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CHAPTER 1: INTRODUCTION 

 

 

 

1.1 COALS IN GENERAL 

What is coal? 

There are various definitions of coal, but the complementary definitions of SCHOPF 

(1956) and the International Commission for Coal Petrology (ICCP) handbook (1963) are 

used here. SCHOPF (1956) defined that “coal is readily combustible rock containing more than 

50% by weight and more than 70% by volume of carbonaceous material, formed by the 

compaction or induration of variously altered plant remains similar to those of peaty deposits. 

Differences in the kinds of plant materials (type), in degree of metamorphism (rank), and 

range of impurity (grade) are characteristic of the varieties of coals”. In the ICCP handbook 

(1963), coal is defined as “a combustible sedimentary rock formed from plant remains in 

various stages of preservation by processes which involved the compaction of the material 

buried in basins, initially of moderate depth”.  

According to these definitions, it is clear that coal is considered as a mixture of 

organic plant remains and inorganic mineral matter that accumulated in a manner similar to 

modern-day peat deposits. The major organic constituents of peat can be floral components of 

vascular and nonvascular plants as well as algae which are associated with fungal, bacterial 

and animal remains (SCHOPF, 1956; ICCP HANDBOOK, 1963; MUKHOPHADHYAY & HATCHER, 1993). 

Generations of this vegetation died and settled to the swamp bottom, they formed rich 

carbonaceous layer that was subsequently overlaid by layers of mud and sand. As the burial 

depth increased, temperature and pressure rose concomitantly, it compressed, hardened the 

organic material and preferentially led to the lost of oxygen and hydrogen, and leaved a 

material with a higher percentage of carbon.  
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As coal seams usually originated from peat depositions, then the crucial factors in the 

formation of a peat swamp would be also the crucial factors in the formation of coal seams 

(STACH ET AL., 1982; TAYLOR ET AL., 1998). These factors include the evolution of the flora, the 

climate and geographical and structural position of the region which are discussed in the 

following. 

Review of peat (coal)-forming floras through time 

The first indications of vascular plants appear in the Middle Ordovician and especially 

during the Silurian, but they only became abundant or widespread over the continents until 

the Devonian. Thus, the peat formation leading to true coal seams only became possible since 

that time (Mid- and Late Devonian). Middle Devonian coals in China are cuticle rich, formed 

from a flora of pteridophytes, lycophytes and zosterophylls with some taller lycophytes 

(DEXIN, 1989; SHENG ET AL., 1992). Another Devonian cuticle-rich coal has been found in the 

Kuznetzk Basin (Russian), this coal is dominated by Orestovia devonida Ergolskyaya (LAPO & 

DROZDOVA, 1989). In the Lower Devonian, submerged plants (Psilophytes) grew in shallow 

lagoons, from these developed thin coaly layer such as those found in the slaty Haliseriten 

beds of the Rhenish Schiefergebirge (Germany; STACH ET AL., 1982; TAYLOR ET AL. 1998). 

It was not until the Early Carboniferous that important coal deposits formed, and the 

development of coal-forming peat become extensively in the Late Carboniferous. There were 

luxuriant forest swamps in which trees such as Lepidodendron and Sigillaria attained heights 

of up to 30 m (STACH ET AL., 1982; TAYLOR ET AL. 1998). In Euramerica, the latest Carboniferious 

and Permian coal-forming floras were dominated by tree ferns or tree ferns with Calamites 

respectively. In contrast, in the Cathaysian Province (e.g. China), arborescent lycophytes 

continued to thrive until the end of the Permian in association with tree ferns and cordaites. In 

places, the seed plants replaced spore-bearing plants during the Permian. Permian coals tend 

to be dominated by wood and leaf material in contrast to bark that dominated many 

Carboniferous coals (LAPO & DROZDOVA, 1989; COLLINSON ET AL., 1994). In Gondwanaland (the 

southern continent, e.g. Australia, Antarctica, S. Africa, India and South America), distinctive 

seed plants, including glossopterid trees, formed coals (COLLINSON ET AL., 1994). The large 

Permian coal deposits of Russia (Kuznetsk, Tunguska basin) formed predominantly from the 

Gymnosperm Cordaites, which appears increasingly as a contributor to peats in the higher 

parts of the Upper Carboniferous (STACH ET AL., 1982; TAYLOR ET AL. 1998). 
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In the Mesozoic, particularly in the Jurassic and in the Lower Cretaceous, 

Gymnosperms (Ginkgophyta, Cycadophyta and conifers) are the principal coal-forming 

plants, especially in Seberian and central Asiatic localities (STACH ET AL., 1982; LAPO & DROZDOVA, 

1989; MIAO ET AL., 1989; TAYLOR ET AL. 1998). The very rapid floral development between Lower 

and Upper Cretaceous times led to the rich angiosperm floras of the Upper Cretaceous and 

Tertiary swamps in N. America, Europe, Japan and Australia (STACH ET AL., 1982; TAYLOR ET AL. 

1998). In the warmest climates, peats were dominated by flowering plant communities, as 

they are today in tropical areas. The diversity of flowering plants contributed to an increased 

diversity of peat-forming communities and thus to a greater variety of peat types (IN COLLINSON 

ET AL., 1994).  

Peat forming conditions/ environments 

Peat formation requires the preservation of plant remains. It occurs in anaerobic 

environment, where the bacteria degradation is less efficient than in an oxygenated 

environment. Important factors influencing peat formation are the climate and tectonic 

conditions. Plant production is fastest in hot humid areas and slowest in dry or cold areas, 

however, organic decay is also more intense and faster in hot humid climates (STACH ET AL., 

1982; TAYLOR ET AL., 1998). Peat generally accumulates in bogs, fens, and swamps and to a 

lesser extent in marshes (FLORES, 1993). Bog peat deposits are topographically raised above the 

adjacent drainage system and morphologically domed with steep margins rising to a flat 

central surface. The bogs form as single bodies bounded by adjoining channels of a trunk-

triburary fluvial system. The plant community is reduced from the margin to the centre of the 

bog. Meanwhile, other peatlands comprise either mono-vegetational or vari-vegetational 

communities. Tectonic events, such as the formation of depressions, graben structures or 

otherwise subsiding areas, favour the formation of peat in fens, swamps, and marshes. The 

subsidence however should not be too fast or too slow. In the case of rapid subsidence, the 

swamps drown and limnic or marine sediments (clays, marls and limestone) then be 

deposited. If subsidence is too slow, the plant material on the surface will be decayed by 

fungal and bacterial actions and the already formed peat will be eroded (STACH ET AL., 1982; 

MCCABE, 1984; BORON ET AL., 1987; DIESSEL, 1992; TAYLOR ET AL., 1998).  
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There are about twenty coal-producing environments listed by DIESSEL (1992). They are 

within the following groups: the braid plain, the alluvial valley and upper delta plain, the 

lower delta plain, the barrier beach/strand plain system and the estuary. The coals formed in 

each of these systems tend to occur in seams of characteristic form and distribution. For 

instance, many coal seams deposited in lower delta plains are characterized by a large extent 

and thickness and by an association with shale, whereas seams deposited in upper delta plains 

(within interchannel areas) are discontinuous, of variable thickness and often associated with 

sandstones (HOWELL & FERM, 1980; LEVEY, 1985).  

