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Preface

To begin with, a brief statement of what constitutes organic geochemistry is probably
called for. It is the study of the transformations undergone by all organic matter
from its origin, whether biological or man-made, in the geosphere. The term
geosphere is usually interpreted in its widest sense, encompassing the range of possible
environments (earth, air, water and sediment). The transformations involved vary
from those mediated by biological agents during recycling of the constituents of
living organisms to those controlled by temperature and pressure at depth in the
crust on the way to long-term preservation of organic matter in sedimentary rock.

Our knowledge of organic geochemistry has expanded so greatly in recent years
that a comprehensive text on the subject would fill many books of this size. To a
newcomer, the bulk of information and the terminology adopted from a range of
disciplines, such as chemistry, geology, ecology, biochemistry, botany and
oceanography, can be quite daunting. However, to those who are not readily deterred,
the fascination of the subject soon becomes apparent. If only the basics of organic
geochemistry could be found readily at hand and not scattered through the textbooks
and journals of a number of disciplines! These were our thoughts when we first
came to the subject some ten years or so ago and which provided the stimulus for
this book when one of us (S.D.K.) came to teach the subject to both undergraduates
and postgraduates.

This book is an attempt to present a readily accessible, up-to-date and integrated
introduction to organic geochemistry, at a reasonable price. It does not assume any
particular specialist knowledge other than some basic chemistry and is intended to
serve as a text for both undergraduate and postgraduate courses in which organic
geochemistry is an important component. It may also be found a useful companion
by experienced scientists from other disciplines who may be moving into the subject
for the first time.

Naturally, in a book of this size it is not possible to discuss all aspects of organic
geochemistry, and emphasis has been placed on the formation of organic-rich
sedimentary deposits. While this approach will be of particular relevance to those
interested in petroleum exploration, the important area of environmental geochemistry
has also received consideration. In addition, boxes have been used to explain concepts
introduced from other disciplines. We hope that this book will stimulate the reader to
continue studying organic geochemistry.
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Chapter 1

1.1

Production and fate of organic matter

Global carbon cycle

Organic geochemistry and the carbon cycle: an introduction

Organic geochemistry concerns the fate of all organic compounds in the geosphere
as a whole. From chiefly biological origins, organic compounds can be incorporated
into sedimentary rocks and preserved for geological periods, but they are ultimately
returned to the Earth’s surface, either by natural processes or by human action, to
participate again in biosynthetic reactions. This cycle involves various biochemical
and geochemical transformations, which form a central part of any consideration of
organic geochemistry.

The chemistry of organic compounds is based on carbon, the twelfth most
abundant element in the Earth’s crust. Carbon accounts for only ca. 0.089, of the
combined lithosphere, hydrosphere and atmosphere but it is, nevertheless, an
extremely important element and its compounds form the basis of all life. Carbon-rich
sedimentary deposits are of great importance to humans. They comprise diamond and
graphite (the native forms of carbon), calcium and magnesium carbonates (calcite,
limestone, dolomite, marble and chalk) and hydrocarbons (gas, oil and coal). The
last category is the main consideration of this book. The ability of carbon to form
an immense variety of naturally occurring compounds, primarily with the elements
hydrogen, oxygen, sulphur and nitrogen, with an equally wide range of properties
is unparalleled by other elements.

Carbon reservoirs and fluxes between them

A useful starting point for the study of organic carbon compounds in the biosphere
and geosphere is the global carbon cycle. A much simplified summary of this cycle
is shown in Fig. 1.1, which gives an idea of the sizes of the various compartments
(or reservoirs) in which carbon is located, the exchange rates (or fluxes) between
these reservoirs and the main forms in which carbon exists in each reservoir. The
metric tonne (t or 10° kg) is a convenient unit for large masses and is used in Fig. 1.1
and throughout the text. All reservoir and flux values in Fig. 1.1 are approximate,
as many cannot be measured directly but are inferred from other measurements. It
is likely that many of the estimates used will be revised, some by significant amounts,
as research progresses. It can be seen that by far the largest reservoir of carbon,
accounting for ca. 99.99, of the total, is sedimentary rock, mainly in the form of
carbonates. In addition, inputs to and outputs from the various carbon reservoirs
are broadly in balance, resulting in what can be considered a steady state system.
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Organisms and
carbon cycling

