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Foreword

The publication of Organic Geochemistry by Pro-
fessors Engel and Macko is welcomed by geochemists
and geologists working in the disciplinary field of
geochemistry. The forty chapters and fifty-eight au-
thors represent the many specialties in geochemistry
as well as the interdisciplinary and international na-
ture of the field. Geophysicists, mathematicians, exo-
biologists, paleontologists, microbiologists, and sta-
ble isotope chemists also contribute to the diverse
investigations of organic matter as it appears in the
biomass of the earth and solar system.

This volume appears almost twenty-five years
after the publication of Organic Geochemistry by
Professors Eglinton and Murphy. Since that time,
biomarkers in ancient and Recent sediments have been
a significant development. New analytical methods
and instrumentation to identify chemicals that come
from life or could support life have extended the
capability to detect smaller amounts of more complex
organic molecules. Most instrument detector signals
are now sent directly to a computer that is program-
med to print out results. Modeling has also contrib-
uted to the interpretation of analytical data and in-
creased our knowledge and theory of older sediments.

Since 1969, new sample materials and remote
sensing data have become available, including lunar
rocks, Antarctic meteorites, Viking data from Mars,
the Voyager results from the planetary atmospheres
such as Titan, the mapping of Venus, the Hubble
telescope pictures, and deeper and older source rocks
from off-shore ocean cores.

The world has also changed dramatically. As a
result, cooperation among nations is greater now, and
the cooperative spirit common among scientists will
enhance future geochemical investigations around
the world.

Saint Joseph’s College, Windham, Maine

As was perhaps true in 1969, needs still exist for
basic research as well as synthesis of model com-
pounds and standards. Environmental problems now
considered on a worldwide basis require fundamen-
tal research needing the expertise of geochemistry.
The nature, origin, and occurrence of biomass and
fossil fuels in the environment still influence quality
of life, economics, and human values.

As geochemists continue to search for new solu-
tions, we acknowledge the interdependence of aca-
deme, government, and industry in the development
of organic geochemistry. Each has a unique contribu-
tion to make to basic and applied research. Special
thanks are due to educators, both faculty and men-
tors, who have initiated further basic research and
patiently guided the next generation of geochemists
to take their rightful place in the profession.

Government, with its service agencies and finan-
cial support of basic research, has provided support
for academic institutions. Industry has been committed
to the development of new and improved technolo-
gies, under constraints of time, money, and person-
nel, to meet the challenges of unsolved problems.

In a practical way, this book will help to provide
background for the various interdisciplinary fields in
organic geochemistry. We are very grateful to pro-
fessors Michael Engel and Stephen Macko for their
determined efforts to prepare this volume in time for
the twenty-fifth anniversary of the publication of Or-
ganic Geochemistry by Professors Eglinton and Mur-
phy. May it meet the expectations of the researcher in
geochemistry and serve as a significant text for stu-
dents for the next twenty-five years.

S. Mary Ellen Murphy, RSM, Ph.D.
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Preface

With the passage of nearly twenty-five years since the
publication of the primary text and reference in the
field, it has become clear that the organic geochemis-
try community needs an updated work on this sub-
ject. Much of the methodology, interpretations, and
findings reported in that primary work have dras-
tically changed, and whole new fields of research
have been introduced. This book represents a com-
munity effort to present the current understanding in
this diverse field. We have encouraged the authors to
introduce as many details as possible within the
constraints of their chapters, as well as to provide
direction for future study to students using this text.
With this in mind, chemical terms in the Index are
cross-listed with Chemical Abstracts to assist the
reader in future literature searches.

The first three chapters of the book provide a
general introduction to organic geochemistry, and
focus on the composition of the biosphere, both
chemically and isotopically, thus affording a perspec-
tive on the nature and fate of organic compounds that
may be preserved in the geosphere. The second sec-
tion of the book presents an overview of processes of
organic matter and approaches to interpreting and
understanding the geochemical record of these com-
pounds. In Chapters 4 to 12, the early diagenesis and
preservation of organic components are discussed.
Chapters 13 to 18 address the macromolecular organic
matter (e.g., kerogen) commonly found in rocks and
sediments, the methods used to characterize it, and
its conversion to fossil fuels. Chapters 19 to 24 focus
on application of organic geochemical methods for
hydrocarbon exploration. Chapters 25 to 28 address
the associations of organic matter with metalliferous
deposits.

The origin and composition of organic matter on
the early Earth are discussed in Chapters 29 to 33.

Applications of organic geochemistry in Quaternary
research, ranging from stratigraphic correlation to
chemotaxonomy, are presented in Chapters 34 to 39.
Finally, in Chapter 40, Professor G. Eglinton presents
his assessment of present-day problems and future
perspectives in organic geochemistry.

Since the first reports in 1934 by the chemist
Treibs of organic compounds in oils and shales that
could be associated with living organisms, research
in organic geochemistry has grown at an exponential
rate. The field has expanded from a small community
interested primarily in petroleum to one encompass-
ing such diverse interests as oceanography, environ-
mental chemistry, biogeochemistry, paleontology,
and archaeology, to name a few. With recent develop-
ments in technology and a healthy stream of new
ideas for its application, the field continues to evolve.
We are indebted to all of the authors for their coopera-
tion and patience in preparing this text and to the
reviewers who performed the task of challenging the
authors to present more material in clearer fashion as
concisely as possible. We wish to thank Diana Diez de
Medina, Lisa Plaster-Kirk, and Kendra Brisman for
their help with the initial editing process, and the
editorial staff at Plenum—Amelia McNamara, John
Matzka, and their assistants—for helping us to com-
plete this formidable undertaking. We are extremely
grateful to Joseph Senftle and ARCO Oil and Explora-
tion for financial support for the color reproductions
that appear in Chapter 15. S. A. Macko thanks Drs.
Hillaire-Marcel at UQAM and Charles Prewitt at the
Geophysical Laboratory for providing him space to
continue his work on the text during his sabbatical
leave. M. H. Engel acknowledges Dr. Frank Stehli
for his continued encouragement to undertake this
project.

