalously low reflectance is developed due to the
original depositional conditions of the coal seam.

Another property of coals (high rank coals) and overmature organic
matter is the development of optical anisotropy. With increase in rank
or thermal maturity, the structure of carbonaceous material is reorga-
nized and vitrinite develops an anisotropic behavior exhibiting bi-
reflectance which can be determined. Using polarized light microscopy
the true maximum and minimum reflectances can be measured (in the
perpendicular and parallel directions to the bedding plane, respective-
ly) and the bi-reflectance calculated as the difference: Rmax — Rmin
(Fig. 17). Methods for determining these parameters, on particulate pel-
lets, were developed by Ting (1978) and Ting and Lo (1978), and later
modified by Duber et al. (2000) and Kilby (1988, 1991). Some examples
of their application to high rank coals, graphites and semigraphites can

be found in Kwiecinska et al. (2010) and Marques et al. (2009). The op-
tical anisotropy in a coal is linked to the overburden pressure and gen-
erally rises with increasing coal rank, although no strict relationship
exists between rank and the degree of anisotropy (Davis, 1984). Tecton-
ic stress in directions other than vertical may also produce reflectance
maxima with different orientations (e.g., Hower and Davis, 1981;
Levine and Davis, 1989, 1990). An example of a coal reflectance anisot-
ropy study to investigate paleostress in faulted zones of the Upper
Silesian coal basin in Poland was provided by Cmiel and Idziak (2003).

2.2.3.2.2. Reflectance measured on zooclasts. In the absence of vitri-
nite in pre-Devonian (Lower Paleozoic) rocks or when the sedimentary
sequence is vitrinite-poor (e.g., carbonate rocks), the reflectance of zoo-
clasts such as graptolites, chitinozoans, and scolecodonts has been in-
vestigated in order to determine the potential use of their reflectance
values as a rank/maturity parameter. Optical properties of graptolites
from different geographical areas (Australia, Germany, Sweden, Turkey,
Canada, Poland, USA, Austria, and Czech Republic), including maximum,
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Fig. 12. Stages of evolution of the organic matter CH: carbohydrates, AA: amino acids, FA: fulvic acids, HA: humic acids, L: lipids).
Adapted from Tissot and Welte, 1984, Figure 11.7.1, Chapter 7, page 215). Source: Petroleum formation and occurrence by B. Tissot and D.W. Welte. Springer-
Verlag (Ed.), Heidelberg, 669 pp., copyright 1984, reprinted with kind permission from Springer Science + Business Media B.V. www.springer.com.

minimum, bi-reflectance, refractive and adsorptive indices, have been
evaluated in a significant number of studies such as Bustin et al.
(1989); Xiaofeng et al. (1992), and in those included in Table 5. Grapto-
lite reflectance has been found to increase with depth of burial, i.e., sen-
sitive to temperature increase; therefore, graptolite reflectance is an
indicator of thermal maturation of the host rocks. Graptolites possess
weak to strong anisotropic character (Goodarzi and Norford, 1985)
and its maximum reflectance correlates with the Conodont Alteration
Index (CAI) and optical properties of co-occurring coal macerals and
solid bitumen with increasing maturation level, suggesting that the
graptolites undergo similar changes in their molecular structure. Thus,
graptolite maximum reflectance and bi-reflectance properties seem to

be useful tools to assess the post-depositional histories of Lower Paleo-
zoic rocks where vitrinite is absent. Some examples include
Malinconico (1992, 1993) where graptolite reflectance was used to dif-
ferentiate metamorphic subfacies at the northern end of the Appala-
chian Mountain belt (USA); Rantitsch (1995) where the path of
coalification of graptolites was correlated with the evolution of the illite
crystallinity index in very low-grade metamorphic rocks of the Carnic
Alps (Austria); Suchy et al. (2002) where graptolite reflectance was
used in the Silurian black shales of Barrandian (Czech Republic) to es-
tablish that the basin was prospective for potential oil/gas deposits be-
cause anomalous high maturity levels were locally confined to areas of
intrusion of basalt sills; and Varol et al. (2006) where graptolite
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Fig. 13. a): Diagram of kerogen evolution and main products generated. Residual organic matter has no potential for oil or gas (from Tissot and Welte, 1984, Figure 11.7.2, Chapter 7,
page 216). b): Correlation of coal evolution stages (rank), maturity of dispersed organic matter and phases of oil and gas generation (from Taylor et al., 1998, Fig. 3.40, Chapter 3,

page 135).

Panel a: Source: Petroleum formation and occurrence by B. Tissot and D.W. Welte. Springer-Verlag (Ed.), Heidelberg, 669 pp., copyright 1984, reprinted with kind permission from
Springer Science + Business Media B.V., www.springer.com; panel b: Source: Organic Petrology by G.H. Taylor, M. Teichmiiller, A. Davis, C.F.K. Diessel, R. Littke and P. Robert.
Gebriider-Borntraeger, 704 pp., copyright 1998, reprinted with kind permission from Gebriider Borntraeger and E.Schweizerbart'sche Verlagsbuchhandlung OHG, www.

schweizerbart.de.
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Fig. 14. Example of spectral fluorescence measured on telalginite (Botryococcus, Tremembé Formation from Taubaté basin (Oligocene) of Brazil, left image). The fluorescence spec-
tra move towards the red wavelengths with increasing maturity and degree of catagenesis, and the \,.x parameter shifts to the higher wavelengths (from 505 to 530 nm).

reflectance, illite crystallinity, TOC and Rock-Eval data were used in a Malinconico (1992), the use of graptolite reflectance as a thermal matu-
study of Lower Silurian organic-rich shales from the Taurus region rity indicator will remain a technique for petroleum exploration and
(Turkey) to determine their hydrocarbon potential. As stated by basin analysis.
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Fig. 15. Correlation of some maturation indicators of organic matter (in coal and kerogen) and phases of hydrocarbon generation. (CPI: carbon preference index, PI: production
index). These maturation indicators can be also correlated with those shown in Figs. 13 and 18.
Modified from Hunt (1996).
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Reflectance (%) 0.39 (Ulminite)
0.72 (Phlobaphinite)

A (nm) Ulminite 600
Yol Matter (% dalf) 549
H/C 0.83
of/C 0.07
Qil yield (Kgfton) from Gray-King pyrolysis 3167
S1 (mg HC/g rock) 1.95
S2 (mg HC/g rock) 3547
HI (mg HC/g TOC) 461
Tmax (°C) 422
Calorific Value (kcal’kg) 8163

Fig. 16. Optical microscopy. Photomicrographs taken in reflected white light (a,b) and fluorescence mode (c). Ulminite and phlobaphinite. Ulminite shows fluorescence. Spanish Jurassic
jet, an example of a perhydrous coal with suppressed reflectance and anomalous physico-chemical properties due to hydrocarbon impregnation (same scale for all the images).

Data from Cuesta et al. (2005) and Sudrez-Ruiz et al. (1994a).

Other microfossils that have been evaluated as potential maturation
indicators are the chitinozoans and scolecodonts (Bertrand, 1990;
Bertrand and Héroux, 1987; Goodarzi, 1984b, 1985b; Goodarzi and
Higgins, 1987; Goodarzi et al., 1985; Obermajer et al., 1996; Suchy et
al., 2002; Tricker, 1992; and Tricker et al., 1992). Chitinozoans are ma-
rine microfossils that occur from the Ordovician to Lower Devonian
with an optically isotropic character, and scolecodonts are fossil re-
mains that occur from the Ordovician to recent age. As in the case of
graptolites, the reflectance of chitinozoans and scolecodonts increases
with increasing metamorphism and therefore can be used to assess
the maximum depth of sedimentary burial. However, the reflectance
of these microfossils increases at different rates depending on zooclast
type. Fig. 18 displays the relationships among the reflectances of zoo-
clasts, vitrinite, and spores, along with geochemical maturation indices,
and the stages of hydrocarbon generation. Much work remains to be
done in determining the maturation kinetics of zooclasts and

correlating their reflectance to other optical thermal maturity indicators
such as vitrinite reflectance.

2.2.3.2.3. Reflectance of solid bitumens. Thermal evolution not only
causes systematic changes in the chemical composition and increas-
ing aromaticity of solid bitumens (Fig. 10) but also provokes an in-
crease in their reflectance. Many investigations have been carried
out to determine if the reflectance of solid bitumens could also be
an effective method for maturity determinations, particularly in
Lower Paleozoic rocks but also for vitrinite-poor rocks. Several corre-
lations have been developed between solid bitumen and vitrinite re-
flectance (extrapolated and/or directly measured) such as those
documented by Jacob (1989) and Riediger (1993), who also described
a coalification jump in solid bitumens, as well as the studies of
Bertrand (1993), Landis and Castafio (1995) and Mort (2004). More
recently, Schoenherr et al. (2007) proposed a new equation to relate
vitrinite and solid bitumen reflectance in a study on solid reservoir

Fig. 17. Optical microscopy. Photomicrographs taken in white light with nichols partially crossed. Fragments of high rank coal (anthracite C of Stephanian age from North Spain)
highly anisotropic. Bi-reflectance: Rmax — Rmin: 1.21%. (Large side of the picture: 200 um).
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Some examples of investigations of the optical properties of graptolite.

Author

Materials/age/area

Application

Kurylowicz et al. (1976)

Clausen and Teichmdiller (1982)

Goodarzi (1984a)
Goodarzi (1985a)
Goodarzi et al. (1985)

Goodarzi and Norford (1985)

Goodarzi and Norford (1987)
Goodarzi and Norford (1989)

Bertrand and Héroux (1987)
Riediger et al. (1989)

Link et al. (1990)
Bertrand (1990)

Goodarzi et al. (1992a)
Malinconico (1992)

Malinconico (1993)
Yang and Hesse (1993)

Cole (1994)
Rantitsch (1995)
Gentzis et al. (1996)
Williams et al. (1998)

Suchy et al. (2002)
Varol et al. (2006)

Reservoir and source rock potential of the Larapinta
Group in Amadeus Basin, Central Australia
Paleozoic rocks

Silurian-Ordovician rocks from southeast Turkey

Paleozoic organic-rich sediments

Paleozoic rocks from the Grand Banks, Newfoundland,
Canada

Shales

Paleozoic rocks

Upper Silurian rocks from Bug Syncline of eastern Poland
Upper Cambrian and Lower Ordovician in the Scania region
of southern Sweden. Early and Middle Ordovician rocks of
southeastern British Columbia, and the late Early Cambrian
to Middle Devonian sediments of northern Yukon, in Canada
Ordovician and Silurian rocks of Anticosti Island, Quebec, Canada
Lower Paleozoic sediments, Selwyn basin, Yukon and
Northwest Territories, Canada

Lower Paleozoic strata in northern Yukon, Canada

Paleozoic marine sequences of northeastern Gaspe
Peninsula (Quebec Appalachians), Canada

Lower Paleozoic from Cape Phillips Formation in the

Queen Elizabeth Islands, Arctic Canada

Ordovician-Lower Devonian from the prehnite-pumpellyite
zone of Northern Maine, USA

Anchi-metamorphic region of northern Maine, USA.

Rocks affected by the Taconian Orogen in southern
Canadian Appalachians

Silurian Qusaiba Shale from Saudi Arabia

Lower Paleozoic sediments of the South Alpine Carnic
Alps (Carinthia, Austria).

Lower Paleozoic sedimentary successions in Arctic Canada
Paleozoic rocks in western Newfoundland. Canada.
Silurian shales of the Barrandian Basin, Czech Republic.
Lower Silurian organic-rich shales at Akyaka, central

Determination of maturity level of sediments.

Optical properties of graptolites and determination of
maturity level of sediments

Study of optical properties of graptolites

Study of optical properties of graptolites
Investigations on potential source rocks

Thermal maturity, temperature histories
Optical properties
Variation of graptolite reflectance with depth of burial

Graptolite reflectance as a maturity parameter
Regional maturity investigations

Thermal maturity studies

Correlations among the reflectances of vitrinite,
chitinozoans, graptolites and scolecodonts
Regional thermal maturity studies.

Regional metamorphism studies.

Variation in graptolite reflectance
Diagenesis and metamorphism

Relationships between graptolite reflectance and other
maturity parameters

Coalification and graphitization studies in a continuous
anchizonal to epizonal metamorphic section.

Thermal maturity studies

Thermal maturity and burial history

Thermal maturity studies

Source rock characteristics.

Taurus region, Turkey

bitumen from the South Oman Salt Basin, building on the work earlier
reported by Jacob (1989), and Landis and Castafio (1995). However,
the use of solid bitumen reflectance as a maturity parameter has
been a subject of some debate. For example, different relationships
found between solid bitumen and vitrinite reflectances (cf. a linear
correlation documented by Jacob, 1989, and a non-linear relationship
shown by Riediger, 1993) are thought to be due to the existence of
various genetic types of solid bitumens (as summarized e.g., by Wu
et al., 2000) with different optical properties. In addition, solid bitu-
mens can be isotropic, weakly anisotropic, or strongly anisotropic
with different textures and morphological structures at the micro-
scopic scale which affect the reflectance. On the other hand, the mag-
nitude of the thermal alteration undergone by a solid bitumen and
the coexistence of multiple phases of generated bitumens in the
same reservoir are additional factors that contribute to variability in
solid bitumen reflectance and the different correlations obtained.

Despite the complexities associated with using solid bitumen re-
flectance as a maturity parameter, there are many studies that have
used the reflectance and bi-reflectance properties of these substances
in conjunction with other thermal maturity parameters such as those
from Rock-Eval pyrolysis, homogenization temperatures of fluid in-
clusions, illite crystallinity, vitrinite reflectance, isotopic composition,
and bulk chemical properties to demonstrate its usefulness in maturi-
ty studies. Some examples of these type of studies are shown in (e.g.,)
Kelemen et al. (2010), Khavari-Khorasani and Michelsen (1993), and
in those listed in Table 6.

2.2.3.3. Fluorescence properties of organic constituents. Fluorescence
microscopy is an important tool in the evaluation of thermal

maturation and hydrocarbon generation potential of dispersed organ-
ic matter in sedimentary rocks. This is because organic components in
coals and dispersed organic matter display fluorescence when illumi-
nated with ultraviolet and/or blue light (Fig. 14). This property is var-
iable in intensity and color, and it depends on the composition and
maturity level of the organic matter (see a summary in Taylor et al.,
1998). Many studies of the fluorescence properties of organic matter
in sedimentary rocks have been carried out in the last decades of the
twentieth century with the objective to measure and quantify fluo-
rescence in order to establish relationships to thermal maturity
(e.g., Alpern and Cheymol, 1978; Alpern and Durand, 1980,
Ammosov, 1956; Crelling, 1983; Crelling et al., 1989; Hagemann and
Hollerbach, 1981; Homann, 1972; Hufnagel, 1977; Hutton et al.,
1980; Jacob, 1952, 1964; Lin and Davis, 1988a,b; Lin et al., 1986;
Martinez et al., 1987; Ottenjann, 1980, 1982; Ottenjann et al., 1974,
1975; Preuss, 1977; Robert, 1979, 1980; Senftle et al., 1987; Stach,
1969; Teichmiiller and Ottenjann, 1977; Teichmiiller and Wolf,
1977; Thompson-Rizer and Woods, 1987; van Gijzel, 1966, 1967a,b,
1971, 1975, 1978, 1979, among others). Fluorescence properties for
maturity assessment can be particularly useful when vitrinite is rare
or absent or its reflectance values are ambiguous (Thompson-Rizer
and Woods, 1987). There are studies on the microfluorometry of dif-
ferent macerals including microspores (Ottenjann et al.,, 1975; Pradier
et al, 1987; Ting and Lo, 1975), fluorinites, cutinites and resinites
(Crelling, 1983; Pradier et al, 1987), vitrinites (Diessel and
Gammidge, 1998; Teichmiiller and Durand, 1983), alginite (Kalkreuth
and Macauley, 1987; Martinez et al, 1987; Mendonga Filho et al,
2010a), and organic-mineral matrices, oils, and kerogens (Allan et al.,
1980; Bertrand et al., 1987; Pradier et al., 1991). The classically reported
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Fig. 18. Correlations between the reflectance of telinite, scolecodonts, graptolites, chitinozoans, spores with the thermal maturation index and the coloration of spores, hydrocarbon

stages and types, and pre-metamorphic zones (from Bertrand, 1990, Fig. 6, page 571).

Source: Correlations among the reflectances of vitrinite, chitinozoans, graptolites and scolecodonts, by R. Bertrand, in: Organic Geochemistry 15, 565-574, copyright 1990, reprinted

with kind permission from Elsevier, www.elsevier.com.

parameters (Teichmiiller, 1987) of fluorescence emission determined
from liptinite (mainly sporinites and alginite, and algal-derived materi-
al including acritarchs and dinoflagellate cysts) are related to the mono-
chromatic intensity of fluorescence Is4s, and spectral fluorescence
including the spectral maximum (Apax), the red/green quotient
obtained from the relative spectral intensities at 650-500 nm (Igsg
and Isgo; Q-650/500 ratio), and the alteration during irradiation (Al,
546 nm). Other spectral parameters include the Qmax ratio which is

the ratio of the peak intensity to that at 500 nm (Npax and Isgg)
(Teichmiiller and Durand, 1983), the emission flux (F, from 430 to
750 nm) (Bertrand et al., 1993), and quotients derived from the ratios
of areas under the spectral distribution curve: the areal ratio
(Q=Area 390-530/Area 530-700) (van Gijzel, 1979) and QF-535
(Area 535-750/Area 430-535) (Bertrand et al., 1993).