Summary of the global carbon cycle, showing sizes of main reservoirs (boxes of various
shapes) and annual fluxes (arrows) in units of Gt (10° t or 10'° g) of carbon. (After several
sources, including Bolin et al., 1979, 1983; Kempe, 1979; Mopper and Degens, 1979; De
Vooys, 1979; NERC, 1989.)

In the atmosphere carbon exists mainly as carbon dioxide, which is taken up by
growing plants during photosynthesis. The amount of solar energy captured by plants
during photosynthesis is referred to as gross primary production and can be
measured by the amount of carbon dioxide that has been fixed. Some of the gross
primary production is used to provide the energy needed for the performance of
normal biochemical processes, which are collectively termed respiration. Respiration
can be viewed as the ‘burning’ of organic compounds to release stored energy and
as such is effectively the opposite of photosynthesis, releasing carbon dioxide back
into the atmosphere. The part of gross primary production that is not respired, but
is available for growth and reproduction, is called net primary production.
From Fig. 1.1 it can be seen that the annual net primary production for land
plants and marine plants is about the same (ca. 60 and 40 Gt, respectively), although
the biomass of terrestrial plants is much greater than that of marine plants. This is
an important demonstration of the fact that biomass is not necessarily a guide to
productivity. In the ocean 959, of primary production is accounted for by the
phytoplankton, which are free-floating, microscopic organisms, mainly unicellular
algae. On a global basis macroscopic, multicellular algae (seaweeds) make only a
minor contribution to marine primary production. Phytoplankton are short-lived
compared with terrestrial plants, especially trees, and do not need to produce
supportive structural tissue, which is largely photosynthetically inactive. The larger
biomass of terrestrial plants is due to the storage of organic matter as woody material
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during greater life spans. Virtually the whole of the net primary production of
phytoplankton is directed towards reproduction and growth, but much of this is
grazed by small herbivorous animals, called zooplankton. As a consequence of this
efficient grazing, phytoplankton biomass is low and the ratio of animal to plant biomass
in the oceans is greater than on land.

All organisms rely on solar energy but only plants and some bacteria (e.g.
cyanobacteria) are able to make direct use of it in the conversion of carbon dioxide
into carbohydrates, the process of photosynthesis. Such organisms are termed
phototrophs. Some bacteria are able to use chemical energy sources such as ammonia,
nitrite and ferrous ions rather than light, and are therefore called chemotrophs.
Generally, however, the chemosynthesis of organic matter is minor compared with
photosynthesis. The phototrophs and chemotrophs are collectively known as
autotrophs because they can manufacture their organic constituents directly from
inorganic sources and do not rely on other organisms for energy supplies. All other
organisms gain their energy supplies and organic substrates by feeding, directly or
indirectly, upon autotrophs and are termed heterotrophs.

Energy is passed from the primary producers to the various heterotrophs along
food chains and ultimately reaches the top carnivores. Herbivores represent the
first link in the grazing food chain. Plant tissue that is not consumed by herbivorous
animals eventually dies. In a steady state system losses of plant tissue by grazing
and death are balanced by net primary production of new tissue. Dead plant matter
together with the faecal material of animals and their remains upon death are
collectively termed detritus and pass to organisms of the detrital food chain in
soil, water and sediments. Invertebrate animals form one group of detrital-feeding
organisms, the detritivores, but the most important group is the decomposers,
which comprises bacteria and fungi.