Finally, we thank our advisors B. Nagy and P. L.
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Parker for giving us the opportunity to work in this tion of the editors to eventually mix isotope research
field, and the Geophysical Laboratory (Drs. P. E. Hare, with amino acid analysis. Last, we would like to
T. C. Hoering, M. Fogel, and H. Yoder) for creating the ~thank our spouses for their patience.

scientific environment for nurturing the collabora-

Stephen A. Macko
Michael H. Engel
Charlottesville, Virginia and Norman, Oklahoma
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Biogeochemical Cycles

A Review of Fundamental Aspects of Organic Matter
Formation, Preservation, and Composition
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1. Introduction

Carbon, hydrogen, nitrogen, oxygen, phosphorus,
sulfur, calcium, and iron are the principal chemical
elements that living organisms utilize in structural
tissues, for replication, and for energy-harvesting ac-
tivities. These same elements are also important com-
ponents of the oceans, atmosphere, and crustal rocks.
The physiologies of living organisms combine with
chemical, physical, and geological forces to continu-
ally redistribute these elements between living and
nonliving reservoirs in processes known as /Biogeo-
chemical cycles. The word biogeochemistry implies
separate contributions from biology, chemistry, and
geology in this science. However, these facets cannot
and should not be viewed in isolation. A rigorous
appreciation of the interaction between geosphere
and biosphere is reliant upon our awareness of the
complexity and interdependence of the physical and
biological worlds and an appreciation of the over-
whelming importance of microbial life.

Organic matter, a fundamental constituent of the
biosphere, is also the most important renewable
chemical reductant on Earth. Organic carbon com-

pounds are ubiquitous, abundant, and sometimes
overlooked components of the oceans, lakes, and
sedimentary rocks, and directly, or indirectly, they
fuel all biogeochemical processes. Understanding the
factors which control the formation, composition,
and preservation of organic matter is central to com-
prehending the development and continuance of bio-
geochemical cycles of the life-forming elements, to
understanding the formation of petroleum, coal, and
certain mineral deposits, and to elucidating the be-
ginnings and history of life.

Exploration for petroleum and minerals has tra-
ditionally induced and stimulated organic geochemi-
cal research for its potential economic benefits. Now,
with the recognition of man as an active geological
agent, a wider appreciation of the subtleties and inter-
actions of the various elemental cycles is of growing
importance. We presently live in an age where there is
great concern about environmental deterioration and
possible climatic stress caused by man’s agricultural,
mining, and lifestyle activities. In this regard, we
need to know much more about the functioning and
history of the biogeochemical cycles. Fossil organic
matter comprises one of the more important and
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comprehensive records of environmental change on
both local and global scales, extending over a time
period from the present to at least three billion years
ago. Accurate deciphering and interpretation of this
record assumes a new and critical significance if man
is to continue to exploit resources and yet retain a
compatible position in the biosphere.

This chapter briefly summarizes some of the
modes in which organic matter, by virtue of its com-
position, may store historical information. There is a
short discussion of the pathways and budgets for the
principal chemical elements which cycle between
living and nonliving organic pools and inorganic
reservoirs in the Earth’s crust. Then follows a syn-
opsis of how biological, chemical, and geological
factors interact to effect environmental change and
evolution on a global scale. Books, review articles and
some of the key, primary research papers in biogeo-
chemistry are cited, and one intended purpose is to
introduce the reader to the more detailed primary
literature about this extensive, important, and fas-
cinating field of science.

2. Organic Matter as an Information
Source

We can study organic matter at its various struc-
tural levels and from diverse perspectives. At the
atomic level, elemental and isotopic compositions
are the essential parameters which are used to deter-
mine mass transport, elucidate pathways, and con-
struct inventories. At the molecular level, the struc-
tures and stereochemical variations of individual
organic compounds, biological markers or biomarkers,
are important means of tracing source organisms,
subsequent diagenetic affects, and thermal history.
General and specific features operate simultaneously
in the biosynthetic pathways of living organisms, and
these are individually encoded into biomarker struc-
tures. For example, the C,, hydrocarbon squalene is a
universal precursor molecule but, depending on the
class of organism, can be transformed into a great
variety of acyclic, tetracyclic, and pentacyclic prod-
uct molecules (Fig. 1). These lipids and their fossil
hydrocarbon analogs provide one of our chemical
means for comparing and contrasting modern and
ancient environments.