The use of fluorescence microfluorometry as a thermal maturity
indicator is not exempt from problems either and little research has

Table 6

Some examples of investigations on the optical properties of solid bitumen.

Author

Materials/age/area

Application

Goodarzi and Stasiuk (1991)
Goodarzi et al. (1992b)

George et al. (1994)
Parnell et al. (1996)
Hwang et al. (1998)

Kim et al. (1999)

Wilson (2000)

Xiao et al. (2001)

Guckert and Mossman (2003)

When et al. (2004)
Xiao et al. (2007)
Liu et al. (2008)
Qin et al. (2009)

Hu et al. (2010)

Southwest Iran
Ontario, Canada

McArthur Basin from Australia

Carboniferous rocks of Ireland

Carboniferous-Late Cretaceous reservoirs in Zaire, Canada

and Kazakhstan.

Early Cenomanian deposits from northern Sinai in Egypt.

El Soldado-Cu deposit in Chile

Silurian of the Tarim Basin, China

Pennsylvanian fluviatile sandstones in New Brunswick, Canada.

Lower Ordovician in the Chaidamu Basin, China.
Upper Proterozoic strata in the Sichuan Basin, China
Rocks from northeastern Sichuan basin in China

Mesozoic-Paleozoic strata of the eastern Sichuan Basin, China

Northeast Sichuan Basin, China

0Oil and gas reservoir

Optical properties of bitumens have been used to delimit

the time period of oil and gas reservoir formation

Origin of solid bitumens

Study of solid bitumens in relation to ore deposits

Origin, nature and occurrence of natural bitumen deposits and
the thermal history and maturity of reservoir solid bitumens

Petroleum and ore prospecting

To delimit the time period of oil and gas reservoir formation
Establishment of genetic relationship between coals and the
presence of bitumen

To delimit the time period of oil and gas reservoir formation
Determination of the gas potential of pyrobitumen

Optical properties of bitumens to establish the maturity stages
reached by hydrocarbons source rocks

Optical properties of bitumens to establish the maturity stages
reached by hydrocarbons source rocks

Differentiation of solid bitumens formed by thermal cracking
and by thermochemical sulfate reduction
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Fig. 19. Example of palynomorph coloration changes in transmitted light microscopy from the Parana Basin, Brazil, produced as a function of increasing burial and rise in temperature (maturation) from diagenesis through catagenesis and
metagenesis stages. Correlation with huminite/vitrinite reflectance and spore coloration index (SCI) parameters.
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been directed at improvement. The main problem is that no interna-
tional standards for spectral analysis exist, resulting in variations in
the definition of spectral parameters, especially in the wavelength in-
tervals measured and the intensity units reported. In particular, in-
tensity parameters are difficult to reproduce because they are
related to the volume of organic matter exposed to excitation. Only
monochromatic intensity determinations (Isss nm) have been stan-
dardized by the ICCP (1993). Also supported by the ICCP, Araujo et
al. (1998) conducted an interlaboratory exercise to improve the re-
producibility and comparability of spectral fluorescence measure-
ments using Tasmanite algae as the measured fluorescent organic
component and by calculation of the relative correction functions
using a calibrated lamp source which was shared between laborato-
ries. By using this approach the scatter of the fluorescence data was
strongly reduced and the accuracy and repeatability of fluorescence
spectra and derived parameters were similar to those for vitrinite re-
flectance measurements, particularly in the immature and moderate-
ly mature stages of the organic matter. One of the most recent
practical applications of fluorescence measurements is the work by
Mendonga Filho et al. (2010a) who used spectral fluorescence to doc-
ument the influence of sample preparation procedures (kerogen con-
centrate vs. whole rock samples) on fluorescence properties of the
organic matter.

Evaluation of fluorescence colors by using a colorimetric technique is
another option in studies of low maturity organic matter. The fluores-
cence colors are represented on a CLE chromaticity diagram following
calculation of the chromaticity coordinates x and y. The application of
the CILE. chromaticity diagram has been discussed by Lin and Davis
(1988b), Rimmer et al. (1989), and Thompson-Rizer and Woods (1987).

The fluorescence microscopy of macerals, organo mineral ground
mass and/or amorphous organic matter has been largely applied in
exploration for oil, gas, and oil shales because it allows a direct esti-
mation of the primary factors which control oil- and gas-proneness:
type, abundance, distribution, and maturation stage of the organic
matter. This estimation primarily is on a qualitative basis because of
the limited standardization in spectral fluorescence already de-
scribed. For visual examination, blue light excitation is used to pro-
duce the fluorescence emission in the visual range, enhancing the
observation of some components (usually translucent in low maturity
stages and in white light examination) and the visualization of
their structure, therefore facilitating their diagnosis. A modified
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Fig. 20. Spore Coloration Index (SCI) scale proposed by Fischer et al. (1981).

fluorescence technique also has been used to analyze the fluorescence
properties of some inertinites, such as reactive semifusinite irradiated
in special conditions (Diessel, 1985; Diessel and McHugh, 1986).

2.2.3.4. Color changes of organic matter in microfossils. The examination
of chemical changes of organic matter related to the color, transpar-
ency or morphology of their various components using transmitted
light microscopy is another effective method to evaluate changes in
thermal maturation (Yule et al., 2000). Therefore, other microscopic
parameters for rank and maturity which commonly are used include
the Thermal Alteration Index (TAI), Spore Coloration Index (SCI), and
the Conodont Alteration Index (CAI).

2.2.3.4.1. Thermal Alteration Index (TAI). With increase in thermal
maturation of organic matter a gradual change in color is observed in
transmitted light, from yellow in immature samples through orange,
brown and black, culminating in opaque organic debris. These palyno-
morphic coloration changes are produced as increasing burial depth
and rise in temperature cause chemical changes in spores and pollens
and can be used to evaluate the state of thermal alteration on a scale re-
ferred to as the Thermal Alteration Index (TAI). Thus, the TAI is based
upon color changes of one variety of pollen or spore (Correia, 1967;
Staplin, 1969) and can range from a value of 1 for strictly immature
spores and pollen (pale-yellow in color) to a value of 5 for those having
undergone a strong thermal evolution corresponding to the dry-gas zone
or above (dark-brown color). An example of the evolution of TAI with
the increase in maturity is shown in Fig. 19. For the Spore Coloration
Index (SCI) the scale proposed by Fischer et al. (1981) contains divisions
from 1 to 10 (Fig. 20). TAI generally is related to vitrinite reflectance and
primarily has been used to assess the hydrocarbon potential of rocks
containing organic matter. Limitations of this method include the lack
of standardization, subjectivity of the observation of color, and a limited
ability to relate appropriate geochemical parameters to TAI (Senftle et al.,
1993; Yule et al., 1998). Because of these difficulties, Lo (1988) proposed
the use of photometric methods to measure the transmittance of spores
and pollens and the reflectance of vitrinite in a kerogen slide and convert
the data to the TAl scale. Yule et al. (1998) also proposed the Color Image
Analysis (CIA) as an alternative method for the quantification of spore
color, through image analysis software incorporating RGB (red, green,
blue) color format to measure spore color. Ujiié (2001) reported a meth-
od for measurements of the brightness of pollen as an organic maturity
parameter by means of a computer-driven image processor which

Standard

(Photomicrographs were taken and approved by Fugro Robertson Ltd.)
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obtained the stTAI (statistical thermal alteration index) and showed an
inverse relationship with vitrinite reflectance. In a later study to deter-
mine the reliability of this new parameter, Ujiié (2009) compared stTAI
and vitrinite reflectance in argillaceous rocks (Upper Cretaceous to Ter-
tiary) from northern Japan and concluded that vitrinite reflectance is
more sensitive to heating temperature than stTAI and stTAI is more sen-
sitive to heating duration. However, despite these subjectivities, the TAI
approach has been used to systematically measure organic maturity in
sedimentary rocks, especially in petroleum source rocks, since it offers
a way to determine maturity levels within the range of oil generation.
It is also a relatively inexpensive method, and it complements additional
petrographic techniques such as vitrinite reflectance. Some examples in
which the TAI has been applied for burial history, thermal maturity eval-
uation, and source rocks assessment were reported by Elzarka and
Mostafa (1988) in the Rahmi area (Upper Cretaceous to Lower
Miocene) of the Gulf of Suez (Egypt). Here the TAI was a useful maturity
index because in Eocene and Paleocene rocks of this area Type I kerogen
predominates and vitrinite is absent. Other examples of the use of TAI in-
clude Al-Ameri (2011), Demirel and Kozlu (1997), Isaksen (1996),
Isaksen et al. (2000), Marshall et al. (2005), Naeser et al. (1998) and
Pross et al. (2007). Isaksen et al. (2000) used TAI to define thermal matu-
rity for Ryazanian and Bathonian organic rich mudstones (Jurassic-
Cretaceous age) of offshore Scotland because Ty,.x (from Rock Eval)
could not be used since the samples showed high sulfur content which
acted as a pyrolysis catalyst and lowered Tp,.x values. Marshall et al.
(2005) applied the TAI scale previously used by Batten (1996) to acri-
tarch palynomorphs which also show sequential color and structural
changes in response to increasing depth of burial and rising temperature.

2.2.3.4.2. Conodont Color Alteration Index (CAI). Conodonts are phos-
phatic marine microfossils predominantly composed of apatite with
subordinate amounts of organic matter (Pietzner et al, 1968). They
possess variable morphology but well-defined denticles and blades
often are preserved. In white light examination, conodonts range
from pale yellow to light brown to dark brown and to black with in-
crease in thermal maturity (Fig. 21). These color changes have been
the basis for the development of the Conodont Color Alteration Index
(CAI) by Epstein et al. (1977), which was applied in a number of basin-
al studies to evaluate thermal maturity on a regional scale. In blue light
excitation conodonts, which have experienced minor thermal alter-
ation exhibit a yellow to orange fluorescence in their denticles, where-
as the blades are orange fluorescing (Barrick et al., 1990). Changes in
conodont color are attributed to irreversible and systematic thermal al-
teration of its included organic material (Harris, 1979). Color changes
initially were assigned numerical color indices (CAI) values from petro-
graphic observation which ranged from CAI 1 (pale-yellow) to CAI 5
(black). Subsequent work (Harris, 1979; Rejebian et al., 1987) estab-
lished higher CAI values of 6 to 8, corresponding to higher thermal
maturation regimes. At experimental temperatures ranging from 300
to 550 °C, conodonts vary from black to gray to white to transparent
(Harris, 1979). Changes in color are due to the loss of carbon, release
of water of crystallization and recrystallization (Rejebian et al., 1987).
Consistency in the determination of CAI requires visual comparison to
a standard reference set (Senftle et al., 1993), similar to the procedure
used in the evaluation of palynomorph thermal alteration index.
According to Epstein et al. (1977), CAl is considered a thermal maturity
indicator well-suited for later stages of catagenesis and organic meta-
morphism. Conodonts are particularly useful for evaluation of regional
thermal maturity trends for pre-Devonian sediments and/or marine
carbonate rocks where palynomorphs and vitrinite are absent.
Nowlan and Barnes (1987) stated that regional and basinal studies
using CAI data are valuable for petroleum exploration as zones of im-
mature, mature and overmature with respect to hydrocarbon genera-
tion can be identified. In addition, they indicated that regional
tectonic interpretations using detailed CAI analysis may help to define
geothermal and deformational histories. In an attempt to improve the
accuracy of the CAI and to avoid subjectivity, Bustin et al. (1992)

investigated the petrology and geochemistry of conodonts of different
ages. Mastalerz et al. (1992) also studied fluorescence of conodonts
to determine implications for organic maturation studies, correlating
CAI ranges with fluorescence properties. More recently, Voldman et
al. (2010) indicated that the CAI approach may provide inaccurate in-
terpretations of paleotemperatures and geothermal paleogradients be-
cause this indicator is based on the assumption that heating events
occur at a constant temperature. Therefore, these authors proposed a
model, the EasyCAl, considering the overall conodont maturation pro-
cess as a series of parallel pseudo-first order reactions. This new tool
for quantitative CAI paleothermometric analysis might solve complex
geological histories with variable heating and cooling rates. However,
despite this potential improvement, the CAI has been used by many
workers as it was initially described. For example, Belka (1991) applied
CAl in a study of the eastern Anti-Atlas Devonian rocks in Morocco and
Gawlick et al. (1994) used the CAI to interpret paleotemperatures and
metamorphism of calcareous rocks in the northern Alps. Marynowski
et al. (2001) compared previously reported CAI data with vitrinite re-
flectance information in a study of Paleozoic source rocks from the
Holy Cross Mountains in Poland. Weary et al. (2001) also combined
CAl results with vitrinite reflectance data to establish thermal maturity
patterns in the Appalachian basin of New York State in the USA. In re-
cent years, CAI has been used in combination with other maturity pa-
rameters (geochemical and petrographic parameters such as TAI and
vitrinite reflectance, Fig. 15) to establish thermal maturity patterns
and source rock potential by Repetski et al. (2006) for Ordovician and
Devonian black shale units in Pennsylvania (USA) and by Zhang and
Barnes (2007) for Ordovician-Silurian strata of the Hudson Bay Basin
(Canada). Babek et al. (2008) quantified conodont color using digital
image analysis in a study of the Moravo-Silesian zone in the Czech Re-
public. Other investigations using CAI include Lowey et al. (2009) in a
study of the hydrocarbon (gas) source rock potential of the south-
central Yukon, and Van Koeverden et al. (2010) for Paleozoic strata of
Novaya Zemlya in the Russian Arctic.

2.2.3.4.3. Transmittance Color Index (TCI). The transmittance color
index of amorphous organic matter (TCI) proposed by Robison et al.
(2000) is another parameter for quantitative thermal maturity as-
sessment. This method is applied to oil-prone amorphous kerogen
in transmitted light and consists of measurement of the visible light
spectrum as it is transmitted through a particle of amorphous organic
matter. The assignment of particular TCI values is based on the in-
creasing curvature of spectra with increasing maturity. TCI curves
shift from a peak wavelength around 580 nm for samples of imma-
ture, amorphous kerogen (mean random vitrinite reflectance equiva-
lent of about 0.20%) to about 660 nm for samples containing very
dark brown to some black particulate material (mean random vitri-
nite reflectance equivalent of about 2.15%). The range of TCI values
covers all zones of petroleum generation and preservation. TCI is
most useful, however, in those situations where the rocks have not
yet reached the semi-anthracite coalification stage (about 2.0% vitri-
nite reflectance). According to Robison et al. (2000), TCI can provide
an accurate basis for maturation interpretations equivalent in quality
to that obtained from vitrinite reflectance, zooclast reflectance (grap-
tolites, chitinozoans), the Thermal Alteration Index (TAI) or the Cono-
dont Color Index CAL In addition, TCI correlates with conventional
organic petrologic maturity parameters such as TAI and vitrinite re-
flectance. TCI has been applied as thermal indicator in the East Gharib
Oil Field, Gulf of Suez, Offshore Egypt; in Georges Bank, Offshore
Northwest Atlantic Margin, and in Offshore Gabon, Western Africa
(see Robison et al., 2000).

Another petrographic thermal maturity indicator is the Foraminif-
eral Coloration Index (FCI). However, it has not been widely used in
organic petrology for maturity studies with the exception of the
work developed by Gunson et al. (2000) on hydrothermal gradients
and temperatures of the Porgera intrusive complex (Papua New
Guinea).
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Fig. 21. Conodont Alteration Index (CAI) scale proposed by Epstein et al. (1977).

Source: Conodont color alteration—an index to organic metamorphism, by A.G. Epstein, ].B. Epstein and L.D. Harris, in: U.S. Geological Survey. Professional Paper 995, 1-27, 1977.