Global coal distribution 

Coal deposits exist in nearly every region of the world, are mined in over 100 

countries on all continents, including Antarctica (COATES ET AL., 1990). However, commercially 

significant coal resources occur only in Europe, Asia, Australia, and North America (LANDIS 

AND WEAVER, 1993). Commercially significant coal deposits occur in sedimentary basins, 

typically sandwiched as layers called beds or seams between layers of sandstone and shale.  

FIGURE 1-1 represents a preliminary and simplistic attempt to show the distribution of 

coal around the world (except Antarctica; correlated with FIGURE 6 showed in LANDIS AND WEAVER, 

1993). Coal deposits in the United Kingdom, which led the world in coal production until the 

20th century, extend throughout parts of England, Wales, and southern Scotland. Coalfields in 

Western Europe underlie the Saar and Ruhr valleys in Germany, the Alsace region of France, 

and areas of Belgium. Coalfields in central Europe extend throughout parts of Poland, the 

Czech Republic, and Hungary. The most extensive and valuable coalfield in Eastern Europe is 

the Donets Basin, between the Dnieper and Don rivers (in parts of Russia and Ukraine). Large 

coal deposits in Russia are being mined in the Kuznetsk Basin in southern Siberia. Coalfields 

underlying northwestern China are among the largest in the world. Mining of these fields 

began in the 20th century. The most productive region in the United States is the Appalachian 

Basin, covering parts of Pennsylvania, West Virginia, Kentucky, Tennessee, Ohio, and 

Alabama. Other commercially important U.S. coal regions include the Powder River Basin, 

underlying parts of Montana and Wyoming; the Green River Basin in Wyoming; the Uinta 

Basin, covering areas of Utah and Colorado; and the San Juan Basin, underlying parts of 

Utah, New Mexico and Colorado (REVIEW IN STACH ET AL., 1982 AND TAYLOR ET AL., 1998).  
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Figure 1-1: Global coal distribution in North and South America (A; from Matveev, 1972; Wood and Bour, 1988); Europe, Africa, 
and Western Asia (B; modified from Matveev, 1972 by Landis and Weaver, 1993); Eastern Asia and Oceania (C; modified 
from Matveev, 1972 by Landis and Weaver, 1993).  
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Australian coals are widely distributed both spatially and temporally. The most 

important coals comprise of Permian coals (generally hard coals between high volatile 

bituminous and anthracite rank) in the Sydney, Gunnedah, Bowen Basins of New South 

Wales and Queensland and younger group of coals (at lignite rank range) from the Jurassic 

onwards in the Gippsland, Bass Basins (in Victoria), the Cooper/Eromanga Basins in the 

states of Queensland, Northern Territories, South Australia, New South Wales (MURCHISON, 

1987; TAYLOR ET AL., 1998; CROSDALE, 2004). Coals from New Zealand are widely found in both 

the North and the South islands. They cover the age from Cretaceous-Tertiary Basin. More 

details about New Zealand coals will be presented in SECTION 1.3. 

Constituents of coals  

The megascopic (macroscopic) components of coal have been termed ingredients 

(STOPES, 1919) or lithotypes (STACH ET AL., 1982). Based on its macroscopic components, coal is 

classified into two types: humic and sapropelic, in which humic coal is more common 
(POTONIE, 1908; HUNT, 1979; STACH ET AL., 1982; TISSOT AND WELTE, 1984; MUKHOPADHYAY AND HATCHER, 

1993; TAYLOR ET AL., 1998). Humic coals derived mainly from macroscopic plant debris such as 

wood, bark and leaves, deposited under oxic to sub-oxic conditions (HUNT, 1979, P. 273-279). 

This coal type is generally banded and classified as vitrain, clarain, durain, and fusain whereas 

sapropelic coal is unbanded (STACH ET AL., 1982). Sapropelic coal, subdivided into boghead and 

cannel coals, derived from microscopic plant parts such as spores, resins, waxes and algal 

materials deposited under sub-oxic to anoxic conditions (HUNT, 1979, P. 273-279). It may occur 

as lenses or thin layers within humic coal. 

The microscopic components are termed macerals (STOPE, 1935), which are originated 

from different organs or tissues of plants. A maceral of coal varies widely in its chemical 

composition and physical properties (STACH ET AL., 1982). Macerals are separated into three 

maceral groups, each of which is composed of several maceral types (ICCP, 1971; STACH ET AL., 

1982). These maceral groups are liptinite, vitrinite, and inertinite. They are defined according 

to their greyness in reflected light: liptinites are dark grey, vitrinites are medium to light grey, 

and inertinites are white and can be very bright (FIGURE 1-2). Liptinites are derived mostly from 

algae or spores, pollens, cuticles, and resins in the original plant material. They are known to 

have the richest hydrogen content and the highest petroleum potential. Vitrinites are derived 

from wood, bark, and roots. They contain less hydrogen than the liptinites do, but higher than 
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inertinites which are mainly oxidation products of the other macerals and are consequently 

richer in carbon (STACH ET AL., 1982; HUNT, 1991; TAYLOR ET AL., 1998; POWELL, 1978; 1988; POWELL 

AND BOREHAM, 1991; BOREHAM AND POWELL, 1993). Coals can contain different relative proportions 

of liptinites, vitrinites and inertinites, each having its own molecular compositions, and a 

given capacity to generate oil and gas (SAXBY AND SHIBAOKA, 1986; POWELL, 1988; MUKHOPADHYAY ET 

AL., 1991). 
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Based on the solubility of organic matter in common organic solvent (e.g. chloroform, 

dichloromethane, methanol-acetone-benzene), sedimentary organic matter can be divided into 

two parts. The organic matter soluble in organic solvent is called bitumen which contains 

“free” hydrocarbons formed during geological processes. The insoluble part is kerogen, a 

macromolecule made of condensed cyclic nuclei linked by heteroatomic bonds or aliphatic 

chains, which is liable to generate hydrocarbons upon thermal degradation (DURAND, 1980). 

Bitumen usually represents only 1-10% of the total organic matter, whereas kerogen 

comprises typically more than 90% (RULLKÖTTER, 1992; SUMMONS, 1993). The composition of 

bitumen and kerogen provide important insights into the biological origins of coal macerals 

Figure 1-2: The petrographic components of humic coal under reflected light. The 
macerals liptinite (dark), vitrinite (grey) and innertinite (light) can be seen. 
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and chemical reactions during progressive burial (DURAND, 1980). For the investigation of 

bitumen, biomolecules (biomarkers; molecular fossils) are used.  In the organic geochemistry, 

their varieties and structure diversities are invaluable information to assess the maturity and 

depositional environment of sediments (PETERS ET AL., 2005). 

There are three main types of kerogen (type I, II and III) based on their respective 

evolution path in the van Krevelen diagram, this being a graph of atomic H/C versus O/C 

ratios first used by VAN KREVELEN (1961) to characterize coal macerals and their coalification 

pathways. The maturation tracks for kerogens have been extended by TISSOT ET AL. (1974), these 

tracks have only minor differences compared to the original ones of van Krevelen. The 

models of the chemical structures of kerogens have been proposed by BÉHAR AND VANDENBROUCKE 

(1986), which are illustrated in FIGURE 1-3. These models have been based on analytical data, 

i.e. elemental analysis, electron microscopy, 13C NMR, thermogravimetry, functional analysis 

and pyrolysis. In these models, kerogen structures comprise aromatic centers or nuclei, 

crosslinked by bridges and fringed by functional groups. The bridges may consist of linear or 

branched aliphatic chains, oxygen or sulphur functional bonds (e.g. ketones, ester, ether, 

sulphide or disulfide), combination of an aliphatic chain with a functional groups etc. (TISSOT 

AND WELTE, 1984). 