At the macromolecular level, genetic informa-
tion is inherent in protein and nucleic acid bio-
polymers. These molecules are not refractory to the
same degree as lipids and structural polymers and
hence do not survive long periods of burial in sedi-
ments. Nevertheless, such information, particularly
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Figure1. An illustration of the varied lipid structures which can
be produced when the ubiquitous precursor hydrocarbon squalene
is cyclized by different classes of organism. Diplopterol is synthe-
sized by Eubacteria, cholesterol by eukaryotes, and tetrahymanol
by some protozoans and bacteria. Lupeol and B-amyrin are higher
plant products. Cyclizations to diplopterol and tetrahymanol take
place anaerobically. The other transformations require molecular
oxygen and are presumed to have appeared after the advent of
oxygenic photosynthesis.

that which is encoded into ribosomal RNA sequences,
is apparently highly conserved in extant organisms
and can be retrieved using the techniques of modern
molecular biclogy. The RNA and DNA sequence data,
now being gathered from diverse living source organ-
isms, very effectively inform us of the detailed phylo-
genetic relationships of early counterparts. At a still
higher level of organization, the habit, morphology,
and comparative biochemistry and physiology of
whole organisms and communities of interdepen-
dent organisms constitute our principal means of
inferring the behavior of ancient analogs. Finally, and
most significantly, the preserved geological record of
bacterial and protistan microfossils, microbial mat
structures and textures, animal and plant macrofossils,
isotopic anomalies and biomarkers tells us about the
timing of events and how to construct evolutionary
trees. The organic matter, continuously deposited and
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preserved in ancient sediments over significant pe-
riods of time, encapsulates and thus informs us of the
evolutionary history of natural systems in response to
tectonic, environmental, and biological change. The
organic matter present in contemporary sedimentary
environments assists in distinguishing between natu-
ral and anthropogenic phenomena.

3. Classification of Living Organisms;
the Importance and Diversity of
Microbes

Organisms have traditionally been divided into
major taxonomic groups, defined by their physiologi-
cal and biochemical capacities, their morphology,
and their habit (i.e., phenotypic features). Genetic
affinities, using data derived from genotypic analy-
ses, now constitute the main means of assigning rela-
tionships (phylogeny). The new information derived
from nucleic acid sequences is forcing a reappraisal
of many phylogenetic relationships and a revision of
classical taxonomy, particularly with respect to mi-
crobes. In contrast to the earlier five-kingdom classi-
fication of Whittaker (1969), it is now widely accepted
that there are three primary kingdoms of organisms
(Fig. 2), of roughly equal antiquity and which stem, in
ways presently unknown, from a universal ancestral
line (Woese and Fox, 1977; Woese, 1981; Woese and
Wolfe, 1985; Olsen et al., 1986). The simplest cellular
organisms, the Prokaryotes, constitute two of the
three primary kingdoms, that is, the Eubacteria and
the Archaebacteria. Prokaryotes are generally very

EUBACTERIA EUKARYOTES

purple bacteria animals

. ) E. coli fungi
chloroplast /— gram positive bacteria plants

cyanobacteria green bacteria flagellates

UNIVERSAL
ANCESTOR?

—_—

\

extreme extreme thermophiles

halophiles

methanogens

ARCHAEBACTERIA

Figure 2. A diagram illustrating phylogenetic relationships be-
tween the three kingdoms of organisms. The data used to deter-
mine these comes from the base sequences of nucleic acids. The
tree presently has no root because we have no unambiguous knowl-
edge of the ancestral forms.
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small objects (e.g., typical spheroids are about 1 um
in diameter or less), unicellular or living in simple
colonies, and with little subcellular structure and
minimal organization. The other primary kingdom, the
Eukaryota, is a grouping of larger (e.g., a typical uni-
cell would be 10 wm in diameter) and more complex
organisms, many of them multicellular. Eukaryotes
possess a membrane-bound cell nucleus and discrete
intracellular organelles such as mitochondria and
chloroplasts and have other morphological charac-
teristics which distinguish them from the prokaryotes.
While nucleic acid sequence data confirm the dis-
tinctiveness of the genetic material in the eukaryote
nucleus, the mitochondria and chloroplasts have sep-
arate genetic material with close affinities to that of
prokaryote groups, adding strong evidence to support
the hypothesis that these organelles arose through
evolution of earlier symbiotic associations between
prokaryotes and the ancestral eukaryote as host (e.g.,
Margulis, 1981). For example, it has recently been
established that there is a close phylogenetic relation-
ship between the cyanobacteria and the chloroplasts
of photosynthetic eukaryotes (e.g., Bonen et al., 1979;
Giovannoni et al., 1988). Unicellular or simply orga-
nized colonies of eukaryotes are termed protists
while complex and differentiated plants and animals
are termed metaphytes or metazoans, respectively.
Microorganisms, that is, the prokaryotes and pro-
tists, comprise the bulk of living biomass; they gener-
ally grow and multiply faster than higher organisms
and inhabit a wider range of environments. Microbial
microfossils and microbially constructed stromato-
lites have an unambiguous record extending to at
least 3.5 billion years of the 4.6 billion years of earth
history (Awramik et al., 1983; Walter, 1983; Schopf
and Walter, 1983), although the earliest part of this
record is poorly preserved and, accordingly, is some-
what cryptic. The oldest preserved microfossils (3.5
Ga) resemble modern Eubacteria while the oldest
stromatolites were probably constructed by anoxy-
genic photosynthetic bacteria (for recent discussions,
see Walter, 1983; Schopf and Walter, 1983; Knoll and
Bauld, 1989; Pierson and Olson, 1989). The oldest
visibly recognizable eukaryotes are in sediments
dated at approximately 2.1 Ga (for discussions, see
Schopf, 1983; Knoll, 1983; Knoll, 1989; Han and Run-
negar, 1992; Schopf and Klein, 1992). By comparison,
the metazoans and metaphytes have restricted distri-
butions in space and have an undoubted fossil record
of about 0.6 billion years (e.g., Glaessner, 1984). There
is, however, evidence for a prehistory of organisms
such as seaweeds extending to about 2.1 billion years
(e.g., Walter et al., 1990; Han and Runnegar, 1992).
Microbes, in contrast to metazoans and metaphytes,
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show immense biochemical diversity (e.g., Starr et
al., 1981; Brock and Madigan, 1988). The chemical
conversions effected by them are quantitatively sig-
nificant on a global scale and, over geological time,
have gradually transformed the surface of the planet
from a hostile landscape to an environment suppor-
tive of complex life (e.g., Holland, 1978, 1984; Hayes
et al., 1983; Chapman and Schopf{, 1983; Gregor et al.,
1988; Schopf and Klein, 1992). In the transfer of or-
ganic carbon through modern food chains, the final
conversions are the milieu of bacteria. As outlined
above, microbes, and principally the prokaryotes,
were the only biological agents throughout much of
Earth history. Thus, microbes and their metabolic
products should be, and indeed are, the primary
focus of organic geochemical interest.