2.3. Complementary geochemical analysis

A host of whole rock geochemical techniques for characterization of
the complex chemical composition of organic matter and its thermal ma-
turity evaluation in sedimentary rocks is complementary to petrographic
analyses. Considering that the subject of this review is application of or-
ganic petrography, these geochemical techniques are only briefly men-
tioned here. One of the most commonly applied whole rock
geochemical techniques is Rock-Eval pyrolysis, initially described and
applied by Barker (1974), Espitalié and Bordenave (1993) and Espitalié
et al. (1977a,b, 1985, 1986). Since publication of these seminal papers,
large array of investigations has been published that exploits this analyt-
ical technique. In the Rock-Eval pyrolyzer, samples are combusted in the
presence of an inert gas. The expelled products are measured as vapor-
ized free hydrocarbons (S1), cracked kerogens (S2), and decomposed
oxygen-containing compounds (S3). Other parameters also are provided

by this technique such as Tyax (°C), the temperature corresponding to
the S2 peak; the total organic carbon (TOC); and indices such as the hy-
drogen and oxygen indices (HI; S2/TOC and OI; S3/TOC) and production
index (PI; S1/[S1 + S2]). Some of these indices are used as a proxy for el-
emental ratios in the pseudo-van Krevelen diagram for kerogen typing
(Fig. 22). Biomarkers obtained from gas chromatography (GC) and gas
chromatography/mass spectrometry (GC/MS) techniques are powerful
tools for source rock-oil correlations (e.g., Bordenave, 1993; Hanson et
al., 2007; Izart et al, 2012; Philp, 1985a,b; Tissot and Welte, 1984,
among many others). Pyrolysis gas chromatography/mass spectrometry
(Py-GC/MS) is another method used to analyze organic-rich rocks and
provides a detailed information about the chemical composition of the
organic components (e.g., Iglesias et al., 2002; Larter and Horsfield,
1993; Peters et al., 2005). Other whole rock geochemical analyses used
to characterize dispersed organic matter and coal include in addition to
the total organic carbon determinations (TOC), the elemental analysis
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Fig. 22. Example of the evolution paths of kerogen types I, Il and Il according to the hydro-
gen and oxygen indices obtained from the Rock-Eval pyrolysis.

(G, H, O, N, S), Fourier transform infrared (FTIR) spectroscopic analysis
(e.g., Geng et al., 2009; Iglesias et al., 2002; Li et al., 2010; Mastalerz
and Bustin, 1994, 1996; Rouxhet et al., 1980; Whelan and Thompson-
Rizer, 1993; Yang et al.,, 2007), nuclear magnetic resonance (NMR), use-
ful for characterizing the chemical structures and functional groups (e.g.,
Bordenave, 1993; Iglesias et al., 2006; Kelemen et al., 2007; Suggate and
Dickinson, 2004), electron paramagnetic resonance (EPR), and isotopic
analyses (e.g., De la Rue et al., 2007; Galimov, 2006; Izart et al., 2012;
Schoell, 1984; Silva et al. 2011, among others). Thermogravimetric anal-
ysis has also been used for characterization of organic matter in sedimen-
tary rocks (Borrego et al., 1996; Durand, 1980). On the other hand, coal
characterization for industrial utilization (see Suarez-Ruiz and Crelling,
2008 and references therein) and geological applications have long re-
quired standardized geochemical analyses for organic content, including
determination of CHNOS concentrations; analyses of these constituents
are determined by ISO and ASTM normative methodologies.

Besides the whole rock geochemical approaches described above,
the organic composition of sediments and sedimentary rocks has also
been investigated through analysis of biopolymeric compounds. New
fields of Earth science called biogeochemistry and geomicrobiology
are focused on the role of microbes and microbial processes in geology
and geochemistry and involve the study of the chemical, physical, geo-
logical, and biological reactions that govern the composition of the nat-
ural environment. In particular, biogeochemistry examines the cycles of
chemical elements (e.g., carbon and nitrogen) and their interactions as
well as their incorporation into living organisms (Mendonga Filho et al.,
2011c,d). Geomicrobiology is the combination of geology and microbi-
ology studies and is closely aligned to biogeochemistry (e.g., Banfield
and Nealson, 1998; Banfield et al., 2005; Mendonca Filho et al., 2011d).

3. Applications of organic petrology

Through identification and characterization of organic components,
quantification, and assessment of rank/maturation stage, organic petrol-
ogy is applied to geoscience investigations (e.g., basin analysis), fossil
fuel resources exploration, and coal utilization. In recent years, organic
petrology has also been applied in related fields including environmental

pollution and studies of anthropogenic impact, coal fires, and archeologi-
cal aspects and forensics, topics that will be the focus of a second review
paper.

3.1. Basin analysis

3.1.1. Introduction

Exploration for coal and hydrocarbons (oil and natural gas) over the
last several decades has advanced geological knowledge of coal-bearing
sequences and hydrocarbon systems. Organic petrology contributes to
the analysis of organic facies, to the assessment of depositional condi-
tions of organic matter and to the definition of sedimentary paleoenvir-
onments. It is also a fundamental tool in diagenesis and in very low
grade metamorphism investigations, in the evaluation of paleogeother-
mal regimes and for identification of paleogeographic aspects necessary
for basin analysis. Organic petrology also is essential in the exploration
and characterization of fossil fuel resources including coal. The study of
coal-bearing strata and source rocks always incorporates both organic
and inorganic approaches (Taylor et al., 1998). Techniques of organic
petrology approach the raw material (i.e., the organic matter) and assist
geological modeling in paleoenvironmental reconstructions, the ther-
mal history of the basin, and in sequence-stratigraphic analysis
(Diessel, 2007). Some recent examples of the application of organic pe-
trology to basin analysis investigations, thermal modeling, geothermal
history and hydrocarbon generation are included in Table 7.

3.1.2. Depositional environments

3.1.2.1. Peatland ecosystems. Peat-forming environments generally are
slowly sinking depressions where mineral input is nil or very small,
and in which the groundwater table controls peat formation. The quan-
tities of plant material produced are regulated by temperature. While
ecological factors are considered responsible for the amount, type and
preservation of the organic material in each depositional system, phys-
ical, chemical and tectonic conditions control the post-sedimentary
evolution of the organic material. The understanding of peat-forming
ecosystems was in the past inferred almost exclusively from the study
of coal-bearing strata as reflected in studies published by Calder et al.
(1991), Diessel (1982, 1986), Hacquebard and Donaldson (1969),
Harvey and Dillon (1985), Mukhopadhyay (1986) and Smyth (1984).
These authors have established relationships between petrographic
composition and ancient peat-forming ecosystems. The applied meth-
odology is based on criteria used in classification of peatlands, mainly
groundwater influence, nutrient/ionic supply, pH, and vegetation type.

For a thick peat accumulation Diessel (1992) and Taylor et al.
(1998) have noted the need to combine several prerequisites associ-
ated with geotectonic setting including: i) a slow and gradual rise of
the groundwater table and a balanced rate of peat accumulation; ii)
protection of the ecosystem against prolonged incursion of fluvial or
marine waters; and iii) whatever other conditions affecting the main-
tenance of the peat accumulation ecosystem. In the case of very slow
subsidence, the peat surface may become oxidized or removed by
erosion, while fast subsidence may stop normal development of the
peat due to deposition of detrital sediments.

The nomenclature for wetlands has been developed by many authors
(e.g., Cameron et al., 1989; Cohen 1984; Cohen et al., 1987a,b, 1989;
Diessel, 1992; Gore, 1983; Kosters et al., 1987; Moore, 1987, 1989;
Styan and Bustin, 1983a, among others). The classification established
by Moore (1987) for modern peatlands normally is used. Wetland eco-
systems are divided into freshwater peatland (mires) and non peat-
forming wetlands, which will not be included in this paper. Mire types
are based on hydrology, specifically the source of water and ions. Rheo-
trophic (or minerotrophic) mires receive recharge from both groundwa-
ter and rainfall, whereas ombrotrophic mires are rain-fed. Mesotrophic
mires correspond to a mire that is tending towards ombrotrophic condi-
tions. Ombrotrophic mires are termed bogs; rheotrophic bogs can be
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Table 7
Some examples of the application of organic petrology to basin analysis studies.

Author Materials/age/area

Application of the organic petrology

Hertle and Littke (2000)
Othman and Ward (2002)
(Australia)

Officer Basin(South Australia)
Norwegian South Viking Graben
Neuquen Basin of Argentina

Tingate and Duddy (2002)
Justwan et al. (2006)
Monreal et al. (2009)

Belaid et al. (2010)
(southwestern Libya)
Arauco forearc basin (south-central Chile)

Kuhn et al. (2010)
Jasper et al. (2010)

Qiu et al. (2011)
(northwestern China)

Permo-Carboniferous Saar Basin (southwestern Germany)
southern Bowen, northern Gunnedah and Surat Basins

Paleozoic section in the Awbari Trough, Murzuq Basin

Pennsylvanian (Late Carboniferous) Ruhr Basin, Germany,

Paleozoic of the Bachu Uplift of the Tarim Basin

Coalification pattern and thermal modeling
Thermal maturation pattern

Thermal history and hydrocarbon generation
Geothermal history and petroleum generation
Hydrocarbon generation in spatial relation to
igneous intrusions

Thermal history and source rock character

Thermal basin modeling (new insights in relation to
basin thermal evolution and evaluation of the magnitude
of subsidence and inversion)

Recent review on the evolution of the peat swamps
comparing palynological, coal petrographical and organic
geochemical data

Tectonothermal evolution using equivalent vitrinite
reflectance, apatite fission track and a new application of
apatite and zircon (U-Th)/He

thermochronometry, among other techniques

divided into fen or swamp depending on the range of flooding with re-
spect to the mire surface. Varieties of bog, fen and swamp are further de-
fined on the basis of vegetation (bog forest, swamp forest). Additionally,
mires are classified as eutrophic or oligotrophic if they are nutrient-rich
or poor, respectively.

In subaqueous environments with high biological productivity but
intense degradation by oxidation and bacterial activity, the amount of
preserved organic matter is substantially lower than that in deposi-
tional systems with less water, but where biodegradation is less effec-
tive. The latter are environments more appropriate for accumulation
of organic matter to form coals, particularly limnic coals. On the
other hand, peat accumulation rates vary in different climates accord-
ing to the type of vegetation. As the growth rate of trees is slower
than herbaceous plants, when the water level rises at a rate equal to
the maximum accretion rate of herbaceous vegetation, trees are not
able to survive. Therefore, peat accretion is a response to the rate at
which the water table rises. A coal seam with thick tree stumps indi-
cates retardation in peat formation for periods of up to several hun-
dred years (Diessel, 1992). Taking into account the water level of
the mire, coal facies are associated with the following types of zones
(Diessel, 1992): i) terrestrial, relatively dry, wooded mire environ-
ment, located above the water table; ii) telmatic, where the water
level is controlled by sea level or water table variations; iii) limno-
telmatic, transition zones between telmatic and underwater environ-
ments; and iv) limnic, corresponding to underwater environments.
Each of these areas may include more than one mire ecosystem
according to the vegetation type and/or mineral matter content.

Although traditionally the petrography of peat was studied in thin
section using transmitted light (Cohen, 1974; Cohen et al, 1987a,b;
1989; Esterle et al., 1989; Rollins et al., 1993), more recent studies of
peat from modern peatland ecosystems are carried out using organic pe-
trology methods and low rank coal nomenclature (e.g., Bojesen-Koefoed
et al,, 2001; Dehmer, 1993, 1995; Esterle et al., 1989; Kalaitzidis and
Christanis, 2000; Kalaitzidis et al., 2006; Rollins et al., 1993; Styan and
Bustin, 1983a). Data from huminite reflectance of peat samples have
been reported by (e.g.,) Christanis (2004) and Cohen et al. (1987b).

3.1.2.2. Depositional ecosystems associated with peatlands. Depositional
systems where peat can accumulate have been grouped (Diessel, 1992)
as: i) coastal lowlands protected by sand bars or barrier beaches, close
to tidal influences, and grading into marine-influenced to fresh-water
mires, and ii) fresh-water peatlands which are inland swamps without
any connection to the sea, including upper delta and alluvial plain
swamps, marshes and bogs. Some recent works on peat depositional
systems include those carried by Amijaya and Littke (2005), Marques

(2002), O'Mara and Turner (1999), Sebag et al. (2006a,b), and Silva
et al. (2008), among others. Environments of coastal lowland settings
range from the swamps of the lower delta plain and coastal marshes
to subaqueous algal concentration in lagoons, lakes and sheltered bays
(e.g., Cohen et al, 1989; Petersen and Nielsen, 1995; Roberts and
McCabe, 1992; Wang et al., 2011). In tropical and subtropical climates,
coastal lowlands include mangrove swamp environments which incor-
porate detrital material delivered by the sea and deltaic distributary
systems (e.g., Dill et al., 2007; Hogarth, 2007; Shao et al., 1998). The Ev-
erglade swamps of Florida have been also described as a mangrove peat
depositional ecosystem (e.g., Diessel, 1992; Moore, 1989; Spackman
et al,, 1966). In fresh-water peatlands, peat accumulates in the back-
swamps and marshes of flood plains and flood basins between or
adjacent to rivers. These peatlands mainly occur in shallow basins
which are poorly drained. As examples of fresh-water peatlands,
Diessel (1992) described the swamps of Siberia. Other rheotrophic
peatlands without any hydrological connection to the sea occurred in
inland areas at high altitudes such as inter- and intramontane basins
(Christanis, 1994; Dill et al., 2004; Marques, 2002) including the Lake
Titicaca peat deposits of South America mentioned by Diessel (1992).
In addition to the above depositional systems, which represent the
main environments of peat formation, some limnic environments dom-
inated by the accumulation of organic siltstones may accumulate peat
and boghead coal precursors. These environments are located in inland
areas, usually in water-filled depressions corresponding to tectonic
(e.g., graben structures, such as rift valleys) or climatic conditions
(e.g., playa lakes and glacial lakes) permitting the development of a
lake with shores occupied by forest or herbaceous vegetation mires.
Some examples have been reported by Davis et al. (2007), Dill et al.
(2010), Incia (1991), and Sachsenhofer et al. (2012). These environ-
ments are favorable to the deposition of laminated oil shales (Borrego
et al., 1996; Davies et al., 2005; Dill et al., 2010), lacustrine lutites, and
laterally associated peat swamps. The East and Central African Graben
zones are modern examples wherein peat and boghead coals currently
are forming.

3.1.3. Organic facies and depositional paleoenvironment interpretation
In reconstruction of the paleoenvironment of coal-bearing se-
quences, in addition to aspects associated with sedimentology and stra-
tigraphy of those sequences, intrinsic characteristics of the coal also
need to be considered, i.e., aspects directly linked with the original veg-
etation and accumulation conditions, where organic petrology contrib-
utes to their definition. There is thought to be a relationship between
the paleogeographical-sedimentological position of peat formation
and the petrological composition of the resulting coals. Classical
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Fig. 23. Moor types and resulting brown coal lithotypes and petrographic composition of the Miocene Rhenish coals.
From Teichmiiller et al. (1982), Fig. 88, Chapter 3, page 287. Source: Coal petrology by E. Stach, M-Th. Mackowsky, M. Teichmuller, G.H. Taylor, D. Chandra and R. Teichmuller, 535 pp., copyright
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examples have been reported in Calder et al. (1991), Cohen et al
(1987a,b), Diessel (1986, 1992), Hacquebard and Donaldson (1969),
Harvey and Dillon (1985), Smyth (1979, 1980, 1984), Styan and
Bustin (1983a,b), Teichmiiller (1989), among others.

As mentioned before, coal facies in terms of maceral associations is
related to paleogeographic depositional environment, peat-forming
vegetation, paleoclimate, water and nutrient supply, and acidity,
among other characteristics. However, vegetation, water and oxygen

supply (Eh-conditions) are considered most important factors for the
generation of coal facies together with pH value and subsidence.
Therefore, studies of modern peat derived from different types of veg-
etation growing in different hydrological environments have been
proven to be very useful in interpreting coal facies (e.g., Cohen and
Bailey, 1997; Cohen and Stack, 1996; Esterle and Ferm 1994; Hawke
et al., 1999; Petersen and Nielsen, 1995; Roberts and McCabe, 1992;
Sebag et al., 2006b; Staub, 1991; Wiist and Bustin, 2001).