Type III, the one of central importance in this thesis, is derived from continental plants 

and contains much identifiable vegetal debris. It is rich in humic macerals of the vitrinite 

group. Type I kerogen, derived mainly from algae lipids, contains much lipid material, but 

low content of polyaromatic and hetero compounds. It refers to kerogen with a high initial 

H/C atomic (c.a. 1.5 and more) and a low initial O/C ratio (lower than 0.1; TISSOT ET AL., 1974; 

DURAND AND MONIN, 1980; BEHAR AND VANDENBROUCKE, 1986). Kerogen II contains organic matter 

derived from a mixture of phytoplankton, zooplankton and microorganisms that has been 

deposited in a reduction environment. Type II kerogen has relatively high H/C (1.2 to 1.5) and 

low O/C (compared to type III) atomic ratios. This kind of kerogen contains less lipid material 

but higher polyaromatic content than kerogen type I does. 
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Humic coal is defined as kerogen type III, which has the relatively low initial H/C 

ratio (usually less than 1.0) and high initial O/C atomic ratio (as high as 0.2 or 0.3). The 

hydrogen content is lower due to a higher relative abundance of condensed aromatic and 

oxygen-containing structures (TISSOT AND WELTE, 1984). In the general framework of coal 

structures, aromatic centers are generally linked by hydroaromatic and methylene bridges and 

fringed with methyl, hydroxyl, carboxyl, keto, amine and other functional groups. Bridges in 

coal are more often cyclic and hydro-aromatic in nature than in kerogen, especially at lower to 

medium level of evolution, possibly alternating with short chain-like linkages including 

heteroatomic functions (TISSOT AND WELTE, 1984).  

Figure 1-3: Classification of kerogen type based in the hydrogen index against oxygen 
index diagram (left; Espitalié et al., 1977). The chemical structure of various 
kerogen types at the beginning of diagenesis (right; after Béhar and 
Vandenbroucke, 1986) 
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Coalification 

The alteration undergone during burial is termed organic metamorphism, or when 

referring to coal, coalification. Coalification is a combination set of biological, physical and 

chemical processes, and is comprised of five successive but overlapping stages (LEVINE, 1993). 

They are (1) peatification, (2) dehydration, (3) bituminization, (4) debituminization and (5) 

graphitization, although there are no sharp divisions between stages. These five stages also 

correspond more or less to the evolutionary stages described by TISSOT AND WELTE (1984) where 

peatification and dehydration correspond to diagenesis, bituminization and debituminization 

to catagenesis, and graphitization to metagenesis. Undergoing these five stages, plant remains 

proceed from peat, lignite, sub-bituminous coal, bituminous coal, anthracite coal, to graphite 

(a pure carbon mineral). These terms (peat, lignite, sub-bituminous, bituminous and 

anthracite) are used to represent different stages of the coalification process, indicating the 

rank of the coal. 

At the peat surface and immediately below it down to a depth of approximately 0.5m 

in the so-called “peatigenic layer”, the most severe alteration occurs with restricted access of 

oxygen (STACH ET AL., 1982). The principal processes affecting “surface peats” (SUGGATE, 1990) 

are oxidation and fermentation. Both aerobic and anaerobic microbiota appear to take an 

active role in catalyzing both types of reactions. The principal change occurring in “burial 

peat” (SUGGATE, 1990) is the progressive loss of moisture (dehydration), both through physical 

compaction and chemical transformations. Chemical changes in burial peats are believed to be 

facilitated by (anaerobic) bacteria, but to a lesser degree than in near-surface peats (LEVINE, 

1993). 

The physico-chemical stage of coalification is started and maintained by deep post-

depositional subsidence of the seam. It raises both temperature and pressure in response to the 

local heat flow and a growing thickness of overburden (DISSEL ET AL., 1992). It has been showed 

that temperature and the time during which this occurs primarily govern the coalification 

processes, meanwhile pressure retards chemical reactions during coalification but promote 

certain physical changes like loss of porosity and alignment of structural units (STACH ET AL., 

1982; TAYLOR ET AL., 1998). Rising temperature with depth causes the chemical rank increases. 

The coalification gradient is dependent on the geothermal gradient and on the thermal 

conductivity of the rock. The influence of geothermal gradient has been studied in the 
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horizontal Tertiary sediments of the Upper Rhine Graben where locally geothermal gradient 

varies strongly, (TEICHMÜLLER, 1979). Where geothermal gradient is high (e.g. 7-8°C/100m), 

bituminous rank is already attained at a depth of 1500m, where it is lower (4.2°C/100m) this 

occurs at 2600m depth. Similarly, MURCHISON ET AL. (1985) showed the variation of vitrinite 

reflectance with depth in two petroleum exploration boreholes from different Australian 

basins with similar stratigraphic successions but different present-day geothermal gradient. In 

the “cool” Perth Basin, 1% Rmax is reached at about 4.6 km depth whereas in the “hot” Cooper 

Basin the same reflectance was attained at only 2 km. Additionally, the influence of heat 

conductivity is also studied, in the Carboniferous rocks of the Teufelspforte borehole (Saar 

district). Rank hardly increases in a sandstone succession at depths between 490 and 680m, 

because the temperature differences are relatively small due to the good heat conductivity of 

the sandstone (DAMBERGER, 1968). 

The effect of heating duration on coalification is much debated. There is, however, no 

doubt that time only has an effect on coalfication when the temperatures are sufficiently high 

for chemical reactions to occur (STACH ET AL., 1982; TAYLOR ET AL., 1998). An example to show 

that time can be neglected at low temperature is the Lower Carboniferous lignites of the 

Moscow Basin, which were deposited more than 300 Ma ago but never subjected to 

temperature of more than 20-25°C since its deposition (LOPATIN, 1971). In contrast, short but 

strong heating (e.g. surroundings of magmatic intrusions) often leads to anthracite, as has 

been reported by many authors. The effect of temperature on coalification is exponential 

whereas the effect of time in linear (LOPATIN, 1971; GRETENER & CURTIS, 1982). At temperature 

below 50°C or above 130°C the conversion rate correspondingly is so slow or so fast that time 

has no important role (GRETENER & CURTIS, 1982). These authors concluded that the effect of time 

is noticeable mainly in the range between 70-100°C.  