Specific biochemical capacities, preferences,
and tolerances generally mean that individual micro-
bial types will have favored habitats, or ecological
niches, defined by the availability of specific carbon
and energy resources and by the absence of toxic sub-
stances (e.g., molecular oxygen or hydrogen sulfide).
A suitable habitat may involve living in a symbiotic,
or a close-community, relationship with interdepen-
dent organisms (consortium or syntropic system).
Autotrophic organisms utilize inorganic carbon (CO,
or HCO,™) as a starting material. To chemically re-
duce this carbon dioxide, they require energy har-
vested from sunlight (photoautotrophs) or energy
from specific inorganic chemical reactions (chemo-
autotrophs). Another approach employed by some
microbes (photoheterotrophs) is to use energy from
sunlight to assimilate simple reduced carbon com-
pounds. Photosynthesis is the process whereby en-
ergy from sunlight is utilized to fuel the conversion of
carbon dioxide to simple organic intermediates and
thence to carbohydrate (Fig. 3). Thus, photoauto-
trophs are the major “primary” producers of organic
matter. They include prokaryotes such as the cya-
nobacteria, purple and green photosynthetic bacteria,
and prochlorophytes, as well as the eukaryotic algae
and the higher plants. Heterotrophic organisms ob-
tain both their carbon and energy requirements from
the reduced carbon compounds which were origi-
nally made by primary producers. They return in-
organic carbon to the geosphere (mineralization).
Heterotrophic organisms include heterotrophic bac-
teria, protists such as protozoans and fungi, and meta-
zoans. Within the heterotrophs, there are a variety of
different processes for obtaining energy through the
oxidation of organic carbon, that is, respiration (Fig.
4). Some, including most eukaryotes and many bacte-
ria, use molecular oxygen as an oxidant and are
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HO + NADP  ____ _ 1/20, + NADPH,
Figure 3. The critical steps of the Benson—Calvin Cycle, the

predominant mode of carbon dioxide fixation in autotrophy. In the
“dark” reaction, one molecule of carbon dioxide reacts with one
molecule of ribulose bisphosphate (RUBP) in a reaction catalyzed
by the enzyme ribulose bisphosphate carboxylase oxygenase
(RUBISCO). The resulting adduct decomposes to yield two mole-
cules of 3-phosphoglyceric acid (3-PGA). Some molecules of
3-PGA (5/6) are recycled to produce more RUBP while others (1/6)
constitute the net gain of the cycle and are diverted to carbohydrate
biosynthesis via fructose 6-phosphate. Energy for the dark reac-
tions of photosynthesis is obtained from the “light” reactions,
utilizing either photosystem I (cyclic photophosphorylation) or
photosystem II and photosystem I together (noncyclic photophos-
phorylation). The latter process, favored by cyanobacteria, algae,
and higher plants, involves photolysis of water with evolution of
oxygen and is the source for the oxygen in the Earth’s atmosphere
and surface waters.

termed aerobes, qualified by the terms obligate or
facultative depending on whether the requirement for
oxygen is absolute or not, or the prefix micro if their
tolerance for oxygen is dependent on its concentration.
Others utilize substances such as nitrate or sulfate as
oxidants, generally have no tolerance for oxygen, and
are termed anaerobes. Photosynthetic organisms ob-

AEROBIC RESPIRATION
. carbon
ADP 4p Oucose  —EEE—= €O
ATP (el
¥
oxygen
ANAEROBIC RESPIRATION
acetate —carbon . CO,
ADP +P :
ATP ﬁ[e]
sulfate
FERMENTATION
glucose —cabon CO,
ADP +P
ATP ) C
le] + carbon ethanol

---------- -

Figure 4. Modes of releasing energy by respiration or fermenta-
tion of simple organic carbon compounds. This energy is trapped
and stored in the high-energy phosphate bonds of adenosine tri-
phosphate (ATP) and rereleased when the ATP is converted to
adenosine diphosphate (ADP). Full arrows show carbon flow while
dashed arrows indicate the direction of the flow of electrons.
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tain energy via conventional respiration when light is
unavailable. In the process known as (anaerobic) fer-
mentation, there is no net oxidation, and an organic
carbon compound of intermediate oxidation state re-
acts in an internal disproportionation. Fermentation
yields products which are both reduced and oxidized
in comparison to the substrate, together with some
energy which is harnessed for use in other cellular
processes (Lehninger, 1982).