Table 8
Examples of organic petrology studies which have applied petrographic indices and facies and paleoenvironment discrimination diagrams.
Author Materials/age/area Diessel (1986) Calder et al. (1991) Mukhopadhyay
diagram diagram (1986) diagram
Mastalerz and Smyth (1988) Intrasudetic Basin, SW Poland Yes No No
Kalkreuth and Leckie (1989) Cretaceous wave-dominated, strandplain sediments in North America Yes No No
Kalkreuth et al. (1991) Selected coal basins in Canada Yes Yes No
Hacquebard (1993a) Carboniferous coals, Mabou Mines and Inverness Yes Yes No
Kalkreuth et al. (1993) Tertiary Eureka Sound Group at Strathcona Fiord and Bache Peninsula, No No Yes
Ellesmere Island, Arctic Canada
Petersen (1993) Lower and Middle Jurassic coal seams on the island of Bornholm, Denmark  Yes No No
Pradier et al. (1994) Brent Group in the North Sea Yes No No
Semkiwa et al. (1998) Permian coal basins in Tanzania. 1. Namwele-Mkomolo, Muze and Galula Yes No No
coalfields
Kolcon and Sachsenhofer Early Miocene Oberdorf lignite seam (Styrian Basin, Austria) Yes No No
(1999)
Jiménez et al. (1999) Puertollano coals (Spain) Yes Yes No
Singh and Singh (2000) Eocene coals of platform basins, Meghalaya, India Yes Yes Yes
Flores (2002) Pliocene/Rio Maior Lignite, Portugal Yes Yes Yes
Gmur and Kwiecinska (2002)  Cracow Sandstone Series of the Upper Silesia Coal Basin, Poland Yes Yes No
Marques (2002) Aurora and Cabeza de Vaca Units, Pefiarroya-Belmez-Espiel Coalfield Yes No No
(Cordoba, Spain)
Bechtel et al. (2003) Miocene Hausruck lignite, Austria Yes No No
lordanidis and Georgakopoulos Apofysis mine, Amynteo basin, Northwestern Greece Yes Yes Yes
(2003)
Mavridou et al. (2003) Amynteon-Ptolemaida lignite deposit in northern Greece Yes Yes No
Kalaitzidis et al. (2004) Pliocene lignite formation in the Ptolemais Basin, NW Macedonia (Greece) Yes Yes Yes
Kortenski and Sotirov (2004) Petrography of the Neogene lignite from the Sofia basin, Bulgaria Yes Yes No
Piedad-Sanchez et al. (2004b)  Carboniferous coal seams from the Central Asturian Coal Basin (NW Spain)  Yes Yes No
Singh and Shukla (2004) Permian coals of Pench, Kanhan, and Tawa Valley Coalfields of Yes Yes Yes
Satpura Basin, Madhya Pradesh, India
Amijaya and Littke (2005) Tertiary Tanjung Enim low rank coal Yes Yes No
Davies et al. (2005) Upper Cretaceous Sunnyside coal of eastern Utah, USA No Yes No
Silva and Kalkreuth (2005) Candiota coal seams, Brazil Yes Yes No
Silva et al. (2008) Ledo-Butia Coalfield, Lower Permian of the Parana Basin, Brazil No Yes No
Siavalas et al. (2009) Seam I in the Marathousa Lignite Mine, Megalopolis Basin (Southern Greece) Yes No Yes
Erik and Sancar (2010) Hafik coal deposits (Sivas Basin, Turkey) Yes Yes No
Jasper et al. (2010) Pennsylvanian (Late Carboniferous) Ruhr Basin, Germany Yes Yes No
Kalaitzidis et al. (2010) Late Cretaceous coal in the Parnassus-Ghiona Unit (Central Greece) Yes Yes No
Koukouzas et al. (2010) Achlada and Mavropigi lignite deposits, NW Macedonia (Greece) Yes No No
Singh et al. (2010) Vastan Lignite, Gujarat, India Yes Yes Yes
Zhang et al. (2010) Liulin district, Hedong coal field of China Yes Yes No
Giirdal and Bozcu (2011) Miocene Can coals, Canakkale-Turkey No Yes Yes
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Preservation and gelification of tissues, type and percentage of lipti-
nite, and the nature and amount of mineral matter, as determined by
petrographic analyses (Fig. 3), are some of the criteria used to approach
conditions existing during the growth of peat-forming mires (Taylor
et al., 1998; Teichmiiller, 1989). Intact gelified tissues (telovotrinite) in-
dicate an origin from wood-producing plants in forest-type swamps,
while the presence of gelified debris (detrovitrinite) with spores and
clay minerals suggests accumulation in a reed marsh, in subaqueous
conditions. The presence of alginite (Fig. 2b,d) requires open waters in
the peat mire indicating a relatively high-standing water table. Inertinite
suggests a fall of water level, with subsequent oxidation of the surface of
the deposit, the occurrence of swamp fires (e.g., Mukhopadhyay, 1989b;
Scott, 2000; Scott and Glasspool, 2007), or the presence of fungi (O'Keefe
and Hower, 2011) or bacteria, or even detrital input to the sedimentary
basin. The type of liptinite can also provide environmental information.
High content of terrestrial liptinite (cutinite, suberinite, and sporinite)
and resinite suggests deposition in a swamp forest, while liptodetrinite
and sporinite are more frequent in subaqueous conditions. Fig. 23 illus-
trates the main facies models of moor types and resulting brown coal
lithotypes and the petrographic composition of the Miocene Rhenish lig-
nites as described by Teichmiiller (1989) and Teichmiiller et al. (1982).

3.1.3.1. Petrographic indices. Petrographic indices and discrimination di-
agrams have been widely applied to samples from coal-bearing se-
quences to infer the organic coal facies, paleoecological conditions,
and to establish the paleoenvironmental conditions of peat deposition
(some examples of the application of petrographic indices are listed in
Table 8). Petrographic indices were developed using the petrographic
composition of coal (maceral analysis and microlithotypes). Several au-
thors (Calder et al., 1991; Diessel, 1986; Mukhopadhyay, 1986) calcu-
lated the indices from maceral analyses and defined facies and
paleoenvironmental diagrams correlating these petrographic indices,
permitting either the assessment of the depositional environment dur-
ing the accumulation of ancient peats or the vegetation type. Other au-
thors (e.g., Hacquebard, 1993a, 1993b; Hacquebard and Donaldson,
1969; Marchioni, 1983; Pradier et al., 1994; Smyth, 1984) used micro-
lithotype associations in the definition of facies and paleoenvironmental
interpretation of basins. Smith (1962, 1968) combined the composition
of coals with their pollen content to define the corresponding deposi-
tional environments. Recently, a new index based on palynological or
quantitative macrofloral counts was proposed by Jasper et al. (2010)
to reflect water level conditions.

Prior to the publication of interpretive petrographic indices there
had been several suggestions for characterization of coal-forming
paleoenvironments based on maceral analysis. Therefore, Navale and
Misra (1984) used the vitrinite/inertinite ratio as an index to establish
stratigraphic correlations on a regional scale in the Gondwanan coals
of India. Harvey and Dillon (1985) compared spatial distribution of lip-
tinite and the vitrinite/inertinite ratio of Illinois coals to express major
differences in maceral composition and paleoenvironment formation.
Brelie and Wolf (1981) defined a gelification quotient (ulminite +
densinite + gelinite / textinite 4 attrinite), which they correlated with
brown coal lithotypes of the Lower Rhine Valley (Germany). Although
these older indices provided interesting results, they have fallen into
disuse in recent years.

Diessel (1982) was the first author to systematically discuss the diag-
nostic value of different macerals for paleoenvironmental interpretations
and proposed a method for facies analysis based on quantitative petro-
graphic indices. According to Diessel (1982) the presence of diagnostic
macerals, clearly indicative of the original plant material or the biochem-
ical conditions of preservation, permitted the description of paleoenviron-
mental fields in facies diagrams. The Diessel petrographic indices (Diessel,
1982, 1986) are “Tissue Preservation Index” (TPI = (telovitrinite + telo-
inertinite) / (detro- 4 gelovitrinite 4+ detro- 4 gelo-inertinite) (Fig. 24),
and the “Gelification Index” (GI= (vitrinite 4 gelo-inertinite)/(telo-
inertinite 4+ detro-inertinite) (Fig. 24). Diessel's indices were modified

for low rank coals by Kalkreuth et al. (1991) and used by several authors
(Flores, 2002; Petersen, 1993).

The TPI is a ratio of tissue-derived structured macerals (gelified and
oxidized) versus tissue-derived unstructured macerals (detritus and
gels). This petrographic index also gives an indication of the vegetation
which has contributed to the peat biomass and its preservation. High
TPI values indicate well-preserved plant tissues balanced by the ratio
of plant growth and peat accumulation versus rise in groundwater
table controlled by basin subsidence. Low TPI suggests either predomi-
nance of herbaceous plants or poor preservation of wood material. The
GI relates macerals of the huminite/vitrinite group plus macrinite to
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Fig. 24. a)—Coal facies, and b)—paleoenvironment diagrams. TPI= (telovitrinite + telo-
inertinite) / (detro- 4 gelovitrinite 4 detro- + gelo-inertinite). GI= (vitrinite 4 gelo-
inertinite) / (telo-inertinite 4 detro-inertinite). VI= (telinite + telocollinite + fusinite +
semifusinite + suberinite + resinite) / (desmocollinite + inertodetrinite + alginite +
liptodetrinite + sporinite 4 cutinite. = GWI = (gelinite 4 corpogelinite + collodetrinite +
mineral matter) /(telinite + collotelinite).

Figure a (from Diessel, 1986, Fig. 1, page 21). Source: On the correlation between coal fa-
cies and depositional environments, by C.F.K. Diessel, in: Symposium Advance in the Study
of the Sydney Basin. Proceedings, 20th, Newcastle, 19-22, copyright 1986, reprinted with
kind permission from Media and Public Relations, The University of Newcastle. Australia.
Figure b (from Calder et al., 1991, Fig. 5, page 290). Source: Peat formation in a West-
phalian B piedmont setting, Cumberland basin, Nova Scotia: implications for the maceral-
based interpretation of rheotrophic and raised paleomires, by J.H. Calder, M.R. Gibling and
P. Mukhopadhyay, in: Bulletin de la Societe Geologique de France 162, 283-298, copyright
1991, reprinted with kind permission from Societe Geologique de France.
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oxidized tissues and detritus to quantify the gelification degree of the
organic matter. Thus the GI reflects the relative water level during
peat formation, indicating the relative dryness or wetness of the peat-
forming conditions. It is a measure not only of the degree of tissue geli-
fication but also the rates of peat accumulation and basin subsidence.
Wet conditions of peat formation are predicted to have high GI and
TPl indices, whereas drier conditions lead to low Gl and low TPI indices.
Both GI and TPI define four coal facies whose paleoenvironmental char-
acteristics are summarized in Table 9 according to Diessel (1992) for in-
vestigations in the Sydney Basin of New South Wales.

Calder et al. (1991) studied the coals of the Westphalian B Cum-
berland Basin, Nova Scotia, Canada, and modified Diessel's indices,
emphasizing groundwater influence and vegetation type. Therefore,
Calder et al. (1991) defined the new “Vegetation Index” (VI= (teli-
nite + telocollinite + fusinite + semifusinite 4 suberinite + resinite) /
(desmocollinite 4 inertodetrinite + alginite + liptodetrinite +spori-
nite + cutinite), see also Fig. 24) and the “Groundwater Influence
Index” (GWI= (gelinite + corpogelinite + collodetrinite + mineral
matter)/(telinite 4 collotelinite), Fig. 24). The main modification
introduced by Calder et al. (1991) to Diessel's TPI index is the inclusion
of vegetation and plant matter of aquatic affinity. Thus, the VI contrasts
macerals of forest affinity: tissues and liptinite related to terrestrial
plants; with those of herbaceous and marginal aquatic affinity, mainly:
detritus, gels, and liptinite related to aquatic environments. The GWI
considers non-oxidizing gels, gelified detritus (groundmass vitrinite),
and mineral matter versus gelified tissues, considering that mineral
matter is largely of detrital origin, indicative of a higher water table
and the presence of strongly gelified components.

More recently, new petrographic indices were defined by Petersen
and Ratanasthien (2011). These indices include the Wetness Index
(WI = (porigelinite + gelinite + alginite + mineral matter + pyrite)/
(textinite 4 texto-ulminite 4 eu-ulminite 4+ corpohuminite +suber-
inite + resinite)) and the Tissue Index (TI = (textinite + texto-ulminite +
eu-ulminite + corpohuminite + suberinite + resinite) / (attrinite + densi-
nite + liptodetrinite)). These indices were used to describe and assess
changes in the peat-forming environment of lignites from the Cenozoic
Krabi Basin, Thailand. According to Petersen and Ratanasthien (2011),
the WI index is a modification of the Groundwater Influence Index
(GWI) of Calder et al. (1991) as it includes alginite, suberinite, and py-
rite, and excludes collodetrinite (densinite + attrinite). The numerator
of the WI ratio indicates wet and possibly more oxic conditions
(Petersen and Ratanasthien, 2011), as porigelinite and gelinite have
been speculated to form by excretion from cell walls during wet peat-
forming conditions or by precipitation from colloidal humic solutions
(Sykorova et al., 2005). The denominator is considered to indicate en-
hanced tissue preservation, which is similar to the numerator in the

Table 9

ratio of the TL This index therefore is a modification of the TPI of
Diessel (1986) and the VI of Calder et al. (1991). Petersen and
Ratanasthien (2011) noted that the main difference is the exclusion of
inertinite due to its generally constant but inferior proportion in the lig-
nite bed from the Cenozoic Krabi Basin.

Finally, a new palynological index termed the “Water Cover Index”
(WCI) was introduced by Jasper et al. (2010). The calculation of the
WCI is from pollen (sporinite) count data, and it is inferred to reflect
water level conditions considering the ratio between the percentages
of hydrophilous/hygrophilous and mesophilous plants obtained by paly-
nological data or quantitative macrofloral counts. It compares the pro-
portion of plants which grew predominantly in water-saturated
(hygrophilous) or water-covered (hydrophilous) soils (lepidocarpa-
ceans, sigillariaceans, tree ferns, and calamites) with those flourishing
in drier habitats (mesophilous plants, e.g., herbaceous and subarbores-
cent lycopsids, small ferns, and sphenophylls).

3.1.3.2. Facies and paleoenvironment diagrams. Currently, organic facies
analysis is based on the quantitative determination of coal constituents
(microlithotypes, maceral and sometimes ash content) in which various
associations can be plotted in diagrams to discriminate environmental fa-
cies (see Table 8 for examples of studies using maceral-based diagrams).
This allows relation of coal composition to mire ecosystems or deposi-
tional systems (e.g., Calder et al, 1991; Diessel, 1986; Hacquebard,
199343, 1993b; Hacquebard and Donaldson, 1969; Kalkreuth and Leckie,
1989; Marchioni and Kalkreuth, 1991; Mukhopadhyay, 1986). The inter-
pretation of mire type is based on studies of minerotrophic mires (fed by
surface water), based either on macerals (e.g., Diessel, 1982; Kalkreuth
and Leckie, 1989) or microlithotypes (e.g., Hacquebard and Donaldson,
1969; Marchioni and Kalkreuth, 1991). For ombrotrophic modern
systems (fed by rainwater), the distribution of diagnostic macerals, or
their precursors, is poorly defined and relationships between sedimenta-
ry environment, mire type and maceral composition are not yet
established and therefore do not provide a good basis for paleoenviron-
mental interpretation (Crosdale, 1993; Dehmer, 1995; Moore and
Shearer, 2003; Wiist et al., 2001). For example, TPI and GI indices for
subbituminous coals from the Maryville Coal Measures of New Zealand
plotted around the marsh field of Diessel's diagram; however the
coals show close similarities to present-day ombrotrophic peats from
Indonesia and Malaysia (Crosdale, 1993). No correlation between peat
type and depositional environment was found in four bogs from New
Zealand when TPI and GI indices were used (Moore and Shearer,
2003). The same difficulties were reported by Dehmer (1995) and
Wiist et al. (2001) in their respective investigations.

3.1.3.2.1. Maceral-based facies. Petrographic indices based on mac-
eral determination permit bivariate plotting of TPI versus GI (Diessel,

Summary of the relationship between coal facies indices and conditions of coal formation (from Diessel, 1992; Table 5.2., Chapter 5, page 191).
Source: Coal-Bearing Depositional Systems by C.F.K. Diessel. Springer-Verlag (Ed.), Berlin, 721 pp. copyright 1992, reprinted with kind permission from Springer Science + Business

Media B.V. www.springer.com.

Low TPI

High TPI
High GI Coal type: Bright (vitrain) to banded bright (clarain); wood-
and bark-derived telovitrinite
Origin: In forest peatlands (telmatic swamps), when
relatively high in coal ash and/or interbedded with epiclastic
stone bands. In forested, continuously wet raised bogs, when
low in ash. Mild humification and string gelification of plant
tissues due to high rate of subsidence
Low GI Coal type: Banded dull (clarodurain) wood-derived telo-inertinite

Origin: In intermittently dry forested swamp when high in
ash, or in forested raised bogs, when coal ash is low or
moderate. Mild hunification and gelification of plant tissues

Coal type: banded bright (clarain); tissue-derived detrovitrinite plus
some gelovitrinite

Origin: (1) In forested peatlands from strongly decomposed wood
under conditions of slow subsidence in telmatic or limnotelmatic
settings (high ash and epiclastic bands).

(2) From herbaceous plants in tree-less marshes (high ash and
epiclastic bands).

(3) From herbaceous plants in continuously wet raised bogs

(low ash, no bands). Telmatic or limnotelmatic. Advanced
humification and strong gelification of plants tissues

Coal type: Dull (durain) to banded dull (clarodurain); tissue-derived
inertodetrinite

Origin: (1) In slowly subsiding, intermittently dry swamps from
aerobically decomposed autochthonous plants.

(2) Redistributed as subaqueous sediment.

(3) In slowly subsiding, relatively dry, raised bogs.
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1986), and VI versus GWI (Calder et al., 1991) in facies and paleoen-
vironmental diagrams as shown in Fig. 24.