Pressure, either due to an increasing weight of overburden or tectonism, has quite 

contrasting effects on coalification (DIESSEL ET AL., 1992). As rank is frequently higher in 

strongly folded regions than in unfolded regions, so it was assumed that fold pressure 

promotes coalification. What was overlooked was that the most severely folded rocks in the 

foredeeps usually sank to very great depths before folding commenced and they were 

therefore heated particularly strongly. In the Ruhr and in other basins, it has been 

demonstrated that coalification was largely completed before folding. It has been showed that 

in preorogenic coalification the isorank lines run parallel to the major bedding planes; in 
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synorogenic coalifcation they lie obliquely; and in postorogenic coalification they lie 

horizontally (TEICHMÜLLER & TEICHMÜLLER, 1971; TEICHMÜLLER, 1987). On the contrary, experiments 

involving artificial coalification show that static pressure does not promote chemical 

coalification changes, but even retards them because the removal of liquid and gaseous 

coalification products is retarded (HUCK & PATTEISKY, 1964; DAVIS & SPACKMAN, 1964; BOSTICK, 1973; 

HORVATH, 1983; GOODARZI, 1985). The rapid tectonic movement occurring along faults and 

overthrusts during earthquakes may occasionally cause a local rise of rank, probably due to 

concentrated frictional heat (STACH ET AL., 1982; TAYLOR ET AL., 1998).  

Resulting from burial processes, physical and chemical environment changes, 

structure of the immature kerogen is therefore no longer in equilibrium with its surroundings 

(TISSOT AND WELTE, 1984). The major physical changes that coalification brings out are a 

reduction in moisture content, an increase in density and a decrease in porosity. Chemical 

changes are an extension of the humification process and include condensation, 

polymerization, aromatization and loss of functional groups. A progressive elimination of 

functional groups and of the linkages between nuclei results in a wide range of compounds 

formed, including medium to low molecular weight hydrocarbons, carbon dioxide, water, 

hydrogen sulphide, etc (TISSOT AND WELTE, 1984). During coalification, aromatization and 

condensation of the solid residual products take place. In other words, the maturation of coal 

is characterized by both cracking and aromatization/ condensation mechanisms (FIGURE 1-4; 

STACH ET AL., 1982; TISSOT AND WELTE, 1984; SOLOMON, 1988; SCHENK AND HORSFIELD, 1998; TAYLOR ET 

AL., 1998). During the coalification though bituminous coals to anthracites, the average 

stacking number of aromatic sheets increases both in coal and in kerogen, solid residua 

become more condensed (TISSOT AND WELTE, 1984). 

 

 

 

Figure 1-4: General chemical structure of coal changes during the coalification 
of bituminous coals and anthracites (after Teichmüller & Teichmüller, 
1968; showed in Tissot & Welte, 1984; Stach et al., 1982; Taylor et al., 
1998). -o- = hydrogen bonding; - = molecular bonding 
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Increasing metamorphism results in increasing coal rank, which is commonly defined 

as the degree of coalification, and fundamentally controlled by geological or burial history. 

Whatever its composition, organic matter with the same burial history, has the same rank. 

Rank has direct relationship with paleotemperature (LEWAN, 1985; SUGGATE, 1990; PRADIER ET AL. 

1991, LEVINE, 1993; NEWMAN ET AL. 1997; WILKINS AND GEORGE, 2002). As the coal's rank increases so 

does its hardness, brittleness, brightness, and energy potential. Coal rank can be determined 

by general parameters such as moisture and volatile matter content, vitrinite reflectance, or by 

chemical parameters, such as carbon or hydrogen content and calorific value (TISSOT & WELTE, 

1984; LEVINE, 1993). However, none of them is ideal for all rank ranges: moisture and calorific 

value are typically used for brown coals; volatile matter and vitrinite reflectance are used over 

the bituminous hard coal range, and carbon or hydrogen content or volatile matter 

determinations are best applied in low volatile bituminous hard coals and anthracites (TISSOT & 

WELTE, 1984; NEWMAN ET AL. 1997). Additionally, these rank parameters can be affected by the 

variation in organic matter type and/ or depositional environment (REVIEW IN WILKINS AND 

GEORGE, 2002). Even so, there is the most widely utilised approach in New Zealand coal 

studies that is the Suggate´ s “Rank(S)”, which is based on diagrams of volatile matter versus 

specific energy of coals (SUGGATE, 1959; SUGGATE, 2000). This parameter is believed to be far 

less affected by variations in coal type than vitrinite reflectance and Rock-Eval Tmax (SUGGATE, 

1959; NEWMAN AND NEWMAN, 1982; SUGGATE AND BOUDOU, 1993; SUGGATE, 2000; SYKES AND SNOWDOW, 

2002; WILKNINS AND GEORGE, 2002). 

Hydrocarbon generation from terrestrial organic matter 

Nowadays, the oil potential of coals, especially those enriched in perhydrous macerals, 

has been considered (BERTRAND, 1984). Coals containing different relative proportion of 

macerals would have different oil and gas potential. Since, difference in relative proportion of 

macerals leads to different in hydrogen content that is a limiting factor controlling the oil and 

gas generated from sedimentary organic matter (HUNT, 1991; MUKHOPADHYAY ET AL., 1991; BOREHAM 

AND POWELL, 1993; POWELL AND BOREHAM, 1994). As the liptinite content of organic matter increases 

so does the hydrogen content, thus the higher the liptinite contents of coal, the greater its 

ability to generate oil and gas (BERTRAND, 1989; HUNT, 1991). A minimum of 15-20% liptinite 

content in a coal is considered as important for source rock (POWELL, 1988A; HUNT, 1991; FOWLER 

ET AL., 1991; MUKHOPADHYAY ET AL., 1991; MUKHOPADHYAY AND HATCHER, 1993). In contrary, the 

hydrocarbon potential is reduced by the high inertinite content, mainly due to pre-sedimentary 

oxidation of the original biomass, but also due to early diagenetic processes that lead 
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especially to the formation of micrinite, or to post-sedimentary alterations (SAXBY AND SHIBAOKA, 

1986; BERTRAND, 1989). Besides, it has been shown that the oil-prone coals can be the vitrinite-

rich and liptinite-poor coals, e.g. New Zealand coals (NEWMAN AND NEWMAN, 1982; NEWMANN ET AL., 

1997; KILLOPS ET AL., 1994; 1998). It means that not only liptinite macerals but also perhydrous 

vitrinite macerals can be important source of liquid hydrocarbons in certain coals. In case of 

humic coals that have macerals from the vitrinite group as the main petrographic components, 

thus vitrinites would have a significant or even preponderant influence on the overall 

petroleum potential. As vitrinites are very chemical diversity, which cannot be fully described 

by a bulk determination of their maceral composition, so that they cause the relationship 

between the petroleum potential and maceral composition of humic coals is not clear (DURAND 

AND BERTRAND, 1984; BERTRAND ET AL. 1986). 

According to the reviews of MURCHISON (1987), COLLINSON ET AL. (1994) and MACGREGOR 

(1994), it shows that the occurrences of coal-bearing sequences tied to oil reserves are far 

more limited. There are two main associations have been defined: (1) a Tertiary tropical 

angiosperm association, deposited in palaeolatitudes less than 20°. This group is dominated 

by S.E. Asian examples. Based on the most recent data, the proportion of oil reserves tied to 

coal measures source in this region is between 10-30%; (2) a Late Jurassic-Eocene 

gymnosperm assemblages, deposited in high paleolatitudes (40-60°S) on the Australian and 

New Zealand Plates, and dominated by the Gippsland Basin. The other members of this 

association are the more marginal and relatively gas-prone source rocks of the Taranaki and 

Eromanga basins. A rough estimate shows that oil reserves sourced from coal-bearing 

sequences make up less than 1% of the world´ s known oil reserves, and there is poor 

correlation between the global distribution of major oil and coal reserves (MACGREGOR, 1994). 