Archaebacteria, the third and most recently rec-
ognized primary kingdom of organisms, preferen-
tially inhabit extreme environments and comprise
taxa with a variety of quite distinctive biochemistries.
They have no presently recognized morphological
fossil record and only an uncertain detection through
carbon isotopic anomalies in some Archaen and Early
Proterozoic sediments (Schoell and Wellmer, 1981;
Hayes, 1983). Nucleic acid sequence information and
difference in membrane composition indicate that
the kingdom is at least as old and as fundamentally
distinct as the Eubacteria and the Eukaryota (Woese
and Fox, 1977). Characteristic and relatively inert,
ether-linked, isoprenoid membrane lipids (e.g., Lang-
worthy, 1985), and the techniques of organic geochem-
istry, render Archaebacteria recognizable through
their chemical fossils in some of the oldest, presently
known, organic-rich sediments (Summons et al.,
1988). Archaebacteria include the anaerobic meth-
anogens (Jones et al., 1987) which have the capacity
to produce methane from carbon dioxide (or simple
carbon compounds) and a reductant such as hydro-
gen. Halophilic Archaebacteria are aerobic hetero-
trophs which exist only in environments with high
salt concentration. The thermophilic sulfur-dependent
Archaebacteria comprise both aerobic and anaerobic
orders and, as their name implies, flourish at high
temperatures and/or in sulfide-rich environments
such as hot springs (Woese, 1981; Woese and Wolfe,
1985). Sulfide is unstable in the presence of oxygen
but would have been omnipresent during the early
stages of Earth history, and this, in combination with
distinctive molecular biology and sulfur-dependent
metabolism of these Archaebacteria, has led to the
suggestion that they may be phylogenetically close to
the last common ancestor of all extant life (e.g., Woese
and Olsen, 1986; Woese, 1987; Lake, 1988).

For our understanding of the types of organisms
which are geochemically and geologically signifi-
cant, we rely heavily on knowledge and analogy gen-
erated from studies of modern microbes and micro-
bial ecosystems. However, we should not lose sight of
the fact that these organisms and communities are not
the same as the ones which inhabited the Earth in
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times past. Modern organisms are just that and, in the
course of their continuing evolution, have possibly
lost and/or gained biochemical capacities and toler-
ances along with the morphological and structural
changes we can recognize from the fossil record. We
should never automatically assume that a “simple”
contemporary microbe is identical to its ancestors.

4. Biogeochemical Cycles and Inven-
tories of Major Bioactive Elements

The major chemical elements of living systems,
C,H,N, O, P and S, are in dynamic flux between their
living and dead “organic” forms and one or more
“inorganic” or nonbiological reservoirs. The transfer
of each element between pools proceeds in cyclical
fashion by spontaneous chemical reactions as well as
by biological intervention. These conversions are
therefore known as biogeochemical cycles (e.g., Odum,
1971; Garrels and Perry, 1974; Garrels et al., 1975;
Trudinger et al., 1979; Ivanov and Freney, 1983). Tra-
ditionally, spatial separations of the cycles have been
identified in the endogenic, or lithospheric or “rock,”
cycle and the exogenic cycle, or cycle in the sphere of
living organisms (e.g., Golubic et al., 1979).

The major biogeochemical cycles are intimately
interconnected and are ultimately powered by energy
from the sun via photosynthetic carbon fixation. Lo-
calized exceptions occur such as, for example, hydro-
thermal environments where the energy for processes
such as carbon fixation may be provided (lithotrophy)
by inorganic reducing agents emanating from molten
rocks. The transformations within each biogeochemi-
cal cycle are oxidation and reduction reactions, each
providing a basis for connection between cycles. In
the exogenic carbon cycle (Fig. 5), for example, the
inorganic pools consist of carbon in its oxidized
states of CO, gas, in the atmosphere and dissolved in
water, and HCO,~ and CO,2~, mainly dissolved in the
oceans, and as carbonate minerals in sediments. The
organic pools comprise carbon in reduced states
mainly confined in living biomass, in recently dead
organic matter dissolved or suspended in the oceans
and in surficial sediments, and in ancient, deeply
buried sedimentary organic matter (kerogen, coal,
and petroleum). The lithosphere is the reservoir for
the bulk of global carbon, with about one-fifth of this
being fossil organic carbon. This buried organic car-
bon far exceeds the amount of carbon confined in
living biomass (Garrels and Mackenzie, 1971; Garrels
et al., 1975, 1976; Trudinger et al., 1979; Berner, 1987,
1989). Table I shows current estimates of the most
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important carbon reservoirs and mean residence
times for carbon in these pools. Aspects of the carbon

exhaiaion  cycle are illustrated in Fig. 6.
Reduction of one mole of carbon dioxide in oxy-
genic photosynthetic formation of carbohydrate, and

volatile
constituents

dissolved the concomitant splitting of a mole of water, releases
constituents sedimentation IGNEOUS =l ) :

ROCKS one mole of oxygen. This, in turn, will be available for

respiratory (oxidation) processes. Maintenance of an

uplif atmospheric oxygen concentration of 21%, therefore

BIOSPHERE ———— SEDIMENTS METAMORPHIC SP  OXYEeT . o, .