In Diessel's bivariate facies diagram the limit of 1.0 in the ratio is
used to assess both the dominance of trees (TPI) and the dryness and
wetness (GI) of the ecosystem (Diessel, 1992). The x-axis (TPI index)
is inferred to show tree density in the mire, whereas at values lower
than 1.0 the vegetation is inferred to have been primarily herbaceous,
and for values higher than 1.0 the vegetation is inferred to have been
primarily arborescent forest. GI values higher than 1.0 are inferred to
represent limnic conditions, while below this value a terrestrial influ-
ence is inferred to be dominant. Therefore, coals deposited in upper
delta plain and in fluviatile environments are rich in vitrinite (wet forest
swamps) as well as clastic minerals. Brackish coals deposited in delta
plains, partly as marsh peats, are distinguished by high GI and low TPI,
as well as high pyrite and organic sulfur contents, due to marine influ-
ence. On the other hand, coal seams extremely rich in inertodetrinite
(low GI and TPI) are associated with oxidizing environments which in-
hibits the formation of telovitrinite.

The petrographic indices of Calder et al. (1991) may assess the
rheotrophic to ombrotrophic hydrological conditions of the ecosys-
tem, and eutrophic to oligotrophic nutrient status, by setting specific
limits. Therefore, at GWI > 3.0 the ecosystem is considered to be pre-
dominantly limno-telmatic (at or below the water table). A GWI >5.0
is inferred to represent a wetland paleoenvironment wherein silici-
clastic deposition can take place and impure coal lithotypes are
formed. At GWI values <0.5, groundwater influence is inferred to
cease and the ecosystem is rain-fed. The influence of forest vegetation
in the ecosystem is represented on the x-axis (VI) wherein the value
3.0 is a benchmark to separate predominantly forested environments
(VI>3.0) from those dominated by herbaceous vegetation (VI<3.0).

On the other hand, Mukhopadhyay (1986, 1989b), in a study of Wil-
cox and Jackson Group lignites from the Tertiary of Texas (USA), defined
the vertices of a ternary diagram, later modified by Kalkreuth et al.
(1991) as: vertex a) parameter that considers gelified tissues and lipti-
nite from terrestrial plants in forest swamps with good tissue preserva-
tion; vertex b) parameter that includes gelified detritus, gelinite, and
liptinite related to aquatic environments such as a reed marsh

Dry
conditions

"Reed marsh" vegetation)
increasing maceration,
and bacterial activity

Forest swamp , good
tissue preservation
low groundwater

high groundwater level

/ \Vanoxic

Fig. 25. Ternary diagram of peat-forming environments from maceral associations.
a=Humotelinite + Corpohuminite + Esporinite + Cutinite 4+ Resinite + Suberinite +
Fluorinite, b =Humodetrinite + Gelinite + Liptodetrinite + Alginite, c = Inertinite.
From Mukhopadhyay, 1989b, Fig. 25a, page 72. Source: Organic petrography and or-
ganic geochemistry of Texas Tertiary Coals in relation to depositional environment
and hydrocarbon generation, by P. Mukhopadhyay, in: Bureau of Economic Geology,
The University of Texas at Austin, Austin, Texas. Report of Investigation n® 188, 118
pp., copyright 1989, reprinted with kind permission from Bureau of Economic Geol-
ogy, The University of Texas at Austin, Texas.

a

dominated by herbaceous plants with a high level of tissue maceration
and high bacterial activity; and vertex ¢) parameter that comprises the
inertinite content, related to oxidizing environments, including wildfire
(Scott 1989). This interpretive ternary diagram (Fig. 25) was used by
several authors for facies determination based on maceral assemblages
(e.g., Erik and Sancar, 2010; Flores, 2002; Giirdal and Bozcu, 2011;
lordanidis and Georgakopoulos, 2003; Kalaitzidis et al, 2004;
Kalkreuth et al., 1996; Singh and Shukla, 2004).

Many authors have used petrographic indices, interpretive facies
and paleoenvironment discrimination diagrams for coal-bearing se-
quence studies and the interpretation of organic facies and ancient
peat-forming ecosystems (see Table 8). In addition to a volume of the
International Journal of Coal Geology dedicated to this subject entitled
“Reconstruction of Peat-Forming Environments: a Global Historical Re-
view” by Hamor-Vido (2004) which included a review of studies from
all around the world, many other studies have been published. These in-
clude those listed in Table 8 and others such as the works on German
coals (Dehmer, 2004); Australian coals (Crosdale, 2004; Diessel,
1992); lignite deposits of Greece (Christanis, 2004, and references
therein); Polish coals (Nowak, 2004); Cenozoic lignites of Texas
(Mukhopadhyay, 1989b); Canadian coals (Kalkreuth et al., 1996); Ce-
nozoic lignite from the Krabi Basin, Thailand (Petersen and
Ratanasthien, 2011); and the works by Corréa da Silva (1999); Corréa
da Silva (2004) on methods in Gondwanan coal facies analysis.

3.1.3.2.2. Microlithotype-based facies studies. Many authors have
approached organic facies and paleoenvironmental studies using both
maceral and microlithotype-based methods such as Marques (2002),
Petersen and Nielsen (1995), Silva and Kalkreuth (2005)Singh and
Shukla (2004), and Singh et al. (2010). It is agreed that microlithotypes
rich in vitrinite indicate relatively wet conditions of peat formation,

TERRESTRIAL FOREST

ZONE
B
TELMATIC FOREST, TELMATIC REED
ZONE ZONE
Y A+D
B+C\ / A
LIMNOTELMATIC LIMNOTELMATIC
FOREST ZONE REED ZONE
D
LIMNIC ZONE

Fig. 26. Microlithotype facies diagram according to Hacquebard and Donaldson (1969)
(Fig. 4, page 165 from the same author). A) sporoclarite + duroclarite + vitrinertoliptite;
B) fusito-clarite + vitrinertite-I; C) clarite-V + vitrite + cuticloclarite + vitrinertite-V;
D) larodurite + durite + macrite + carbominerite.

Source: Carboniferous Coal Deposition Associated with Flood-Plain and Limnic Environ-
ments in Nova Scotia, by P.A. Hacquebard and ].R. Donaldson, in: Environments of Coal
Deposition. Dapples, E.D., Hopkins, M.E., (Eds.). Geological Society of America. Boulder,
Colo. Special Paper 114, 143-191, copyright 1969, reprinted with kind permission from
Geological Society of America.
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while microlithotypes rich in inertinite (fusinite, semifusinite and
macrinite) are associated with peat types deposited under relatively
dry conditions (Taylor et al., 1998; Teichmiiller, 1989).

Based on studies of Carboniferous Canadian coals, Hacquebard and
Donaldson (1969) distinguished the following microlithotypes and
their environmental significance: A) spore-rich clarite + duroclarite,
representing a reed-like herbaceous vegetation (telmatic); B) fusito-
clarite, i.e., lenses of fusite in a clarite matrix, associated with terrestri-
al forest zones affected by relatively dry periods; C) vitro-clarite +
cuticoclarite, considered to be accumulated in a wet forest with
high groundwater table (telmatic); and D) clarodurite 4 durite +
carbargilite, consisting of underwater environments, in which the
vegetation is represented mainly by algae, and the presence of detrital
macerals (limnic, subaquatic). These four components do not include
vitrite nor an inertinite-rich microlithotype. Moreover, the use of car-
bargilite to represent mineral matter excludes many syngenetic min-
erals, including pyrite, which have environmental significance. Thus,
Marchioni (1980), considering specific characteristics of Australian
coals, modified the Hacquebard and Donaldson (1969) four compo-
nent system and extended their original concept, as follows:

\H - WATER]
} LACUSTRINE

BARRIER

W% AREAS OF COAL
ACCUMUL ATION

A) sporoclarite + duroclarite + vitrinertoliptite; B) fusito-clarite +
vitrinertite-I; C) clarite-V + vitrite + cuticoclarite + vitrinertite-V;
D) clarodurite + durite 4+ macrite + carbominerite.

Microlithotype data obtained according to ICCP (1963) are plotted
on a double triangle as shown in Fig. 26 (e.g., Marques, 2002; Petersen
and Nielsen, 1995; Silva and Kalkreuth, 2005; Singh et al., 2010,
among others). In this four component facies diagram, when the D
component (representing the limnic zone) is less than 20vol.%, the
upper triangle is used and the A and D components are combined. If
the D component is more than 20vol.%, the B and C components are
combined and the lower triangle is used. It should be noted that Hac-
quebard's double triangle does not accommodate ombrotrophic envi-
ronments. Based on the Marchioni (1980) microlithotype
associations, Pradier et al. (1994) used data from North Sea coal
seams to propose a new diagram to infer facies of peatland ecosys-
tems. Microlithotype composition also was used by Smyth (1984) to
characterize different depositional systems of Australian coals
(Fig. 27). This author considered that durite + inertite-rich coals
were mainly deposited in lacustrine systems and in the lower delta
plain, whereas vitrite 4 clarite-rich coals occurred in upper deltaic

LACUSTRINE
FLUVIAL

BRACKISH WATER
(GRETA CDAL MEASURES)

UPPER DELTAIC
LOWER DELTAIC

VITRITE + CLARITE

10
INTERMEDIATES

Fig. 27. Depositional systems (a) and related microlithotypes (b) of Australian coals.

50 90
DURITE + INERTITE

From Smyth, 1984, Fig. 13, page 347. Source: Coal microlithotypes related to sedimentary environments in the Cooper basin, Australia, by M. Smyth, in: Sedimentology of Coal and
Coal-bearing sequences. R.A., Rahmani and R.M,, Flores, (Eds.). International Association of Sedimentologists, Special Publication 7, 333-347, copyright 1984, reprinted with kind

permission from IAS.
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fluvial and lagoonal environments. Coals with intermediate charac-
teristics are related to delta plain environments.

3.1.3.3. Contribution of palynofacies analysis. Palynofacies analysis
combined with organic petrography studies provides more accurate
information for the inference of organic facies and depositional
paleoenvironments. Palynofacies studies depend on characterization
of the organic matter origin (botanical precursors) and the organic
matter assemblage using a combination of morphology and optical
properties such as size and preservation. Many classifications for dif-
ferent types of organic matter have been proposed through transmit-
ted light evaluation of kerogen concentrate palynofacies (strew)
slides (Burgess, 1974; Combaz, 1980; Correia, 1971; Ercegovac and
Kosti¢, 2006; Hart, 1979; Masran and Pocock, 1981; Staplin, 1969;
Tyson, 1984; Whitaker, 1984). The classifications most widely used
are those proposed by Mendonga Filho et al. (2002, 2011c),
Menezes et al. (2008), and Tyson (1995). According to these authors,
the three main morphological groups that can be recognized in
kerogen concentrates are: phytoclasts (fragments of tissues derived
from higher plants or fungi); amorphous organic matter (AOM—
structureless amorphous products derived from phytoplankton or

bacteria and higher plant resins); and palynomorphs (organic-walled
constituents that remain after acid maceration: sporomorph, phyto-
plankton and zoomorph). Each morphological group has been further
divided in subgroups (Figs. 28, 29, 30).

In palynofacies studies, the number of categories considered in the
organic matter classification system should highlight factors that are
most relevant to the objectives of the study. It means having a strict
subdivision of categories, in order to identify any quantitative varia-
tions that are related to natural controls on the distribution of organic
matter and thus use these factors to determine paleoenvironmental
significance. Palynofacies data collection and problems associated
with its quantification have been described by Mendonga Filho et al.
(2002, 2011c), Menezes et al. (2008), and Tyson (1995). Measures
of frequency and abundance are percentage frequency of any compo-
nent related to the total population of particles present and relative
frequency, the numeric frequency of any component(s) related to
that of any other component(s), not the total particle population.
Graphic representation of palynofacies data is used for interpretation.
Data commonly are plotted in percentage logs showing vertical vari-
ation of individual components or ternary diagrams which can spa-
tially separate samples into associations or assemblages. Mendonca
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Fig. 28. Kerogen groups and subgroups: Phytoclast (with data from Mendonga Filho et al., 2011c; Tyson, 1993; Vicent, 1995).
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Filho et al. (2011c) and Tyson (1993, 1995) illustrated the most com-
monly used ternary plots which have been used to characterize the
palynofacies assemblage:

1) Kerogen plot—Normalized concentrations of AOM-Phytoclast-
Palynomorph (APP) content represent the vertices (Fig. 31). The
APP plot is used to characterize kerogen assemblages in order to
show differences in relative proximity to terrestrial organic mat-
ter sources, kerogen transport pathways, and redox status of the
depositional subenvironment which controls AOM preservation.
The APP plot contains nine depositional environment fields: I—
highly proximal shelf or basin; II—marginal dysoxic-anoxic
basin; Ill—heterolithic oxic shelf (“proximal shelf”); IV—shelf to
basin transition; V—mud-dominated oxic shelf (“distal shelf”); VI—
proximal suboxic-anoxic shelf; VIl—distal dysoxic-anoxic shelf;
VIlI—distal dysoxic-oxic shelf; and, IX—distal suboxic-anoxic basin.

2) Phytoclast plot—Normalized concentrations of Spore-Microplankton-

3

—

~

Pollen (SMP) content represent the vertices (Fig. 32a from Tyson
1995 with data from Duringer and Doubinger, 1985 and Federova,
1977). The SMP plot is used to indicate proximity to the continental
source area and describes onshore-offshore depositional environ-
ments and transgressive-regressive trends.

The Dinocysts-Sporomorphs-Acritarchs (DSA) palynomorph assem-
blage ternary plot is used to point out salinity conditions in the de-
positional sites and the level of marine influence in marginal
continental environments (Fig. 32b from Tyson 1993 with data
from Burger, 1980).

The palynomorph assemblage represented on the Prasinophytes-
Acritarchs-Dinocysts (PAD) (marine palynomorph assemblages)
ternary plot is linked to marine conditions of the water column,
and dependent on distance to coastline, water depth, temperature,
salinity, and nutrient availability (Fig. 33).
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Fig. 29. Kerogen groups and subgroups: Palynomorph (with data from Mendonga Filho et al.,, 2011c; Tyson, 1993; Vicent, 1995).
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Fig. 30. Kerogen groups and subgroups: Amorphous Organic Matter—AOM (with data from Mendonga Filho et al., 2011c; Tyson, 1993; Vicent, 1995).

5) The palynomorph assemblage represented on the Dinocysts +Prasi-
nophyte-Chlorococcales-Acritarchs (DPCA) ternary plot indicates sa-
linity conditions in the depositional site (Fig. 34).

6) The dinocyst assemblage represented on the Gonyalacoid (cho-
rates)-Peridinioid (cavates)-Gonyalacoid (others) (GPG) ternary
plot shows the position in the marine environment (Fig. 35).

7) The palynomorph and AOM assemblages AOM-Pediastrum-
Botryococcus (APB) ternary plot is used to infer salinity conditions
in continental depositional sites and the trophic state (Fig. 36).

Several palynofacies discrimination ratios were proposed by Gotz
et al. (2008) in their study of the Upper Cretaceous of the Vocontian
Basin, southeast France. These include: i) the ratio of continental to
marine particles (CONT/MAR ratio) where the composition and rela-
tive abundance of the continental fraction reflects the hinterland veg-
etation and the source distance; ii) the ratio of opaque to translucent
phytoclasts (OP/TR ratio) where opaque phytoclasts partly consist of
charcoal originating from forest fires, but mainly develop by oxida-
tion of translucent phytoclasts (the OP/TR ratio assesses the oxidation
degree of the tissues), and iii) the size and shape of opaque plant de-
bris are also used to discriminate proximal-distal and transgressive—
regressive trends (Fig. 34).

Some studies on the application of palynofacies analysis in combi-
nation with petrological and/or geochemical investigations on organ-
ic facies analysis, oil shales, source rocks, organic thermal maturation,
and hydrocarbon exploration are compiled in Table 4.

3.1.4. Geothermics and organic petrology

In basin analysis, another issue to be considered is geothermal histo-
ry which usually is approached via the degree of evolution of the
organic matter. The relationship between the degree of coalification/
maturation and the approximate temperatures reached by organic mat-
ter during geologic burial is well established. Many studies have recon-
structed paleogeothermics and basin modeling on the basis of coal rank
using mainly vitrinite reflectance as a maturity parameter. Basin model-
ing is a tool widely used in petroleum studies (e.g., Allen and Allen;
2005; Hantschel and Kaueroff, 2009) and heat flow history usually is
calculated from vitrinite reflectance (Ro %) data (Baur et al, 2010;
Beha et al., 2008a,b). Indeed, vitrinite reflectance is considered one of

the most robust methods used to estimate thermal maturity of sedi-
mentary sections. However, according to Baur et al. (2010) in basin
models, heat flow history calculated from vitrinite reflectance (Ro %)
data could cause uncertainties because it reflects only periods of sedi-
mentation. Therefore, other methods should be used to reconstruct
early basinal heat flow history not recorded by sediments.