In the marine environment as a whole most detrital organic matter (ca. 959) is
recycled by pelagic organisms (i.e. swimming or floating organisms) within the
surface waters. The small amount that does reach the sediment is mostly recycled
by detrital-feeding benthic organisms (which live on top of and within the sediment).
Any detrital organic material that survives, under the right conditions (which will
be discussed in Chapter 3), may be preserved and incorporated into the sediment
and form organic-rich deposits. From Fig. 1.1 it can be seen that the total amount
of carbon (organic and inorganic) accumulating in sediments is <1Gt/a. It is
estimated that the accumulation rate of organic carbon in sediments is ca. 4 Mt/a
(4 x 10°t/a), which suggests that only ca. 0.019, of marine net primary production
is preserved annually in sediments ( Tissot and Welte, 1984). Even if the accumulation
rate has been underestimated it seems probable that annual preservation of organic
matter in sediments is' <0.19, of marine net primary production.

Organic matter is virtually completely decomposed and recycled in soils.
Preservation of organic matter in terrestrial environments is, therefore, confined
mostly to peat formation in moorland bogs and low-lying swamps, but the size of
this carbon reservoir (ca. 160 Gt) is not known with any accuracy. While the present
annual accumulation rate of peat is low compared with that of organic-rich marine
sediments, the presence of large coal deposits in the sedimentary record suggests
that peat formation was of much greater importance in the past. Present-day net
primary production in freshwater environments is <1 Gt/a, although carbon-rich
deposits are being formed under certain conditions in some lakes. However, lakes
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contain only a very small volume of water compared with the oceans and so it is in
marine sediments that most of the global preservation of organic carbon is occurring.

As expected for a steady state system, there appears to be a balance between uptake
(by photosynthesis) and emission (by respiration) of carbon by terrestrial plants
and animals. In contrast, there is an imbalance between uptake and release of carbon
dioxide in the marine environment; the oceans seem to be a net sink for carbon
dioxide, most of which may be taken up by phytoplankton during photosynthesis.
This imbalance is mainly the result of fossil fuel burning and deforestation (‘slash
and burn’), which are responsible for a net annual surplus input of carbon dioxide
to the atmosphere of ca. 3 Gt. The effects of this perturbation to the steady state
system will be considered in more detail in Section 8.2.1. Carbon also enters the
atmosphere in the form of trace gases such as methane and carbon monoxide. Methane
is quantitatively the most important of these trace gases and is mainly produced
during the microbial degradation of organic matter in the absence of oxygen. Carbon
monoxide is released into the air by natural processes, such as atmospheric oxidation
of methane, and by anthropogenic (man-made) processes, such as incomplete
combustion of fossil fuels. These trace gases will be considered in more detail in
Section 8.2.2.

Terrestrial plants take up carbon dioxide directly from the atmosphere in gaseous
form. However, aquatic plants utilise carbon dioxide dissolved in water, and it is
for this reason that the photosynthesis and respiration flux arrows in Fig. 1.1 do not
point directly to the marine biota. Molecules of carbon dioxide are constantly
exchanging between the atmosphere and oceans, so that a dynamic equilibrium exists.
In solution there are further dynamic equilibrium (reversible) reactions which favour
the bicarbonate (HCOj3) ion:

CO, + H,0=H,CO; =HCO; + H* =C0%~ + 2H™ [1.1]

These equilibria mean that, at constant temperature, increasing the level of carbon
dioxide in the atmosphere causes more to dissolve in the oceans, producing more
bicarbonate and carbonate. In seawater most carbon exists in solution, mainly in
inorganic forms and particularly bicarbonate. Carbon is chiefly assimilated as
bicarbonate and is used in the production of organic tissue as well as, in some cases,
the formation of carbonate skeletal material (tests). Carbon is also present in seawater
as organic compounds, some being dissolved and some being present as suspended
particles. The organic remains of organisms and faecal pellets represent a particulate
organic carbon (POC) reservoir of ca. 30 Gt (Mopper and Degens, 1979). Dissolved
organic carbon (DOC; ca. 1000 Gt, Fig. 1.1), therefore, accounts for some 979, of
the total marine organic carbon. Fluvial particulates contribute little to the open
ocean, as they are mainly deposited in estuaries and deltas as a result of slackening
currents and flocculation caused by salinity differences.