ROCKS requires rapid cycling of carbon in the atmospheric,

organe hydrospheric, and biospheric pools, with the bulk of

lihification organic carbon remaining in the massive, and only

slowly cycling, pool in the lithosphere (Garrels and
SEDIMENTARY Lerman, 1984; Berner, 1989). Oxygen-dependent respi-

ration processes are the most efficient and quantita-
tively significant means of organic matter mineraliza-
Figure 5. The exogenic and endogenic cycles, showing inter- tion. Acc,ordlngly’ t_he pre§ ervation and accumulation
change of matter between the biosphere, oceans, atmosphere and of organic matter in sediments depend strongly on
“rocks.” These features are common to the biogeochemical cycles the site of its pI'OdUCtiOIl as well as the effectiveness of
of different elements. its removal and protection from the oxygen simul-
taneously produced at that same site. Quantitative
data about the sites of production and reservoirs of
living biomass are important, yet notoriously diffi-
cult, parameters to determine accurately (e.g., Du-
ursma and Dawson, 1981; Romankevich, 1984). It is
generally agreed that continental ecosystems pro-

~— EXOGENIC CYCLE ——l—— ENDOGENIC CYCLE —»

TABLE 1. Carbon Reservoirs: Residence Times duce and conserve more organic matter than do ma-
and Isotopic Composition® rine ecosystems, despite the area of the oceans being
Amount Residence §13Ce more than double that of the landmass (see Table I;
Species (108 g C) timeP (yr) (% PDB)  Stumm, 1977; Holland, 1978).
Sedimentary 62,400 342,000,000 ~0
carbonate C
Sedimentary 15,600 342,000,000 ~—24 ORGANIC MATTER
organic C
Oceanic inorganic C 42 385 ~+0.46
Necrotic C 4.0 20-40 ~=27 AEROBIC AEROBIC RESPIRATION PHOTOSYNTHESIS
Atmospheric CO 0.72 4 ~=75 by by »
2t : 2 ENVIRONS metazoa, cyanobactenia,
Living terrestrial 0.56 16 ~—27 metaphyles and microbes algae and
biomass higher plants
Living marine 0.007 0.1 ~-—22
biomass DYSAEROBIC ~ methanotrophs ~ INORGANIC C
. CARBON DIOXIDE z———= FROMATM,
Other carbon cycle parameters Estimated value METHANE OCEAN & ROCK
. - ~ methanogens /
Terrestrial net productivity 48 X 1015 g Cyr?
Marine net productivity 35 X 1015 g C yr1
Burial of organic C in marine 0.13 X 1015 g C yr-1d
sediments
Isotopic fractionation of carbon 0-36%o ANAEROBIC RESPIRATION ANOXYGENIC
assimilation a PHOTOSYNTHESIS
ANAEROBIC FERMENTATION by _
aData extracted from Garrels et al. (1975), Deines (1980), Garrels and Lerman  ENVIRONS by microbes z;r::;:;g‘:;a

(1984), Dean et al. (1986), Berner (1987, 1989), and references therein.
bResidence times are “mean” times; e.g., some carbon in crust for >10° yr.
cIsotopic compositions are “average” values. There are significant variations

with age and environment, viz. Chapter 3. Isotopic compositions are ex-

pressed relative to the international standard Pee Dee belemnite (PDB) ORGANIC MATTER
where 83C (%0 PDB) = [(13C/12C) /(13C/12C) — 1] x 103, . . e 1 . . .
dThe ultimage fractionat[i[on dep:;;‘ 1se on assirslt’finl?tridon pathway and will Figure 6. Simplified illustration of the interactions between ma-

decrease as carbon becomes limiting. jor participants of the carbon cycle.
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Organisms fixing carbon by photosynthesis also
require a continual supply of nutrients such as nitro-
gen and phosphorus, thus forming a link between the
cycles of these elements and the carbon cycle and
influencing the spatial aspects of organic matter pro-
duction. The nitrogen cycle (e.g., Trudinger et al.,
1979; Sweeney et al., 1978; Schidlowski et al., 1983),
like the carbon cycle, involves rapid recycling within
relatively small pools of organic nitrogen compounds
in living organic matter and available inorganic nitro-
gen compounds such as ammonia, nitrate, and nitrite.
Much larger and more slowly cycling nitrogen pools
are confined as dinitrogen (N,) in the atmosphere and
as sedimentary inorganic and organic nitrogen. The
large and small pools are linked by weathering pro-
cesses, by biological oxidation of ammonium to ni-
trate (nitrification) and reduction of nitrate to N,
(denitrification), and by the actions of nitrogen-fixing
organisms converting atmospheric N, to ammonium
iron (nitrogen fixation). The capacity for biological
nitrogen fixation is a property of many prokaryote
taxa (Gordon, 1981) and is probably quantitatively
most important in cyanobacteria, phototrophic bacte-
ria, and symbiotic nitrogen-fixing bacteria such as
Rhizobiaceae. The atomic carbon-to-nitrogen ratio in
living biomass is in the range of 100 (woody terri-
genous materials) to about 6.6 (marine microorga-
nisms). In dead organic matter, this ratio gradually
increases during burial and diagenesis, and nitrogen
is released and/or recycled. Data on inventories and
fluxes for the global nitrogen cycle have been com-
piled by Sweeney et al. (1978) and reviewed by Schid-
lowski et al. (1983).