More recently, there are many publications reporting oil-prone coals from outside these above 

two main associations. They include Cretaceous Almond Formation coals of Greater Green 

River Basin, Wyoming (GARCIA-GONZALES ET AL., 1997); Jurassic coals of northeast Greenland 

(BOJESEN-KOEFOED ET AL., 1996); Middle Jurassic coals of the Danish Central Graben (PETERSEN ET 

AL., 1998); and mid-Norway (ODDEN ET AL., 1998); Jurassic coals from Tarim, Junggar and 

Turpan Basins, northwestern China (HUANG ET AL., 1991; HENDRIX ET AL., 1995); Upper Cretaceous 

Fruitland Formation coals, San Juan Basin, New Mexico and Colorado (CLAYTON ET AL., 1991; 

MICHAEL ET AL., 1993) and Permian coals from the Bowen and Surat Basins, Australia 

(BOREHAM ET AL., 1999). In contrast to the situation for oil, coal-sourced gas seems to have a 

wide geographical distribution, and is more consistent with the global distribution of coals 
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(MACGREGOR, 1994). This includes huge amounts of gas in the former Soviet Union and in the 

North Sea, non-associated dry gas reserves in Europe, wet gas and condensates in Australasia 

and S.E. Asia. It obviously shows that gas-expelling coals occur over a wide range of 

palaeolatitudes, ages and continents. The peak of coal development, maintained throughout 

most of geological history at around 50°N (MACGREGOR, 1994). 

By means of a comparative investigation of many oils from around the world thought 

to have originated from terrigenous source materials PHILP (1994) demonstrated that there are a 

number of geochemical characteristics common to this type of oil which permit them to be 

readily recognized. For example, the organic sulphur content of oils from terrigenous source 

materials is generally very low and in many cases virtually zero. The extract or oil related to 

higher plant source input possess a pronounced long chain n-alkane (n-C23+) contribution 

(PHILP, 1994). Pristane/ Phytane ratios are typically greater than one, indicating oxidizing 

depositional environment (PETERS & MOLDOWAN, 1993). Tri- and tetracyclic terpanes in the C19 

and C20 range have long been known to be associated with resins from higher plants (THOMAS, 

1969). Pentacyclic triterpenoids such as oleananes, lupanes and ursanes, along with their 

demethylated analogues are abundantly found in oils of New Zealand (WOOLHOUSE ET AL., 1992; 

CURRY ET AL., 1994; KILLOPS ET AL., 1995), Taiwai (PHILP AND OUNG, 1991), Beaufort-Mackenzie 

Basin, Canada (CURIALE, 1991), Nigeria (WOOLHOUSE ET AL., 1992) etc. These non-hopanoid 

terpanes are known to be derived from higher plants (PHILP, 1985; PETERS & MOLDOWAN, 1993; 

KILLOPS AND KILLOPS, 1993).  

Methods for assessing the petroleum potential of coals 

Methods for assessing the petroleum potential of coal fall into two categories 

according to whether they attempt a determination of oil generating characteristics by 

experimental simulation of the coalification process, or assess the petroleum potential by 

inference from petrological or geochemical examination of naturally matured coals (REVIEW IN 

WILKINS AND GEORGE, 2002). Belonging to the first category, pyrolysis, offering great 

convenience for the rapid and routine assessment of samples, is the most commonly used 

technique to determine hydrocarbon potential (LARTER, 1984; DOUGLAS AND LARTER, 1982; 

HORSFIELD, 1984; 1989; LARTER AND HORSFIELD, 1993). It has been used as a reference standard 

against which other methods of determining petroleum potential can be evaluated (POWELL ET 

AL., 1991). This method provides information about kerogen types, level of thermal maturity, 

and the bulk geochemistry of the pyrolysate products (ESPITALIÉ ET AL., 1977; DEMBICKI ET AL., 
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1983; LARTER, 1984; HORSFIELD, 1989). Analytical pyrolysis has revealed that kerogens thermally 

degrade to yield many types of low molecular weight compounds including hydrocarbons, 

ketones, alcohols, nitriles and thiols, as represented by cyclic and acyclic, saturated and 

unsaturated carbon skeletons (ROVERE ET AL. 1983; WILSON ET AL. 1983). Sulphur- and oxygen-

containing compounds are most abundant in the pyrolysis products of low maturity samples 

(SINNINGHE-DAMSTE ET AL. 1989). This points to a generation of these species during diagenesis 

and early catagenesis, and/or their incorporation in condensed ring systems (HORSFIELD, 1997). 

The potential of coals to generate either oil or gas was determined semi-quantitatively by 

HORSFIELD (1989). The need to employ analytical pyrolysis, and the deficiencies of using on 

Rock-Eval pyrolysis was discussed by HORSFIELD ET AL. (1988). COOLES ET AL. (1986) provided a 

mass-balance approach to yield the quantitative assessment of petroleum plays, based on 

pyrolysis data for maturation series. According to these authors, kerogen is made up of three 

fractions: the fraction of kerogen that may be converted to petroleum is called reactive, 

includes a labile component that can generate both oil & gas and a refractory component, 

which generates dominantly gas. The remaining fraction is termed inert, which has no 

hydrocarbon generative potential. Petroleum potential is quantified in terms of petroleum 

generated and expelled. It is not clear if such methods are directly applicable to coal because 

the aromatisation reactions which occurr in nature are not fully reproduced during pyrolysis 
(HORSFIELD, 1997; SCHENK AND HORSFIELD, 1998). 

There is no single petrological or geochemical parameter, within the second category, 

that is universally accepted as an accurate measure of petroleum generation potential. A wide 

range of geochemical techniques has been used to assess the petroleum generation potential of 

samples. The micro-techniques, e.g. fluorescence spectrometry, IR-microspectroscopy, which 

identify the maceral composition of coals, measure the reflectance or fluorescence properties 

(TAYLOR ET AL., 1998). Fluorescencing macerals are considered oil-prone. Nevertheless, the 

chemical variability of any given maceral is great, resulting in the relationship between 

petroleum potential and maceral composition of humic coals to be unclear (DURAND AND 

BERTRAND, 1984; BERTRAND ET AL., 1986; POWELL ET AL., 1991; BOREHAM & POWELL, 1993). The macro-

scale method, such as elemental analysis, provides compositions of C, H and O that make up 

most of kerogen structures. The atomic hydrogen-to-carbon and oxygen-to-carbon ratios 

ratios have been used to classify the type of kerogen (VAN KREVELEN, 1961). It is believed that the 

petroleum potential of individual macerals increases in the order of increasing H/C ratio 

(HUNT, 1979). For coal to generate liquid hydrocarbons, its bulk atomic H/C ratios would fall in 
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the range larger than 0.8-0.9 (POWELL, 1988; HUNT, 1991). Furthermore, ORR (1981; his EQUATION 

2; Also discussed in CHAPTER 5) has provided an equation presenting systematic relation 

between elemental compositions and pyrolytic hydrocarbon yields, with a broad range of 

atomic H/C (0.71- 1.55) and a more restricted O/C (0.08- 0.19) ratio range. However, POWELL 

ET AL. (1991) AND BOREHAM & POWELL (1993) argued that it was impossible to correlate pyrolysis 

yields to atomic H/C for values between 0.8 and 1.0. 
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1.2 RESEARCH PERSPECTIVES AND OBJECTIVES 

Problem 1- Unraveling early diagenetic changes 

Relatively little attention has been directed at chemical changes affecting 

macromolecules during diagenesis stage. Broadly speaking, it is here that biopolymers are 

first degraded by microorganisms into individual biomonomers (amino acids and sugars), 

some of which are used for their nutrition, and the residue not used by microbes recombine by 

polycondensation, polymerisation, and insolubilization to finally form kerogen (TISSOT AND 

WELTE, 1984). Therefore, my dissertation focuses on this immature stage to bring out new 

insights into molecular alterations, macromolecular structural evolution, elemental-

compositional changes as function of maturation and to propose which processes cause these 

changes. In order to do this, good quality immature samples of constant organofacies, which 

cover a broad range of maturity, are needed. Maturity parameters, used to define such a series, 

should change significantly and measurably with increasing rank and their magnitude should 

reflect only the diagenetic alteration of the coals and not differences in organic matter type 

and grade (LEVINE, 1993).  