Carbon-rich sediments may contain both inorganic and organic carbon. Inorganic
carbon can be present as biogenic or abiogenic carbonate (i.e. of biological or
non-biological origin, respectively). The former derives from the carbonate tests
secreted by some planktonic organisms (e.g. coccolithophores), while the latter is
formed by the chemical process of precipitation of carbonate out of seawater solution.
Sedimentary organic carbon is mainly in the form of POC that has settled out from
the overlying water column. Detritus is, therefore, generally important in the
formation of carbon-rich sediments.
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After the incorporation of detritus into marine sediments, recycling of carbon can
continue in the upper sediment layers, the reactive sediments in Fig. 1.1. Inorganic
carbonate and soluble organic compounds produced by decomposition processes can
be leached out of these sediments into pore waters, which are able to exchange with
water overlying the sediments. With increasing sedimentation this process of exchange
ceases and long-term preservation can occur as sediments become consolidated and
form sedimentary rocks. The amount of carbon in sedimentary rocks can be calculated
from estimates of the total volume of different types of sedimentary material and
their average carbon contents (Kempe, 1979). Such an approximation gives the value
of ca. 55 Pt (55 x 10" t) for the sedimentary rock carbon reservoir in Fig. 1.1. The
carbon content of the entire Earth’s crust has recently been estimated at 90 Pt
(NERC, 1989). Of the organic carbon entering sediments ( <0.19, of marine net
primary production ), much is decomposed, ultimately to CO,. However, a proportion
is preserved in sedimentary rocks, but the amount of this transformed into fossil
fuels on an annual basis is not known with any degree of certainty. The cycle for
this organic material is completed by human exploitation of fossil fuels and by the
action of natural processes, such as volcanism and the weathering of uplifted and
exposed sedimentary rocks.

Biochemical and geochemical subcycles

In this book we are concerned with the organic components of the carbon cycle. It
is convenient to consider the organic carbon cycle as comprising two subcycles.
The larger (ca. 12Pt of C, or 12 x 10"t, calculated from organic content of
sedimentary rocks in Fig. 1.1) involves sedimentary rocks and residence times of
millions of years, and may be thought of as the geochemical subcycle. The smaller
(ca. 3Tt of C, or 3 x 10't, calculated from DOC, POC, biota biomass and soil
organics in Fig. 1.1) involves biological recycling and residence times of up to a
hundred years or so only, and may be thought of as the biochemical subcycle.
These two subcycles are linked by a small two-way flux. That from biochemical to
geochemical subcycle is the rate of incorporation of organic carbon into sedimentary
rocks, estimated at presently <1 Gt/a, although it has varied significantly in the
past. In a steady state there woq'ld be an equal flux in the opposite direction
corresponding to erosion of sedimentary rocks. However, human exploitation of fossil
fuels has greatly augmented this flux from geochemical to biochemical subcycle.
While the larger, geochemical, subcycle is quantitatively the most important (ca.
99.959;, of total organic carbon), all the organic matter in this cycle has originated
from the biochemical subcycle (i.e. from plant and animal tissue). This demonstrates
that the examination of biological processes in the production and modification of
organic matter is as important as considering sedimentary processes in understanding
the conditions under which organic-rich sediments are formed. The link between
the biochemical and geochemical subcycles is also reflected by the relationship
between the quantity of free oxygen in the atmosphere and the amount of reduced
carbon compounds preserved in sediments and rocks. This relationship stems from
the production of oxygen when carbon dioxide is ‘fixed’ during photosynthesis, but
its removal from the atmosphere when reduced organic compounds (e.g. fossil fuels)
are released from the geosphere and are oxidised to carbon dioxide (see Box 1.1).