Phosphorus is less abundant than nitrogen in
living organisms (for marine organic matter, atomic
C:P = 106:1; Redfield et al., 1963) and even less
abundant in fossil organic matter, consistent with
rapid and efficient recycling of organic phosphorus.
The slowly cycling lithospheric phosphate reservoir
is massive (1.1 X 1025 g) in relation to the combined
marine and terrestrial inorganic (2.9 x 10Y7 g) and
marine and terrestrial organic (2 X 105 g) pools (Pier-
rou, 1979). The availability of phosphorus is consid-
ered more likely to affect the fertility of a particular
ecosystem than is that of nitrogen (Hayes et al., 1983).
A detailed account of the marine phosphorus cycle
has been made by Froelich et al. (1982).

The biological sulfur cycle (Fig. 7; e.g., Ivanov
and Freney, 1983) is one of the most important biogeo-
chemical phenomena despite the fact that sulfur
compounds themselves are a quantitatively minor,
albeit essential, component of living biomass. Certain
classes of bacteria, the sulfide-oxidizing bacteria and

ELEMENTAL
AEROBIC
ENVIRONS f SULFUR \
Beggiatoa Beggi:
DYSAEROBIC dga 6ggiatoa
Thiobacillus hii ill
ENVIRONS BIOMASS SULFUR Thiobacills
via ASSIMILATORY
1 SULFATE RED'N }
DISSIMILATORY SULFATE
ANAEROBIC SULFATE —= . — HYDROGEN SULFIDE
ENVIRONS REDUCTION by SRB'S
l \\ BIOMASS SULFUR J l
via ASSIMILATORY
SULFATE RED'N
photosynthetic S bacteria incl. photosynthetic S bacteria ir
Chlorobium, Chloroflexus and Chlorobium, Chloroflexus a
Chromatium Chromatium
\ ELEMENTAL ‘/
SULFUR
Figure 7. Simplified illustration of the interactions between major

participants of the sulfur cycles. SRB = sulfate-reducing bacteria.

phototrophic sulfur bacteria, continually transform
vast quantities of sulfur from sulfide to sulfate in
energy transfer processes. Other groups of bacteria
utilize sulfate as an oxidant for respiration. The ma-
jority of microbes and plants acquire sulfate for the
production of biomass and reduce it in processes
known as assimilatory sulfate reduction. Animals
generally acquire sulfur as reduced sulfur compounds,
mainly amino acids.

The most quantitatively important groups with
respect to global sulfur cycling are the sulfate-reducing
bacteria (SRB) and sulfide oxidizers. The former uti-
lize sulfate as an oxidant to obtain energy from pre-
formed organic carbon. Hydrogen sulfide is liberated
as a by-product in the process known as dissimilatory
sulfate reduction (e.g., Trudinger, 1979; Postgate,
1984; Skyring, 1987). The other geochemically signifi-
cant group, living syntropically with SRB or close to
magmatic sulfide sources, have the capacity to oxi-
dize sulfide in chemolithotrophic or phototrophic
processes leading to the primary fixation of CO,.
Thus, the biogeochemical carbon and sulfur cycles
are tightly coupled. Fossil organic matter, particularly
that deposited in certain marine environments, may
contain vast amounts of organic sulfur (up to 10%
w/w and atomic C:S = 1:1) and far in excess of the
normal sulfur content of living biomass (0.5 to 1.5%
dry weight or atomic C:S = 200:1). This observation
and the specific structures of organic compounds in
this organic matter (e.g., Tissot and Welte, 1984;
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Brassell et al., 1986; Sinninghe Damsté, 1988; Kohnen
et al., 1989) indicate that this sulfur is incorporated
from bacterially generated sulfide and polysulfide in
diagenetic processes during the early stages of sedi-
ment burial rather than from original organic sulfur
bound in biomass. Iron compounds constitute an-
other major group of redox partners in the biogeo-
chemical sulfur cycle, and pyrite iron together with
sedimentary organic matter are major sedimentary
sinks for sulfide. Some data on the global sulfur
inventories are given in Table IL

Many elements, in addition to C, H, N, S, O, and
P, are minor, in quantitative terms, but nevertheless
essential constituents of living organisms. Na, K, Ca,
Mg, Si, F, Cl, Br, I, and certain transition metals (e.g.,
Fe, Co, Cu, Mo, Mn, Zn, Cr, and V) are notable, and
hence their distribution in nature is affected, to vary-
ing degrees, by life processes (e.g., Trudinger et al.,
1979). Of these elements, iron is a particularly signifi-
cant one. In living organisms, it is a constituent of a
number of cellular enzymes, notably those associated
with respiration processes. Thiobacillus ferrooxi-
dans derives energy from the oxidation of ferrous
iron, and some other organisms can use ferric iron as
an electron acceptor in the oxidation of organic mat-
ter (e.g., Brock and Madigan, 1988). However, it is in
the form of pyrite that iron is quantitatively impor-
tant. Sedimentary pyrite and organic matter are the
two principal reduced partners which balance atmo-

TABLE II. Sulfur Reservoirs and Isotopic Compositions

Amount 334Sb
Species (1018 g S)a (%0 CDT)
Sedimentary sulfate 5400 ~+17 = 2
Sedimentary sulfide 6700 ~—18 £ 6
Oceanic sulfate S 1300 ~+20.0
Atmosphere (SO, + SO,27) 2.24 X 106
Atmosphere (H,S) 0.96 x 1076
Living biosphere 8 X 1073 ~0
Dead biosphere 5 X 1073 ~0