Of particular note is the observation by several authors that many immature coals from 

around the world often have rather high extraction yields, typically around 90 mg extract per 

gram TOC or extremely high voleums of around 200 mg/g at very low rank (DURAND ET AL., 

1977; HVOSLEV ET AL., 1988; HORSFIELD, 1984; BECHTEL ET AL., 2005). FIGURE 1-5 presents the 

extraction yield at the immature range that has been reported by DURAND ET AL., (1977). The 

high extraction yield of immature coals raises the question whether or not bitumen affects on 

the petroleum potential and structural evolution of coals. Therefore, the purpose of this 

dissertation is also to find out the possible interaction between kerogen and bitumen during 

pyrolysis, and/ or the important role of bitumen in defining the petroleum potential as well as 

its effects on structural evolution of coals (Discussed in CHAPTER 7). 
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Problem 2- Deep biosphere 

Microbial gas accounts for about 20% of natural gas found in economic quantities 

(RICE AND CLAYPOOL, 1981). Accumulations of biogenic gas have been discovered in Canada, 

Germany, Italy, Japan, Trinidad, the United States in Cretaceous and younger rocks, at less 

than 3350 m of burial, and in marine and nonmarine rocks (RICE AND CLAYPOOL, 1981).  

Conventional concepts cannot account for methanogenic activities at which appear to occur at 

thousands of metres depth because biologically formed substrates are supposed to be 

exhausted here. However, it has recently been shown that microbes can exist at very high 

temperatures of up to 113°C (PARKES ET AL., 2000) in hydrothermal settings and 85°C during 

sedimentary basin subsidence (ZINK ET AL., 2003). It has been suggested that nutrients may be 

provided by abiotic reactions in deeper sediments (RICE & CLAYPOOL, 1981; PARKES ET AL., 2000). In 

Figure 1-5: Quantity of extract and hydrocarbons as a function of 
vitrinite reflectance in a series of coals from brown coals to 
anthracite (after Hagemann et al., 1978; Durand 1977) 
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other words, the deep biosphere could be a bottom-up feeding system rather than the top-

down feeding system of the shallow biosphere. It is assumed that the small, functionalised 

molecules are not only the fermentation products of bacterial degraders in the shallow 

biosphere but also the products of abiotic chemical reactions. These compounds can be 

sustained in ecosystems that are fully detached from surfaces processes. Besides, organic-rich 

lithologies are assumed to appear as potential feeder, whereas others, coarse-grained 

sandstones are potential hosts to microbial ecosystems (HORSFIELD AND KIEFT, 2007; HORSFIELD ET 

AL., IN PREP). Biological activity occurs more frequently at the lithological boundaries or 

interfaces. It is also possible that one lithology can act as both feeder and carier, e.g. siltstones 

where both potential feeding stocks and porous water-wet environment are co-exist.  

Having completed the Nankai Trough study (HORSFIELD ET AL., 2006), we are now 

concentrating our efforts on terrigenous organic matter. Terrigenous organic matter, 

especially low rank coals containing high extractable organic matter, appears to be well suited 

for feeding the deep biosphere. This type of organic matter is known to generate abundance of 

low molecular weight oxygenated compounds (e.g. CO2, organic acids) and hydrogen (?) 

during diagenesis and catagenesis (TISSOT AND WELTE, 1984). The loss of oxygen represented as 

the fall in atomic O/C ratio and infrared C=O absorption is obviously for terrestrial organic 

matter during diagenesis (TISSOT ET AL., 1974; DURAND AND MONIN, 1980; Also discussed in 

CHAPTER 5). Oxygen contributes as main proportion in the structure of kerogen, it may make up 

10-25% weight of kerogen (up to ~ 27.5% in kerogen type III) in immature sediments 

(TISSOT AND WELTE, 1984, P.154). As burial depth increases, chemical bonds are successively 

broken: oxygen and heteroatoms are partly removed as light products (CO2, H2O and N2). 

Additionally, hydrogen release as the resulted of lignin alteration at very early-low levels of 

thermal maturation has been reported by (PAYNE AND ORTOLEVA, 2001). CARR AND WILLIAMSON (1990) 

noted that aromaticity of coal increases most rapidly in the lignite rank range ostensibly 

resulting in the release of hydrogen. The hydrous pyrolysis of kerogens produces copious 

quantities of acetate and acetic acid. While these compounds may then breakdown further into 

methane and carbon dioxide (CAROTHERS AND KHARAKA, 1978), they can also act as a substrate for 

methanogens. 
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The “Deep Biosphere in Terrestrial Systems” (DEBITS) project, run by GFZ 

Potsdam (Germany), the University of Cardiff (U.K.) and the Institute of Geological & 

Nuclear Sciences (New Zealand), is therefore in progress with the following objectives:  

• To examine whether abiotic reactions occurring during diagenesis may 

generate organic compounds which are suitable substrates for microbial 

activities. The work concentrates on the New Zealand Coal Band, covering the 

entire spread of coalification at low rank from peat to lignite stages. 

• To quantify the microbial populations dwelling in various lithologies in the 

peat through sub-bituminous rank range. A borehole was sunk for this purpose 

in 2004 taking special precautions to minimise contamination. 

At the primary step, it needs to ensure that facies variability within the rank series is 

understood, the molecular compositional changes within the coal band sequence in regard to 

distinguish the influences of organofacies and maturity need to be clear. Once this has been 

achieved, the generation of low molecular weight compounds, potentially representing 

feedstock for deep biosphere ecosystems, can be measured or calculated for a given coal type. 

Therefore, the other aim of this dissertation has been to gather information about depositional 

environment and insights into the plant communities that have contributed to New Zealand 

coals (Discussed in CHAPTER 3, CHAPTER 4). Importantly, in this dissertation, the loss of CO2 

during diagenesis has been quantified based on the fall of oxygen index during maturation to 

provide the quantitative feedstock potential for deep biosphere ecosystems of terrestrial 

organic matter. 
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1.3 APPROACH 

The New Zealand Coal Band 

The research objectives of this thesis are addressed using the New Zealand Coal Band, 

which covers a wide range of rank from peat to semi-anthracite, and was used by Suggate to 

develop a linear coal rank scale that is denoted as Rank(Sr). Rank(Sr) is a two-parameter rank 

scale that utilises independent cross-plots of volatile matter (VM) against calorific value (CV) 

and of atomic H/C versus O/C. VM and CV are adjusted to the dry, mineral matter- and 

sulphur-free (dmmsf) basis and atomic H/C and O/C to the mineral matter-free (mmf) basis.  