It is known that vitrinite reflectance in post-Devonian sediments
also correlates well with other rank parameters, which permits its use
as a geothermometer (Fig. 18). As previously indicated herein, in
Lower Paleozoic sediments the reflectance of zooclasts is used to deter-
mine thermal maturity because reflectance data obtained on these or-
ganisms can be transformed to equivalent vitrinite reflectance values
based on empirical correlations (Bertrand, 1990). Since vitrinite reflec-
tance increases according to various rank stages, it is necessary to use
experimentally-derived kinetic parameters to calculate the evolution
of vitrinite reflectance rather than applying simple vitrinite reflectance
gradients in order to derive reliable geothermal data (Sweeney and
Burnham, 1990). This is mainly because vitrinite reflectance, like other
measures of rank/maturity, cannot be directly converted into paleotem-
perature values (Tissot et al., 1987). Modeled thermal and burial histo-
ries can be calibrated by comparing measured and calculated vitrinite
reflectance data. For the modeled calculation of vitrinite reflectance,
the kinetic EASY%R algorithm (Sweeney and Burnham, 1990) has
been used by many authors, e.g., Hertle and Littke (2000), Mdhlmann
(2001), Petersen et al. (2009), and Qiu et al. (2011), among others.
However, in overpressured systems Carr (2003) has indicated that a
pressure-dependent kinetic model should be used for modeling.

Basin modeling based on heat flow has been used to simulate the
burial history of sediments including compaction, pressure, tempera-
ture, maturation of organic matter, petroleum generation, migration
and accumulation through time (Baur et al., 2010; Beha et al.,
2008a,b; Belaid et al., 2010; Brandes et al., 2008; Poelchau et al.,
1997; Resak et al., 2008; Resak et al., 2010; Tissot and Welte, 1984;
Welte and Yalcin, 1988; Yalcin et al., 1997). Geodynamic models in-
corporating structural and thermal histories can be used to compare
the present rank/maturity information of the studied area, as rank
variations depend mainly on the depth of burial and on the heat
flow. Indeed, at the outset of every modeling project, a necessary
step is calibration of the various input parameters applicable to the
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Fig. 31. Kerogen plot AOM-Phytoclast-Palynomorph (APP). In the APP diagram it is possible to define 9 fields using the percentages of the 3 main kerogen groups. These fields rep-
resent different environmental conditions (with data from Tyson, 1995; Fig. 25.4, Chapter 25, page 445).
Source of figure: Sedimentary organic matter: Organic facies and palynofacies, by R.V. Tyson, Chapman and Hall, London. 615 pp., copyright 1995, reprinted with kind permission

from Springer Science + Business Media B.V. www.springer.com.

specific region of interest. Lithological and stratigraphic data and
what is known about regional thermal history comprise the funda-
mental information required for an appropriate numerical model
(Beha et al., 2008a). In its turn, heat flow depends on: i) transmission
of basement heat flow to the shallower crust and ii) radioactivity in
the deep crust and the depth of the crust-mantle boundary. Geother-
mal gradients depend not only on heat flow but also on different heat

conductivities of the various rock types present. Gradients usually are
small in highly conductive salt-rich lithologies and high in coal-
bearing sequences of low conductivity. Geothermal gradients are, in
general, inversely proportional to the depth of the crust-mantle
boundary (Taylor et al., 1998).

In this context, paleotemperature involved in the maturation of
organic matter can be estimated by different methods: i) by using
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rine influence in marginal continental environments.

Fig. a is from Tyson, 1995, Fig. 25.5, Chapter 25, page 447. Source: Sedimentary organic matter: Organic facies and palynofacies by R.V. Tyson, Chapman and Hall, London. 615 pp.,
copyright 1995, reprinted with kind permission from Springer Science + Business Media B.V. www.springer.com. Fig. b is from Tyson, 1993, Fig. 5.4, Chapter 5. Source: Palynofacies
analysis by R.V. Tyson, in: Applied micropaleontology, D.G., Jenkins (Ed.), Kluwer Academic Publishers, Dordrecht. The Netherlands, 153-191, copyright 1993, reprinted with kind

permission from Springer Science + Business Media B.V. www.springer.com.

the Karweil diagram (modified by Bostick, 1973) (Fig. 37), in which it
is necessary to define the time interval during which the organic mat-
ter was matured; and ii) by calculating the maximum paleotempera-
ture using an empirical compilation of vitrinite reflectance and
approximate temperature data from basins all over the world
(Barker and Goldstein, 1990; Barker and Pawlewicz, 1986, 1994). In
the latter case, the study of samples taken at depth (e.g., from deep
boreholes) allowed the calculation of: i) a maturation gradient,
expressed in %Ro/km, and ii) a paleogeothermal gradient, expressed

in °C/km. Paleogeothermal gradient can also be used to estimate the
thickness of eroded sediments (Bray et al., 1992). In addition, a criti-
cal review of the techniques for the estimation of magnitude and tim-
ing of exhumation in offshore basins was presented by Corcoran and
Doré (2005). The methods described above have been used by many
authors in basin analysis, e.g., Dewing and Sanei (2009), Flores et al.
(2010), Goodhue and Clayton (1999), McCormack et al. (2007),
Piedad-Sanchez et al. (2004a,b), Sakaguchi et al. (2007), Shekarifard
et al. (2012), Uysal et al. (2000), Yuan et al. (2007), among others.
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In contact metamorphic environments above 300 °C, Barker et al.
(1998) found that the vitrinite reflectance geothermometer is not us-
able, apparently due to the formation of supercritical fluids or water
vapor near intrusive contacts. In some cases, the presence of super-
critical fluids appears to inhibit the rate of increase of vitrinite

reflectance or even causes its decrease (Barker and Lewan, 2005).
Thus, if a basin is tectonically active, where subsidence and tectono-
genesis take place simultaneously, or if igneous intrusions are pre-
sent, the resulting maturation of organic matter is the sum and
integration of a set of processes that the tools of organic petrology
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Fig. 35. Ternary diagram for describing total dinocyst assemblages: GPG. In this diagram the dinocysts assemblage is represented by the content of Gonyalacoid (chorates), Peridi-
nioid (cavates) and Gonyalacoid (others) and indicates the position in the marine environment (from Tyson, 1993, Fig. 5.5C, Chapter 5).

Source: Palynofacies analysis by R.V. Tyson, in: Applied micropaleontology, D.G., Jenkins (Ed.), Kluwer Academic Publishers, Dordrecht. The Netherlands, 153-191, copyright 1993,
reprinted with kind permission from Springer Science + Business Media B.V. www.springer.com.
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can assist in revealing. In particular, in the contacts of igneous intru-
sions, it is frequently the organic petrographic entities which provide
data for basin thermal history interpretation. The presence of folding
and/or cataclasite is indicative of tectonic events. Organic particles,
usually vitrinite, with devolatilization pores typically are associated
with thermal effects. Natural cokes often are found in contact meta-
morphosed thermal aureoles and evaluation of their petrographic
texture may also permit assessment of coal rank at the time of intru-
sion (Colmenero et al., 2008; Karayigit et al., 1998; Rimmer et al.,
2009; Suarez-Ruiz et al., 2006; Taylor et al., 1998; Thorpe et al., 1998).

3.1.5. Basin paleogeography

Organic facies and paleoenvironmental interpretations together
with rank and/or maturation data are necessary for the reconstruc-
tion of sedimentary basins. Rank profiles and rank maps illustrating
the regional variations provide privileged information in basin stud-
ies and modeling. On the other hand, organic petrography, particular-
ly focused on the investigations on microtectonic structures in coals
and the development of specific anisotropic properties, may also con-
tribute to the interpretation of tectonic disturbances occurred in a
basin. For example (Taylor et al., 1998) a sharp increase of bi-
reflectance in a stratigraphic profile indicates a shear zone and the
formation of local graphite might also indicate shear movements.
Therefore, the paleogeographical reconstruction of a region would
be only possible if all the previously described information has been
determined over a wide area.

Detailed studies from all over the world focused on paleogeogra-
phy and/or paleothermal conditions during the geological evolution
of basins have been published in the last several decades. Among

others, some of the notable basin history reconstructions include
that in the Ruhr Coal Basin by Biiker et al. (1996) and Littke et al.
(1994) and more recently by Jasper et al. (2010), the study in the
Franklinian Mobile belt, Melville Island, Arctic Canada (Gentzis and
Goodarzi, 1993), Namurian rocks of the Clare Basin, Ireland
(Goodhue and Clayton, 1999), Bowen Basin, Queensland, Australia
(Uysal et al., 2000), Jurassic Turpan-Hami oil-prone coal basin, north-
western China (Shao et al., 2003), Meso-Cenozoic Ordos basin, central
China (Yuan et al., 2007), Carboniferous coalfields in North Spain by
Colmenero et al. (2008) and Piedad-Sanchez et al. (2004a), coal-
bearing rocks in the Appalachian basin (Hower and Gayer, 2002;
Ruppert et al., 2010), Horn Graben in the Danish North Sea (Beha et
al., 2008a,b), Canadian Artic Islands (Dewing and Sanei, 2009),
Upper Paleozoic of Portugal (Flores et al., 2010; McCormack et al.,
2007), and the Jeanne d'Arc Basin, offshore Newfoundland, Canada
(Baur et al., 2010), and Blaise et al. (2011) for the burial history of
the Mesozoic sediments in the eastern Paris Basin in France.

3.2. Fossil fuel resources exploration

3.2.1. Introduction

For fossil fuel resources exploration, knowledge of important
characteristics of sedimentary basins is a prerequisite. Fossil fuel re-
sources include those associated with coal, source rocks, petroleum
(oil and gas), reservoir rocks including coal as a reservoir, oil shales,
shale gas, black shales, carbonaceous shales, and coalbed methane.
The quantification of their reserves is approached through explora-
tion activities. These include the creation of geological maps of the
areas containing the natural resource (geological setting), organic
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Fig. 37. The maximum temperature versus effective time diagram according Bostick et al. (1978).
Source: Fig. 13 in page 78 from Gradients of vitrinite reflectance and present temperature in the Los Angeles and Ventura basins, California, by N.H., Bostick, S.M. Cashman, T.H. McCulloh,
and C.T. Waddell, in: Oltz, D.F.(Ed.), Low Temperature Metamorphism of Kerogen and Clay Minerals, Pacific Section SEPM Spec. Sympos., 65-96, copyright 1978, reprinted with kind

permission from Pacific Section SEPM, Society for Sedimentary Geology.

facies and sedimentary paleoenvironment investigations (organic pe-
trology and organic geochemistry in addition to other disciplines),
geophysical surveys, and finally exploration drilling. These activities
are integrated and compiled to create a geological basin model
which allows accurate reports of the area to be developed and reduce
exploratory risks (e.g., Acar et al., 2007; Hakimi et al., 2010a; Nzoussi-
Mbassani et al., 2003; Rangel et al., 2002; Shaaban et al., 2006; She-
karifard et al., 2012).

3.2.2. Source rocks

Source rocks are described as organic-rich sediments that can
originate in various sedimentary environments such as deep marine,
lacustrine and deltaic locations. They are one of the necessary ele-
ments of a petroleum system (e.g., Magoon and Dow, 1994). Some
authors (e.g., Durand and Paratte, 1983; Hunt, 1991; Littke et al.,
1990; Thomas, 1982) reported that coal, containing almost 100% or-
ganic matter, may be a source rock not only for gas but also for oil.
In petroleum geology, the term source rock is applied to a rock unit
containing sufficient organic matter of suitable chemical composition
to generate and expel hydrocarbons via biogenic or thermal processes
(Miles, 1994) and this is applied irrespective of whether its organic
matter is mature or immature (Belaid et al., 2010, Potter et al.,
1993; Tissot and Welte, 1984). However, the content of organic car-
bon in source rocks may be less than 1% (Taylor et al., 1998). Average
values of organic carbon for shale-type source rocks generally are in
the range of 2% and for carbonate-type source rocks are in the range
of 0.6%. Fig. 38 (Cornford, 2004) shows the quality of shale and lime-
stone source rocks based on amount of organic matter expressed as
total organic carbon content (TOC wt.%).

According to Brooks et al. (1987) it is important to distinguish be-
tween petroleum source rocks, oil shales, and coals. There is no pre-
cise geological or geochemical definition of an oil shale but it can be
considered as a rock which yields oil in commercial quantities upon
pyrolysis (Cane, 1976). Tissot and Welte (1984) reported that the
equivalent of an oil shale, sufficiently buried, constitutes a petroleum

source rock. However, the occurrence of a shallowly buried petro-
leum source rock does not necessarily correspond to an oil shale, be-
cause an organic richness criterion needs to be met.

According to Law (1999) source rocks can be divided into four major
categories: i) potential source rocks, including rocks containing organic
matter in sufficient quantity to generate and expel hydrocarbons if sub-
jected to an increase in thermal maturation; ii) effective source rocks
with organic matter that are generating and/or expelling hydrocarbons
into commercial accumulations; iii) relic effective rocks, which are ef-
fective source rock that have ceased generating and expelling hydrocar-
bons because a thermal cooling event such as uplift or erosion has
occurred before exhaustion of its organic matter; and, iv) spent source
rock, which describes a source rock in an overmature state. Thus it is
necessary to define the origin, geological history and the geochemical
properties of sedimentary organic matter in a source rock and to ana-
lyze its petrology and geochemistry properties to determine the poten-
tial products that can be or were thermally generated.

The main requirements for characterizing a potential source rock
are: i) amount of organic matter in the rock; ii) quality and type (differ-
ent types of organic matter have different hydrocarbon potentials) of
organic matter capable of yielding hydrocarbons; and iii) maturity of or-
ganic matter. The first two geochemical criteria are products of the de-
positional setting. The third is a function of the thermal, structural, and
tectonic history of the geological setting.

i) Quantity or amount of organic matter. According to Jarvie
(1991), hydrocarbon compounds represent 75-95 wt.% carbon
by molecular weight and average 83 wt.%. The abundance of
organic matter in sediments is usually expressed as the relative
percentage of organic carbon on a dry weight basis. The results
of total organic carbon analysis (TOC in wt.%) include kerogen
and bitumen fractions. TOC always is controlled by the input of
organic matter into the sedimentary paleoenvironment, the
preservation of the supplied organic matter, and the dilution
of this organic matter by mineral matter. Some recent
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Fig. 38. Quality of petroleum source rocks based on amount of organic matter in shales and limestones (from Cornford, 2004).
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interpretations of TOC data were reported by Balbinot and
Kalkreuth (2010), Belaid et al. (2010), Duarte et al. (2010),
Erik and Sancar (2010), Hackley et al. (2010), Hakimi et al.
(2010a, 2010b), Hanson et al. (2007), Jasper et al. (2010),
Korkmaz and Giilbay (2007), and Silva et al. (2011).

ii) Quality or type of organic matter capable of yielding movable hy-

drocarbons. The type of sedimentary organic matter present is
essential for evaluating source rocks, because different types of
organic matter have different hydrocarbon potential. Sedimenta-
ry rocks ordinarily contain minerals and organic matter with
pore space occupied by water, bitumen, oil, and/or gas. In studies
of dispersed organic matter, sedimentary organic matter has
been classically divided in two fractions: kerogen and bitumen.
There are many papers that describe the nature and origin of
kerogen (e.g., Durand, 1980; Tissot and Welte, 1978;
Vandenbroucke, 2003; Vandenbroucke and Largeau, 2007). Ker-
ogen was first defined by Forsman and Hunt (1958) as the dis-
persed organic matter in sediments that is insoluble in organic
solvents. In modern usage, kerogen is the term used to describe
the particulate fraction of organic matter remaining after extrac-
tion of pulverized rock with organic solvents (e.g., Durand,
1980). Tissot and Welte (1978, 1984) defined kerogen as the or-
ganic constituent of sedimentary rocks that is neither soluble in
aqueous alkaline solvents nor in common organic solvents
while Vandenbroucke and Largeau (2007) described kerogen as
the insoluble macromolecular organic matter dispersed in sedi-
mentary rocks. As for bitumen, this is the fraction of the organic
matter that is soluble in organic solvents and most of it forms
from kerogen during petroleum generation (except the small
amounts of bitumen that originate as biological lipids) (e.g.
Bordenave, 1993; Peters and Moldowan, 1993; Peters et al.,
2005; Speight, 2007; Tissot and Welte, 1978).