The coalification pathway of New Zealand coals from peat to anthracite is divided into 25 

equal rank increments to give a numerical measure of geological rank, from 0 (peat) to 25 

(meta-anthracite). The rank increments are designed to represent 10°C increments of 

maximum burial temperature and with uniform geothermal gradients. The slopes of the rank 

lines on the cross-plots parallel the trends shown by sets of iso-rank coals of different organic 

matter type. SYKES AND SNOWDON (2002) pointed out that a Rank(Sr) 9- 10 corresponds to the 

onset of petroleum generation from organic matter cracking while at levels of 11- 12.5 oil 

expulsion is assumed to start. 

Additionally, the Rank(Sr) diagrams also provide an indication of coal type. The base 

of the New Zealand Coal Band is regarded as the coalification line of average-type coal 

(FIGURE 2-2). This line and the Coal Band itself provide references against which coals of 

different type can be compared independently of differences in rank (SUGGATE AND BOUDOU, 

1993; SUGGATE, 2000). Samples plotting within and above the Band are relatively volatile- and 

hydrogen-rich (or perhydrous), and those below, relatively volatile- and hydrogen-poor (or 

subhydrous; see FIGURE 2-2 IN CHAPTER 2). Use of the Rank(Sr) scale was restricted to coals with 

<20% ash (dry basis) because the required adjustment of the rank parameters to the mineral-

matter-free basis is more precise when ash contents are low. The Rank(Sr) has limited 

applicability in its application to petroleum geochemistry since calorific value and proximate 

and ultimate analyses are not applicable to dispersed organic matter in shales. It, however, has 

proved extremely useful in investigation of the petroleum potential of coal measure sequences 

in New Zealand (SYKES ET AL., 1992; KILLOPS ET AL., 1994, 1998; NEWMANN ET AL., 1997; NORGATE ET 

AL., 1997). The Rank(Sr) is far less affected by variations in coal type than vitrinite reflectance 

and Rock-Eval Tmax (SUGGATE, 1959; NEWMAN AND NEWMAN, 1982; SUGGATE AND BOUDOU, 1993; 
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SUGGATE, 2000; SYKES AND SNOWDOW, 2002). In this dissertation, the Rank(Sr) is used as the 

maturity parameter, however, to enable comparison to other previously studies, vitrinite 

reflectance values (%) were also used where it is required. 

It should be noted that not all of New Zealand's coals were formed at the same time, 

most New Zealand coal deposits are between 20 and 75 million years old, it is very young 

geologically. According to BARRY ET AL. (1994), Late Cretaceous coal measures (about 70 

million years old) in the Greymouth, Ohai, and Kaitangata areas contain major coal resources 

in terrestrial sedimentary sequences, deposited in a series of long narrow fault-bond basins. In 

the South Taranaki Basin, Late Cretaceous Pakawau Coal Measures are considered to be an 

important petroleum source rock (DUFF, 1991). Coal of Early Tertiary age (mainly Eocene) is 

much more extensive, and is found in both islands. Coal measures form the base of marine 

transgressive sequence. The Waikato Coal Measures (about 40 million years old) of North 

Island and Brunner Coal Measures of Westland contain major coal resources. In the 

Greymouth and Ohai coalfields, Eocene coal measures overlie the Late Cretaceous coals 

measures, while in other areas they deposited directly on the peneplained and often deeply 

weathered basement surfaces. During the Miocene, coal measures were deposited on marine 

beds in Taranaki (the Maryville Coal Measure and other non-marine beds within the Mokau 

Group), while the Gore Lignite Measures of Southland and the lignites of Manuherikia Group 

of Central Otago accumulated on basement, or over a thin marine sequence. These youngest 

economically seams (only about 20 million years old) are found in Taranaki, Otago, and 

Southland. Peat formation took place during the Holocene in river valley and alluvial plains in 

many parts of the country, with significant deposits in western Northland, the Hauraki Plains, 

Waikato Valley and Southland. Large peat deposits have been forming in the Chatham Islands 

(BARRY ET AL., 1994; MOORE AND SHEARER, 2003). Details about tectonic development and 

sedimentary rocks as well as the petroleum potential, petroleum system in New Zealand can 

be found in APPENDIX I. 

The publications of KILLOPS ET AL. (1995), KILLOPS ET AL. (2003), WESTON ET AL. (1988; 1989), 

WOOLHOUSE ET AL. (1992), BLUNT ET AL. (1988), ALEXANDER ET AL. (1983), NOBLE ET AL. (1985), have 

demonstrated that the organic matter of New Zealand coals consists of mostly higher land-

plant material, comprising both gymnosperms and angiosperms. The general trends in higher 

plant evolution and radiation in New Zealand have been investigated by use of an 

angiosperm/gymnosperm index (AGI- KILLOPS ET AL., 1995). Gymnosperm contributions were 
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assessed from the relative abundance in m/z 123 mass chromatograms of the diterpanes 

labdane, 18- and 19-norisopimarane, rimuane, ent-beyerane, isopimarane, phyllocladane, ent-

kaurant, abietane, and a nortetracyclane (NOBLE ET AL., 1985; 1986; WESTON ET AL., 1989). Whereas 

angiosperm contributions were determined from the m/z 191 responses of oleanane and 

lupane, and C24 A-ring degraded counterparts of oleanane, lupane, and ursane (WOOLHOUSE ET 

AL., 1992).  

KILLOPS AND OTHERS (1995) showed that the plant contribution in coals of Taranaki 

changes from gymnosperm dominance in the Cretaceous to angiosperm dominance in the 

Tertiary and particularly in the Eocene. Diterpanes in Late Cretaceous sediments are 

dominated by isopimarane that can be found in such a high concentration in comparison with 

other diterpanes (BLUNT ET AL., 1988; KILLOPS ET AL., 1995; 2003; WOOLHOUSE ET AL., 1992). The 

overwhelming predominance of only one diterpane is unusual, it therefore suggests that debris 

from a very specific higher plant source have contributed significantly to the coals and oils of 

New Zealand (BLUNT ET AL., 1988). Isopimarane is widespread amongst species of the 

Araucariaceae, and Podocarpaceae, which about in New Zealand today (BLUNT ET AL., 1988; 

WESTON ET AL., 1989;  KILLOPS ET AL., 1995; 2003). Although dominant throughout the Paleocene, 

gymnosperms declined rapidly in importance relative to angiosperms during the Eocene; a 

change clearly marked by the increased abundance of triterpanes of the oleanoid, lupanoid 

and ursanoid groups. More detail about gymnosperm-, angiosperm-derived biomarkers as 

well as the relative occurrences of angiosperms and gymnosperms surrounding the coal 

swamps are discussed in CHAPTER 4 of this dissertation.  

The maceral composition of New Zealand coals in general comprise of vitrinite–rich 

and liptinite-poor (NEWMAN AND NEWMAN, 1982; KILLOPS ET AL., 1994; 1998; NEWMAN ET AL., 1997; 

NORGATE ET AL., 1997). For instance, CURRY ET AL. (1994) showed the vitrinite content ranges from 

53 to 92%, liptinite content is from 4 to 28% for coals in Mangahewa-1 and Kapuni-8 wells in 

the onshore area of the Taranaki Graben. In the study of NEWMAN ET AL (1994), most of their 

studied coals, originated from coalfields on the West Coast of the South Island, are strongly 

vitrinite-dominated, these coals have more than 90% vitrinite (e.g. Eocene coals from Buller 

Coalfield), and all of them have more than 80% vitrinite. The oil potential of New Zealand 

coals has been mainly attributed to desmocollinite (detrovitrinite; KILLOPS ET AL. 1994). The 

vitrinite is mainly in the form of the amorphous, hydrogen-rich, submaceral desmocollinte, 

which is probably primarily derived from lipid-rich, leaf-cuticular membranes and bacterial 

cell walls and membranes. Despite being similar both in vitrinite content and vitrinite 
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submaceral frequency, some low ash (< 1%) isorank New Zealand coals show extreme 

variation in chemistry (NEWMAN, 1987).  

The New Zealand Coal Band displays an unusual and unexpected increase in Rock-

Eval HI at low levels of maturity up to the onset of oil expulsion (SYKES AND SNOWDON, 2002). 

This increase is mainly attributed to structural rearrangements of the coal macromolecular 

matrix during diagenesis and catagenesis (SYKES, 2001; SYKES AND SNOWDON, 2002- C.F. SHENCK AND 

HORSFIELD, 1998). The enrichment of hydrogen relative to carbon due to the decarboxylation 

was assumed to be the reason for the unusual increase of HI at those low maturity levels 

(DURAND AND PARATTE, 1983). However, it was argued that decarboxylation might lead to an 

increase in HI by max 10 mg/ g TOC, which is much lower than the increase of up to 150 mg 

HC/g TOC observed for the New Zealand coals (KILLOPS ET AL. 1996; KILLOPS ET AL. 1998; SYKES 

AND SNOWDON 2002). Additionally, major variations of Rock-Eval BI (S1/TOC) have been 

observed at extreme low levels of maturity (SYKES AND SNOWDON, 2002; their FIGURE 4). Those 

have been attributed to biogenic and diagenetic compounds rather than to catagenetic products 

(SUGGATE AND BOUDOU, 1993; SYKES AND SNOWDON, 2002). The upturn in the Coal Band on the BI 

plots at Rank (Sr) ~ 9-10 (R0 ~0.55-0.6%) marks the onset of significant oil generation. The 

peak in BI at Rank (Sr) ~ 13-14 (R0 ~0.9-1.0%) indicates a change from increasing to 

decreasing hydrocarbon saturation of the coal pore structure and probably marks the onset of 

primary gas generation and the efficient expulsion of oil.  

Coals as the source rocks of petroleum 

The source rock of New Zealand oils encompass a wide range of depositional 

environments, from fully terrestrial (coals), to open marine, but most exhibit mixed terrestrial 

and marine influences (KILLOPS, 1996). Terrestrial rocks that are Late Cretaceous and Eocene, 

occurring within both syn-rift and transgressive coastal plain settings, are known to be the 

source rocks of most current hydrocarbon production in New Zealand. They are found in the 

Grey River, Canterbury and Taranaki basin, although there is also a small marine influence in 

all but the Grey River Basin oils. Mid-Cretaceous coaly sediments are the source of most oils 

in the Great South and Canterbury basins, and some oils presenting in northern Taranaki 

Basin. The Eocene source rocks (predominantly coaly) have generated oils in the Taranaki 

and Murchison basins. Paleocene oils generated from terrestrial source rocks are found in the 

Taranaki Basin (KILLOPS ET AL., 1994; 1996; JOHNSTON ET AL., 1991). Biomarker relationships 

indicate that marine sources also occur in both Cretaceous and Paleocene rocks. Marine rocks 



 

 

26

with some source potential, most notably the Waipawa Formation black shale and its 

equivalents are found in most sedimentary basins in New Zealand (KILLOPS, 1996). It appears to 

have been deposited in deep water, on the upper continental slope (COOK ET AL., 1999). 

Working-plans 

• Type of organic matter, plant communities (e.g. gymnosperms, angiosperms) 

that contributed in coals and the depositional environment where the organic 

matter was deposited firstly needed to be reported. This data was obtained 

basing on the analysis of extractable organic matter in coals, e.g. GC-FID, GC-

MS analysis. Additionally, the modification and alteration of the molecular 

fraction composition due to maturation were also investigated, since LEVINE 

(1993) has mentioned that the compositional evolution of the molecular 

fraction provides the key to understanding changes in fundamental coal 

properties as well as processes occurring in coals during coalification.  

• The structural evolution, elemental composition changes of macromolecular 

fraction and its impactions on the alteration of hydrocarbon generating 

potential of coal during maturation, and/or on the feedstock potential for deep 

biosphere ecosystems of terrestrial organic matter were elucidated using 

infrared spectrometry, elemental analysis, Rock-Eval, and pyrolysis-GC 

analysis. Details about pyrolysate product changes as function of rank, 

complete the rank range from peat to anthracite, were carried out by 

comparative investigation with previous studied higher rank Carboniferous 

German coals (R0 = 0.7- 6.1%). 

• Concerning the fact that coals normally contain high amount of solvent 

extractable organic matters (DURAND ET AL., 1977; HVOSLEV ET AL., 1988; HORSFIELD, 

1984; HUNT, 1991; BECHTEL ET AL., 2005), the important role of bitumen in defining 

the petroleum generating potential of coals was a research desire. Therefore, 

both non-extracted and extracted coals, as well as the extracted bitumen itself 

were analyzed using Rock-Eval and pyrolysis-gas chromatography. The 

subtracted-normalised yields have been calculated from yield of original coal 

minuses normalised yield of extracted coal. These calculated yields are product 

yields attributable to indirect yields produced by bitumen. These indirectly 
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yields are, therefore, compared with yield directly obtained from pyrolysis 

bitumen. 

Structure of dissertation: 

This dissertation is organised as follows: in CHAPTER 2, we introduce studied material, 

geological features of some investigated basins and organic-geochemical techniques that have 

been applied in this dissertation. CHAPTER 3 describes both bulk and molecular characteristics of 

New Zealand coals to bring out information about the depositional environment as well as 

type of organic matter contributed in coals. The alterations of bulk and molecular parameters 

as the function of rank are also discussed in this chapter. CHAPTER 4 concentrates on 

gymnosperm-, angiosperm-derived biomarkers to estimate the relative contribution of 

paleoplant communities into New Zealand coals. The relationship between elemental 

composition and hydrocarbon generating potential of coals is discussed in CHAPTER 5. This 

chapter tries to explain the increase in hydrogen index of low rank coals with maturation from 

peat to high volatile bituminous. The quantitative feedstock potential for deep biosphere 

ecosystems of terrestrial organic matter has been also discussed. CHAPTER 6 describes the 

structural evolution of macromolecular and pyrolysate yield changes during maturation, 

which complete the maturation pathway from peat to anthracite, based on the comparative 

investigation of immature New Zealand coals with previously studied German coals (R0 = 0.7- 

6.1%). The possible interaction between bitumen and kerogen during pyrolysis and the 

important role of bitumen in defining the petroleum potential of coals are the main concerns 

of CHAPTER 7. The final chapter, CHAPTER 8, would summary all the outstanding results obtained 

in this dissertation.  