The type of kerogen (see Section 2.1) present determines source
rock quality and the composition of kerogen decides petroleum
potential (Figs. 1, 12). A single type or a mixture of types may
be present in a source rock (Figs. 2, 7). A significant number of
publications for kerogen classification, using optical microscopy,
are available (e.g. Alpern, 1975; Alpern et al., 1972; Batten, 1973;
Boulter, 1994; Boulter and Riddick, 1986; Bujak et al. 1977;

iii)

Burgess, 1974; Bustin, 1988; Combaz, 1980; Correia, 1971;
Gutjahr, 1983; Habib, 1979, 1983; Hart, 1986; Masran and
Pocock, 1981; Ottenjann et al., 1975; Parry et al., 1981; Staplin,
1969; Teichmiiller, 1974b, 1986; Teichmiiller and Teichmidiller,
1982; Tyson, 1987, 1993, 1995; Whitaker, 1984). Physicochemi-
cal classification of kerogens has also been reported by
Bordenave and Espitalié (1993), Cook and Sherwood (1991),
Cooper and Barnard (1984), Espitalié et al. (1977b), Horsfield
(1984), Langford and Blanc-Valleron (1990), Larter (1985),
Mukhopadhyay et al. (1985), Orr (1986), Tissot and Welte
(1978, 1984), and Waples (1985). A combination of techniques
offers the most complete assessment of source rock properties
(e.g., Teerman et al., 1995). As it was described in Section 2.1
three basic types of kerogen are found in sedimentary rocks
and their compositions are distinguished by correlations be-
tween optical microscopy and physical/chemical analyses
(Figs. 1, 15, 18). The van Krevelen diagram (Fig. 1) was first pro-
posed by van Krevelen (1961) to characterize coals using total
atomic composition for three major elements—C, O, H. Later a
combination of the S2 and S3 values from Rock-Eval pyrolysis
was used to provide a graphic representation called a pseudo-
van Krevelen diagram using the Hydrogen Index (S2/Corg) and
Oxygen Index (S3/Corg), both in mg/g (Figs. 19, 22). Both dia-
grams have been widely accepted to type kerogens and the qual-
ity of organic-rich rocks.

Organic petrographic techniques applied to source rock charac-
terization previously were described in Section 2.2.2 for the iden-
tification and diagnosis of dispersed organic matter components.
Maturity of organic matter in source rocks. Maturity of organic
matter can be determined through geochemical, geophysical
and petrographic analytical techniques that are currently used
for characterization of potential source rocks. There are hundreds
of research papers that have focused on this topic. Some were
provided by Aizenshtat et al. (1998); Akande et al. (1998),
Bordenave (1993), Brooks et al. (1987), Burgan and Ali (2009),
Canonico et al. (2004), Claypool and Mancini (1989), Corcoran
and Clayton (2001), Espitalié et al. (1977a,b), Hakimi et al
(2010a,b), Hanson et al. (2007), Khaled (1999), Law (1999),
Luofu and Lei (1999), Luofu et al. (2006), Mostafa et al. (1998),
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Peters and Cassa (1994), Robison et al. (1999), Sachse et al.
(2011, 2012), Shekarifard et al. (2012), Suarez-Ruiz and Prado
(1995), Talbot et al. (2004), Taylor et al. (1998), Tissot and
Welte (1984), Yurewicz et al. (1998), among others. Organic pet-
rographic techniques applied to maturity assessment of organic
components in source rocks were earlier described in
Section 2.2.3.

3.2.3. Oil shales

There is no strict geological or chemical definition of an oil shale
that is widely accepted, except that these rocks are immature with re-
spect to hydrocarbon generation. According to Tissot and Welte
(1984) any shallow rock yielding oil in commercial amounts upon py-
rolysis is considered to be an oil shale. However, there are some
workers that consider an oil shale as an organic-rich fine-grained sed-
imentary rock, containing up to 50 wt.% organic matter from which
liquid hydrocarbons can be extracted via retorting. Therefore, oil
shales are described as unconventional oil systems. Before mining,
the rock contains no producible oil and usually little extractable bitu-
men. Once mined, the oil shale can either be used directly as fuel for a
power plant, or processed to produce oil and other compounds (che-
micals and materials). The mineral fraction of the rock may include
clay minerals, carbonates, quartz and other minerals. Oil shales are
distributed widely around the world and hundreds of deposits are
known (e.g., Green River Shales in the western USA; Tertiary deposits
in Queensland, Australia; deposits in Sweden and Estonia; El-Lajjun
deposit in Jordan; deposits in France and Germany; Irati Shales in
Brazil; Manchuria in China; southern Mongolia, and Russia, among
others). Today, considerable quantities of oil shale are mined in
Estonia, Russia, China, Brazil, Australia, and Germany. Estonia's oil
shale industry currently is one of the most developed in the world.
The Eocene Green River Formation in the western USA contains the
largest oil shale deposits in the world. These oil shales are distributed
in three structural sedimentary basins: the Piceance Basin in western
Colorado, the Uinta Basin in eastern Utah and western Colorado, and
the Greater Green River Basin in southwest Wyoming and northwest
Colorado. According to the U.S. Geological Survey, the estimated
total in-place resources are about 1.5 trillion barrels of oil for the
Piceance Basin, about 1.3 trillion barrels of oil for the Uinta Basin and
1.44 trillion barrels of oil in the Green River Formation (US
Geological Survey, 2011).

Oil shales are generated in a wide range of sedimentary environ-
ments including terrestrial swamps and pools, large lakes, the transi-
tional zone between land and sea, and deep marine basins. The origin
of the organic matter frequently is marine or freshwater algae, but
other planktonic organisms and also bacterial biomass may contrib-
ute significantly. Oil shales have been deposited in lake basins, shal-
low seas, bogs and lagoons from the Late Precambrian to the
Tertiary. Based on the origin of the deposits, Hutton (1987) devel-
oped a classification scheme that considers differences in the compo-
sition of organic matter and the hydrocarbons produced. Terrestrial
oil shales (cannel coals) are deposited in stagnant, oxygen-depleted
waters on land, and are primarily composed of organic matter derived
from plant resins and waxes, pollen grains, spores, and the corky tis-
sues of vascular plants. Lacustrine oil shales were deposited in fresh-
water, brackish or saline lakes. These deposits are derived from algae
and/or bacterial biomass and, in addition, they can contain variable
amounts of higher plant remains. Marine oil shales are deposited in
any marine environment in which a high influx of organic matter
(originating from algae, unicellular planktonic organisms and dinofla-
gellates) is combined with good preservation conditions and sedi-
ment accumulation rates that allow the concentration of the organic
matter. These conditions can be met in the transition zone between
land and sea, in wide, shallow epicontinental seas, as well as in
deep anoxic oceanic basins such as the Black Sea.

Many studies have been directed at oil shale characterization, most-
ly conducted from an exploitation and utilization perspective such as
(e.g.,) those by Bartis et al. (2005), Bauert (1994), Borrego et al.
(1996), Bouchta (1984), Bsieso (2003), Cameron and McAdam
(1978), Cane (1976), Cardott (2005), Cook (1980), Cook and
Sherwood (1991), Cook et al. (1981), Crisp et al. (1987), Duncan
(1976), Duncan and Swanson (1966), Dyni (1988, 2001, 2003, 2006),
Fatimah and Ward (2009), Fu et al. (2009), Guthrie and Klosky
(1951), Hutton (1985a,b, 1986a,b,c, 1987, 1988, 1991, 1995), Hutton
and Henstridge (1985), Hutton et al. (1980, 1986), Johnson (1990),
Kalkreuth and Macauley (1984), Kattai and Lokk (1998), Kruge and
Sudrez-Ruiz (1991), Mendonga Filho et al. (2010b), Moritis (2008),
Padula (1969), Russell (1990), Schmidt (2003), Sener and Giindogdu
(1996), Suadrez-Ruiz and Prado (1995), Subasinghe et al. (2008),
Veiderma (2003, 2004), among others.

3.2.4. Black shales

Black shale is a dark-colored mudrock containing organic matter
and silt- and clay-size mineral grains that accumulated together
(Swanson, 1961). They are most often described as argillaceous, argil-
laceous-pelitic, argillaceous-siliceous and argillaceous-carbonate
sediments with higher amounts of more or less transformed organic
matter responsible for its black or dark gray color. Vine (1966) de-
scribed compositional variations responsible for the color of black
shales and how such variations can be used in their study. Most
black shales contain 1 wt.% or more organic carbon; 2-10 wt.% is a
common range and some black shales may contain >20 wt.% organic
carbon. However, the content of organic matter rarely exceeds a few
percent; when it is considerably higher the rock may yield petroleum
upon pyrolysis and hence can be described as oil shale. Pyrolysis of
black shale yields variable amounts of liquid and gaseous hydrocar-
bons, the amount depending on the nature of the original organic ma-
terial and thermal history. Black shales originate from different
depositional environments and the organic content mainly is consti-
tuted by structureless and carbonized (chemically inert kerogen) or-
ganic components; however, a variable amount of terrestrially-
derived components can be present (e.g., spores, pollen grains, and
woody material) together with marine microplankton (e.g., dinofla-
gellates). Black shales are deposited in low energy anoxic environ-
ments with sulfate-reducing bacteria generating hydrogen sulfide
after available oxygen has been consumed, consequently inhibiting
benthic life (Hallam, 1980; Tourtelot, 1979). These materials can be
considered source rocks of hydrocarbons and metals, frequently of
economic interest (Ganz et al., 1990; Leventhal, 1993; Meyers et al.,
1992). Some economically-significant metals (e.g., Fe, Au, Cu, Zn, Pt,
Ag, Mo, Cr, Pb, Nj, V, Co, Se, U, and others) may form complexes with
the organic matter (Krauskopf, 1955; Vine and Tourtelot, 1970). Organic
matter in black shales may also play a significant role in the transport and
deposition of metals (Anderson and Macqueen, 1982; Eugster, 1985;
Ewbank et al, 1995; Giordano, 1985, 2000; Giordano et al., 2000;
Leventhal, 1993; PaSava et al.,, 2008; Saxby, 1976; Sverjensky, 1987).
Some well known examples of black shales include the argillaceous, ar-
gillaceous—pelitic, and argillaceous—carbonate Anthracosia Shales of the
Late Paleozoic in the Sudety Mountains, Intra-Sudetic Basin, which
were deposited in lacustrine environments (Mastalerz and Nehyba,
1997; Nowak, 2007) and the Zechstein Kupferschiefer (Poland) of shal-
low marine origin (Oszczepalski, 1999), which is commonly acknowl-
edged as one of the most important metal source rocks worldwide
(copper and silver mineralization). The Kupferschiefer of Permian age
in central Europe and the Rammelsberg in West Germany are examples
of metal-enriched black shales. Despite the presence of metalliferous
black shales, the major interest in these rocks is the widespread recogni-
tion that they may be important sources of petroleum (e.g., Kolonic et al.,
2002) and recent interest has focused on black shales as reservoir rocks
for hydrocarbons (e.g., Eagle Ford and Bakken in the USA). Examples of
black shales as source of hydrocarbons are the Alum shales (Cambrian
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age) of Sweden that contain about 14 wt.% organic carbon and have been
used as a source of pyrolytic oil and uranium (Armands, 1972). Lower
Frasnian black shales were deposited in many parts of North Africa and
they form an important hydrocarbon source rock with TOC values of up
to 14 wt.% where exposed at the southern flanks of the Ahnet Basin, Al-
geria (Boote et al., 1998; Liining et al., 2000a,b, 2003a,b). Dark-colored,
thermally immature organic-rich marls, limestones and siliceous Ceno-
manian-Turonian strata with up to 11 wt.% TOC crop out in the Agadir
Basin, Morocco (Herbin et al.,, 1986; Wiedmann et al,, 1978, 1982). Or-
ganic carbon-rich strata in Cretaceous sequences also have been de-
scribed from many Deep Sea Drilling Project sites in the North Atlantic
Ocean. Although individual lithologies are different, these “black shales”
are darker in color and richer in organic matter than typical deep-ocean
sediments and sedimentary rocks (Dunham et al., 1988).

3.2.5. Carbonaceous shales

Carbonaceous shales are distinguished from black shales by con-
taining mainly Type IIl kerogen (terrestrial OM) and represent the
transition from humic coals into coaly shale. Typically they are black
in color, dull, hard and compact, and contain a fine stratification.
Taylor et al. (1998) published a detailed microscopic classification of
organic-matter rich sediments which employed the commonly used
classification of sediments by mineralogy and/or mineral grain size,
designating organic matter-rich rocks as carbonaceous (rocks with
terrigenous organic matter), sapropelic (rocks with aqueous marine
or lacustrine organic matter), and impregnated (rocks with secondary
organic matter, such as petroleum and solid bitumen). Sedimentary
rocks rich in terrigenous organic matter generally are clastic shales,
siltstones, and sandstones and understanding the origin of these ma-
terials may be of economical importance because they can be a source
of oil and especially gas. They are differentiated primarily by grain
size as: carbonaceous shales, carbonaceous siltstones, and carbona-
ceous sandstones. Carbonaceous shales generally are light gray to
black in color and contain fine bits and pieces of plant remains
(e.g.,) stems, twigs, roots, and leaves which can be observed in hand
samples. Scheidt (1988) and Scheidt and Litke (1989) observed that
the concentration of organic matter in clastic rocks generally becomes
smaller with increasing grain size in studies of interlayered sand-
stones, siltstones, mudstones and coals in the Upper Carboniferous
Ruhr basin, Northwest Germany. Scheidt (1988) proposed a classifi-
cation in which organic matter was considered fine detritus (<1 mm
in diameter), detritus (1-3 mm maximum diameter), coarse detritus
(3-10 mm maximum diameter and <2 mm thickness), plant rem-
nants (remains of twigs, leaves, fruits), stems (remains of stems
>1 mm size), roots (remains of plant parts oriented perpendicular
to the bedding plane), and coal pebbles (coal particles >2 mm diam-
eter, internally laminated). Based on this subdivision, it is possible to
define carbonaceous siltstones with detritus, carbonaceous shales
with plant remains, or carbonaceous sandstones with coal pebbles,
among others. A recent study of carbonaceous shales and coal and im-
plications for hydrocarbon potential was reported by Lee et al.
(2010).

3.2.6. Reservoir rocks

The term “reservoir” creates confusion between different disci-
plines. Exploration geologists apply the term to describe a porous
and permeable rock regardless of the fluid it contains. Reservoir engi-
neers apply the term to describe a rock that contains hydrocarbons
and associated fluids. This difference in meaning can cause problems
for multidisciplinary teams unless the terminology is clear to all
parties (Hartmann and Beaumont, 1999). The reservoir rock is one
of the essential elements of a petroleum system, with the other com-
ponents including petroleum source rock, seal rock, and overburden
rock (Magoon and Dow, 1994). Tissot and Welte (1984) indicated
that any permeable and porous rock may act as a reservoir for hydro-
carbon and this may include detrital (clastic) sedimentary rocks,

generally of terrigenous material, or chemical or biochemically pre-
cipitated rocks, usually carbonates. Other rocks such as shale, volcanic
and volcanoclastics, and fractured crystalline basement rock types
may act as reservoir and so they also can be considered as reservoir
rocks.

The characterization of a reservoir rock is fundamental for all
kinds of investigations related to oil and gas field exploration. The
reservoir provides the storage space for hydrocarbons (Biddle and
Wielchowsky, 1994) and the economic success of any prospect ulti-
mately depends on reservoir system performance. Therefore the res-
ervoir system controls two critical economic elements of a prospect:
i) the initial production rate and production rate decline over time
and ii) the amount of hydrocarbons ultimately recovered
(Hartmann and Beaumont, 1999). On the other hand, the two most
essential petrophysical elements of a reservoir rock are porosity and
permeability. Rock storage capacity (volume) is controlled by the
size and number of pores and porosity in sedimentary rocks can be
identified by type, including primary or intergranular (depositional)
and secondary porosity (diagenetic) or fractures. However, rock po-
rosity must supply enough volume to accommodate a significant
amount of fluids (Biddle and Wielchowsky, 1994; Hartmann and
Beaumont, 1999; Tissot and Welte, 1984). Porosity can be estimated
from petrophysical borehole logs (e.g., Schlumberger, 1972, 1996)
which are calibrated by core measurement data in best practice. Po-
rosity is obtained for each exploration well for each specific rock
layer and then contoured by interpolating between wells. The result-
ing map is then used to obtain porosity values for areas between
wells (Novinpour and Mousavi, 2000). The reservoir rock must be
permeable to fluids and gases, which is controlled by the size,
shape, and number of the pore throats (connections) per pore. Per-
meability usually is determined from analyses of conventional core
samples or sidewall core samples. Finally, capillary pressure and rela-
tive permeability are calculated and used to define saturation distri-
bution and the mechanism of two phase flow in the reservoir
(Novinpour and Mousavi, 2000; Timur, 1968; Uguro et al., 2002).

The majority of petroleum accumulations are found in clastic res-
ervoir rocks, among which sandstones are the most common reser-
voirs. It is significant, however, that more than 40% of the so-called
giant oil and gas fields occur in carbonates (Taylor et al., 1998;
Tissot and Welte, 1984). Recently, the discovery of giant oil reserves
in the “pre-salt” region offshore Brazil was made in carbonate reser-
voir rocks.

The study of reservoir rocks includes the analysis of common
types of secondary organic matter products—solid bitumen (‘pyrobi-
tumen’), and gaseous hydrocarbons, which in the case of production
from coals is commonly referred to as coalbed methane (e.g., Ayers,
2002; Kaiser et al., 1994a, 1994b; Pashin, 2008; Rightmire et al.,
1984a). Pyrobitumen is generated if petroleum is thermally cracked
into gas and tar. Faults and fractures partly filled with petroleum or
solid bitumen also can occur along migration pathways in source
and reservoir rocks (Huc et al., 2000; Lomando, 1992; Rogers et al.,
1974; Stasiuk, 1997; Taylor et al., 1998).

3.2.7. Coalbed methane exploration

As mentioned, coal is an important reservoir for natural gas pro-
duced as coalbed methane (e.g., Alsaab et al., 2008; Ayers, 2002;
Ayers and Kelso, 1989; Ayoub et al., 1991; Bostic et al., 1993; Bustin
and Clarkson, 1998; Cardott, 2012; Crosdale et al., 1998; Drobniak
et al., 2004; Gogoi et al., 2008; Gurba and Ward, 1999; Gurba and
Weber, 2000, 2001; Hackley and Warwick, 2005; Hackley et al.,
2007, 2009; Hacquebard, 2002; Kaiser et al., 1994a, 1994b;
Kalkreuth et al, 1994ab; Laxminarayana and Crosdale, 1999;
Mastalerz and Kvale, 2000; Rightmire et al., 1984a, 1984b; Warwick
et al., 2008). From the point of view of reservoir rocks, coal is classi-
fied as a continuous-type, unconventional gas reservoir because
coalbed methane plays typically span large areas of sedimentary
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basins and because gas dominantly is stored in an adsorbed rather
than a free state. Although coal reservoirs tend to be continuous,
they are extremely heterogeneous and have complex reservoir prop-
erties. Coalbed methane accounts for about 9.5% of the dry natural gas
produced in the United States, and coalbed methane reservoirs are
rapidly being commercialized around the globe (Pashin, 2008). In
coal, reservoir studies diverse geologic factors influence storage
capacity, hydrocarbon content, and production performance (e.g.,
Ayers and Kaiser, 1994; Pashin, 1998; Pashin, 2008; Pashin and
Groshong, 1998; Pashin et al., 1991; Scott, 2002b). The variability of
those geologic factors is conditioning the specific strategies for coal
bed methane development in each basin (Pashin, 2008). A recent
review by Busch and Gensterblum (2011) focused on sorption of
gases (CO,, CH4) and water on coal for primary recovery of coalbed
methane (CBM), enhancement of secondary recovery by carbon
dioxide injection (CO,-ECBM), and for permanent storage of CO, in
coal seams.

Coalbed methane (CBM) has two primary origins, namely thermo-
genic and biogenic. Biogenic methane in coal beds is attributed to mi-
crobial acetate fermentation and/or carbon dioxide reduction of the
coal substrate; thermogenic hydrocarbons in coal beds are generated
during catagenesis and limited to bituminous and higher rank
(Fig. 12). Coal beds may also serve as reservoirs for migrated thermal
gas that was generated externally. Biogenic and thermogenic gases
are isotopically distinct, and carbon and hydrogen (deuterium) isoto-
pic analysis can be used to identify different metabolic pathways for
microbial methanogenesis (McIntosh et al., 2010) and to differentiate
thermo- and biogenic gases (Whiticar, 1994, 1996).

Organic petrology investigations contribute to the assessment of a
potential coalbed methane reservoirs. For example, mean random vitri-
nite reflectance often is applied to determine thermal maturity and ther-
mogenic gas potential, and knowledge of coal petrographic composition
is necessary to estimate gas adsorption/desorption capacity. Examples of
the application of organic petrography to determining coalbed methane
potential can be found in (e.g.,) Alsaab et al. (2008), Ayers (2002), Ayers
and Kelso (1989), Ayoub et al. (1991), Bostic et al. (1993), Bustin and
Clarkson (1998), Crosdale et al. (1998), Drobniak et al. (2004), Formolo
et al. (2008), Gentzis and Bolen (2008), Gentzis et al. (2006, 2008),
Gogoi et al. (2008), Gurba and Ward (1999), Gurba and Weber (2000,
2001), Hackley and Warwick (2005), Hackley et al. (2007, 2009),
Hacquebard (2002), Kaiser et al. (1994a,b), Kalkreuth et al. (1993,
1996), Laxminarayana and Crosdale (1999), Liu et al. (2009), Mastalerz
and Kvale (2000), Quick and Tabet (2003), Warwick et al. (2008),
among others.

3.2.8. Shale gas

Development of unconventional natural gas reservoirs in shale
and the recognition of these systems as prodigious resources have
been a slow process but it is increasing in several basins around the
world. Development of coalbed methane production as mentioned
above, as well as tight gas sand, and gas shale reservoirs, for example,
has brought important successes, while also establishing a basis of
knowledge and experience that may prove applicable to other geo-
logic provinces (Montgomery et al., 2005).

Shale gas refers to in situ hydrocarbon gas present in organic-rich,
fine-grained, sedimentary rocks (shale and associated lithofacies).
Gas produced from organic-rich shales is of both biogenic and ther-
mogenic origin and stored in situ in gas shales as both adsorbed gas
(i.e., on organic matter) and free gas (i.e., in fractures or pores). For
commercial production of gas the low permeability shales require ex-
tensive fractures, natural or artificially stimulated (Selley, 2005).
According to Schmoker (1995) and Schmoker et al. (1996) a shale
gas system is an unconventional or continuous petroleum system
and a self-contained source-reservoir system. In this system, shales
that generated the gas also function as low matrix-permeability and
low porosity reservoir rocks. A shale gas system can be a part of a

petroleum system with both unconventional and conventional gas
accumulations, wherein the shale has sourced hydrocarbons reser-
voired in conventional accumulations yet retains some producible hy-
drocarbons. Shale gas resources can be classified by gas type and
other system characteristics (Jarvie et al., 2007). The shale gas sys-
tems can be separated by gas type: i) biogenic shale gas plays, such
as the Antrim Shale of the Michigan Basin (Martini et al.,, 2003)
which contains dry gas adsorbed in the organic matter, ii) thermo-
genic gas, and iii) mixed gas. Jarvie et al. (2007) classified shale gas
systems into five types: 1) high thermal maturity shales (e.g., Barnett
Shale of the Fort Worth Basin); 2) low thermal maturity shales (e.g.,
New Albany Shale in areas of the Illinois Basin); 3) mixed lithology
intraformational systems (e.g., Bossier Shale of east Texas); 4) inter-
formational systems where gas is generated in a mature shale and
stored in a less mature shale (e.g., Tertiary Waltman Shale Member
of the Wind River Basin, Wyoming); and, 5) combination plays that
have both conventional and unconventional production (e.g., some
vertical Anadarko Basin wells producing from Wapanucka and Hun-
ton reservoirs, as well as the Woodford Shale). There may also be
mixed systems containing both thermogenic and biogenic gas (e.g.,
possibly some New Albany Shale gas systems).

The Barnett Shale of the Fort Worth Basin, Texas, is an important
shale gas play in North America. It is an organic-rich, petroliferous
black shale of Middle-Late Mississippian age, long recognized as a prob-
able source rock for hydrocarbons throughout north-central Texas
(Montgomery et al.,, 2005). According to Jarvie et al. (2007), the Barnett
Shale gas system, a self-contained source-reservoir system, has generat-
ed large amounts of gas in the key productive areas because of: i) excel-
lent original organic richness and generation potential, ii) primary and
secondary cracking of kerogen and retained oil, respectively, iii) reten-
tion of oil for cracking to gas by adsorption, iv) porosity resulting from or-
ganic matter decomposition, and v) brittle mineralogical composition
which responds well to artificial stimulation (hydro-fracturing).

To date, successful shale gas plays in North America have all devel-
oped in shales that were deposited in marine environments with
Type Il kerogen. However, many exploration companies are pursuing
shale gas in other types of shales and lacustrine systems are a current
exploration focus in some areas. For instance, the Moncton subbasin
located in southeastern New Brunswick (Canada) is an area with ac-
tive shale gas exploration activity (Fig. 39).

Gas shale assessment is based on source rock characterization and
here organic petrology is important in evaluating oil/gas shales through
visual kerogen type, quality, and thermal maturity by vitrinite reflec-
tance in addition to delineation of source rock potential through TOC
analysis and Rock-Eval pyrolysis (e.g., Hackley, in press). These types
of organic petrographic and geochemical analyses are key in identifying
the best prospective areas for gas, and also for geochemical modeling of
hydrocarbon generation and retention, in recognition of gas storage
sites and primary migration pathways along the kerogen/bitumen net-
work (Cardott, 2012). Other important analyses in shale gas character-
ization include determination of hydrocarbon type (oil, condensate, wet
gas, dry gas) through thermal extraction gas chromatography, and gas
type and maturity determination by gas compositional and isotopic
characterization. However, exploration for shale gas requires a some-
what different mindset from that of conventional petroleum explora-
tion, and a completely different technology, in terms of seismic
prospecting, well drilling and completion (e.g., Chalmers and Bustin,
2008; Hill et al.,, 2007; Jarvie et al., 2001, 2003, 2007; Lopatin et al.,
2003; Loucks and Ruppel, 2007; Martini et al., 2003; Montgomery et
al., 2005; Pollastro, 2003; Pollastro et al., 2003, 2004a,b; Ross and
Bustin, 2007, 2009; Schmoker, 1995; Schmoker et al., 1996; Selley,
2005; Smith et al., 2010).

3.2.9. Coal as a conventional fossil fuel resource
Coal is another important fossil fuel resource and investigation of
coal through microscopic techniques has been ongoing since about
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Fig. 39. Outcrop photographs of the shale gas prospective lacustrine shales in the Moncton sub-basin, New Brunswick, Canada. a): Interbedded shales and sandstones, Frederick
Brook Member, Albert Formation, Horton Group, Early Carboniferous; b): Black shales with channel sand body, Frederick Brook Member, Albert Formation, Horton Group, Early
Carboniferous. Oil seeps in the Frederick Brook member demonstrate an active petroleum system.
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1830 (Taylor et al., 1998). Most of the world's coal is used for the pro-
duction of electric power. The other main use is for production of coke
as a reducing agent in the iron and steel industry. Coal is used as fuel
for manufacturing processes, such as the production of heat in ce-
ment kilns and other industrial plants, gasification and petrochemical
production, and for heating of domestic and commercial buildings.
Coal also is used as a raw material in a range of non-energy applica-
tions, such as the production of carbon electrodes for the aluminum
industry or as a precursor for a number of other carbon-based indus-
trial materials. For that, coal quality is the main parameter to be taken
into account. The quality of coals depends on their physico-chemical
characteristics which in turn are related to three independent param-
eters: rank, type and grade (Taylor et al., 1998; Ward, 1984). Coal uti-
lization differs from the usage of other mineral commodities in a
variety of ways which strongly influence the strategies of coal explo-
ration, preparation and quality control (Sudrez-Ruiz and Crelling,
2008; Taylor et al, 1998). Coal resources are present in almost
every country worldwide, with recoverable reserves in around 70
countries which are tracked and updated each year by several inter-
national institutions such as the IEA (IEA, 2010, using 2009 data and
with a comprehensive review of historical and current market trends
in the world coal sector) and BP (see BP Statistical Review of World
Energy, 2010) among other statistical databases available on-line.

In coal exploration, coal petrology has been applied to character-
ize the so called marker seams for identification and seam correlation
in coal deposits. A marker seam can be a macro- or microscopic char-
acteristic that can be recognized as typical for that seam and that per-
mits its identification across the basin or even in other basins. Seam
identification is important for the exploration of new coalfields and
for the planning of mining operations. The coal exploration process
begins with the creation of geological maps, collection of coal sam-
ples, and laboratory studies of organic petrology and geochemistry.
The principal aim of a coal exploration program is the discovery of
an economic deposit and its definition in tonnages of mineable and
saleable reserves, according to the United Nations Framework Classi-
fication for Fossil Energy and Mineral Resources (UNFC, 2009). This
document is an updated version of the “United Nations International
Framework Classification for Reserves/Resources—Solid Fuels and
Mineral Commodities”, which was adopted by the United Nations
Economic and Social Council in 1997 (UNECE, 1998), and recom-
mended for worldwide application (ECOSOC Decision 226/1997) to
include all extractable energy commodities.

The ISO coal classification standard (ISO 11760, 2005) is applicable
to coals of all ranks and is based on three main coal properties, with
two of them petrographic parameters (composition and rank). Coal
properties used in this international classification are the following:
vitrinite reflectance (%)—the mean random reflectance, to designate
rank, determined directly from ISO 7404-5 (2009) (note that for
high rank coals maximum vitrinite reflectance is preferred); vitrinite
content (% by volume mineral free basis) to designate the petro-
graphic composition (ISO 7404-3, 2009); and, ash yield (% dry
basis) to designate the amount of inorganic material present.

The majority of coal analytical and exploration methods are
intended to determine coal properties (Sudrez-Ruiz and Crelling,
2008; Taylor et al,, 1998 and references therein). The coal prospect
will only become exploited (mined) if it is large enough and of sufficient
quality that the coal can be economically recovered. For years, many
studies have been conducted from a coal exploration and mining per-
spective (e.g., Argall, 1979, Berkowitz, 1979; Carter et al., 1990; Cecil
and Medlin, 1987; Hacquebard and Donaldson, 1969; Harvey and
Dillon, 1985; Horne et al., 1978; Johnston, 1990; Marchioni, 1980;
McCabe, 1984, 1987; Muir, 1976; Rimmer and Davis, 1988; Stach et
al., 1982, among many others).

Coal quality has a significant influence on coal technological proper-
ties and therefore on the industrial utilization of coal. This has been ex-
tensively described from the coal petrology point of view by Sudrez-

Ruiz and Crelling (2008). However, in addition to considerations of
coal quality, optimization of coal use and minimizing its impact on the
environment are necessary components of 21st century strategy for
meeting the energy needs of society. Thus, by understanding the phys-
ical processes and chemical reactions that occur during formation, ex-
ploration and utilization of coal deposits, potential effects on the
environment can be predicted, minimized, and mitigated.

Another aspect of coals is related to its role as a potential source
rock for liquid hydrocarbons. According to the definition by ISO
11760 (2005), coal is a rock composed of more than 50 wt.% organic
matter and is thus by definition the rock type that is richest in organic
matter. For this reason, coal also is considered an important petro-
leum source rock (Ahmed et al., 2009; Akande et al., 2007; Davis et
al.,, 2007; Gogoi et al., 2008; Obaje et al., 2004; Pedersen et al., 2006;
Petersen 2006; Stasiuk et al., 2006; Wilkins and George, 2002) and
the ways in which petroleum compounds can be generated and
expelled from coal have been a subject of vigorous debate (e.g.,
Wilkins and George, 2002).

4. Summary and conclusions

Organic petrology is a discipline of the Earth sciences that has
remained a very active field of research since its inception, in which
it was dedicated almost exclusively to the investigation of coal. The
present review was intended to provide a general picture of organic
petrology in relation to its various applications in the field of geos-
ciences, emphasizing its contribution to both fundamental and ap-
plied scientific knowledge.

The scope of organic petrology is broad but contains two funda-
mental concepts: investigations of organic matter type (and amount),
and organic matter maturity, both of which have demonstrated to be
versatile tools alone or within multidisciplinary investigations related
to basin analysis and fossil fuel exploration. Consequently, a great
deal of research has been conducted as demonstrated by the array
of monographs, collected organic petrology research papers and con-
ference proceedings, and thematic special volumes on varied topics.
Much of that work have been cited here.

In the first part of this review, a synthesis of fundamental issues re-
lated to organic matter was presented. These are important for basin
analysis and fossil fuel resources exploration, the main applications of
organic petrology. Although the analytical technique most important
to organic petrology is optical microscopy in reflected white light and
fluorescence mode, palynofacies analysis (optical microscopy in trans-
mitted light) also was included herein because of its complimentary
nature and important role in the investigation of organic-rich rocks. Dis-
cussion of the applied aspects of organic petrology began with organic
facies analysis to infer paleogeographic depositional environment, fol-
lowed by geothermal interpretation. The role of organic petrology in
fossil fuel resources exploration was addressed herein, including a sum-
mary of the most recent research.

The undeniable economic interest of fossil fuel exploitation has
made organic petrology an extremely important discipline, not only
in the development of geological knowledge related to such deposits
but also in optimization of their use and in the implementation of ad-
vanced technologies that can enable their sustainable management.
For these reasons, organic petrology studies will remain of prime im-
portance in relation to the search for new oil and natural gas fields,
such as in the recent development of shale gas. Indeed, these studies
may become more important as explorationists are faced with in-
creasing difficulties due to progressive exhaustion of the more easily
discovered and produced resources.

The conjunction of organic petrography with other analytical
techniques is of capital importance in making advances in the knowl-
edge of organic matter and in addressing key questions and assessing
evolving trends regarding the use of coal and other solid fuels. By un-
derstanding the physical processes and chemical reactions that occur
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during formation, exploration, and utilization of fuel resources, po-
tential effects on the environment can be predicted and this review
has demonstrated how organic petrology techniques contribute to
this understanding Other disciplines may also profit by the informa-
tion provided by organic petrology investigations and so benefit
from interaction with this field, a topic developed in the second part
of this review. In particular, the second part will focus on applications
of organic petrology that are of increasing interest and importance to
society including environmental issues and forensics, in addition to
less commonly considered geological applications.
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