Metabolic process Isotopic fractionation®

Assimilatory sulfate reduction ~0%o
Dissimilatory sulfate reduction +5——46%o0
Oxidations of sulfur speciesd +2-—18%0

alnventories are based on data extracted from Holser and Kaplan (1966),
Garrels et al. (1975), Schidlowski et al. (1983), Garrels and Lerman (1984),
and Berner (1987, 1989).

bIsotopic compositions are “average” values and are expressed relative to the
international standard troilite from the Canyon Diablo meteorite (CDT),
where 8348 (%o CDT) = [(3%8/328),,1o/(34S/*2S)giangara — 1] X 10

cIsotopic fractionations are relative to a substrate with 84S = 0%, (Schid-
lowski et al., 1983).

dThese data on isotopic fractionations associated with oxidations of sulfur
species are summarized by Fry et al. (1986).
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spheric oxygen (e.g., see Berner, 1989, and references
therein).

In summary, biogeochemical cycles are redox
processes whereby chemical elements in the Earth’s
crust are transferred between various living and non-
living reservoirs. Exchanges between reservoirs are
mediated by living organisms, principally microbes,
and by inorganic processes such as precipitation of
minerals, chemical weathering, physical erosion, and
oceanic and atmospheric circulation. Energy, origi-
nally from sunlight and trapped as a consequence of
photosynthetic carbon fixation, is stored in organic
carbon. It is then distributed and consumed by var-
ious living participants in the cycles. The energy
becomes available when the oxidation state of the
carbon compounds changes during conversion back
to CO,. The same biogeochemical cycles result in
transfer of matter from place to place on a global scale
and with average residence times ranging from weeks
(carbon in living marine organisms) to hundreds of
millions of years (organic and inorganic carbon in
sedimentary rocks).

5. Biochemistry and Isotopic
Consequences of Incorporation
of Bioelements into Biomass;
Diagnostic Isotopic Fossils

Table III summarizes the principal, primary bio-
chemical mechanisms for incorporation of carbon,
nitrogen, and sulfur into biomass and the classes of
organisms in which the reactions operate. The listing
is not exhaustive but covers those reactions where
important metabolic sequences have identifiable bio-
geochemical consequences. In most cases, these are
recognized through an isotopic fractionation or anom-
aly. When an element exists as a mixture of (stable)
isotopes, as is the case with carbon, hydrogen, sulfur,
nitrogen, and oxygen, biochemical and chemical
transformations usually take place with a slight pref-
erence for one isotope. Most biochemical changes
show preference for the light isotope, and this shows
up as a measurable isotopic ratio difference between
substrate and product. This is usually expressed in
relative terms using the per mil (%) notation and
based on a system of international standards. The
standards are generally chosen so as to be close to the
isotopic composition of the elements in the major
reservoir (e.g., the ocean) or as they were at the time of
the formation of the Earth. For example, troilite, an
iron sulfide mineral from a meteorite (the Canyon
Diablo troilite; CDT), is used as the international
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TABLE III. Major Biochemical Pathways for Carbon, Nitrogen, and Sulfur Incorporation into Biomass®

Element source  Substrate/product? Organism class Electron donor
co, RuBP/3-PGA Cyanobacteria, algae,® C, plants,© CAM plants® H,0d
Purple photosynthetic bacteria¢ H,, H,S, S, S,0,%~, organic C
Chemoautotrophic bacteria H,, H,S, S, §,0,27, NH,, NO,, Fe?*
co, PEP/OAA C, plants (dark), G, plants,° CAM plants (dark) H,Oe
Anaerobic bacteria Organic C
Co, AcCoA/pyruvatef Green photosynthetic bacteria® H,, H,S, S, S,0,%~
Methanogens H,
Co, CO,/AcCOAf Green photosynthetic bacteria,® anaerobic bacteria ~ H,, H,S, S, S5,0,%~
CH, 0,—»HCHO Methanotrophss
NH,* Glu/Gln Photosynthetic organisms and bacteriahi
NH,* OAA/Glu Photosynthetic organisms/
S0O,%~ ATP/Cys Bacteria, fungi, photosynthetic organismsk
S0,%- Org-C—S2- + CO,  Sulfate-reducing bacteria!

aData extracted from reviews by Miflin and Lea (1976), Lea and Miflin (1979), Trudinger (1979), Schidlowski et al. (1983), and Brock and Madigan (1988), and

references therein.

bAbbreviations: RuBP, Ribulose 1,5-bisphosphate; 3-PGA, 3-phosphoglyceric acid; PEP, phosphoenolpyruvate; OAA, oxaloacetic acid; AcCoA, acetyl
coenzyme A; Glu, glutamic acid; Gln, glutamine; ATP, adenosine triphosphate; Cys, cysteine.

cPhotosynthetically driven reactions.

dCalvin—Benson or three-carbon pathway catalyzed by ribulose bisphosphate carboxylase oxygenase (Rubisco).
eHatch—Slack or four-carbon pathway catalyzed by phosphoenolpyruvate (PEP) carboxylase.

fReverse or reductive tricarboxylic acid (TCA) cycle.
glnitial oxidation step followed by incorporation of formaldehyde.
hGlutamine synthase (GS-GOGAT) pathway.

iAssimilation of NH, may be preceded by reduction of N, catalyzed by nitrogenase or of NO,/NO, catalyzed by nitrate and nitrite reductases.

iGlutamate dehydrogenase (GDH) pathway.

kAssimilatory sulfate reduction via adenosine phosphosulfate (and phosphoadenylyl sulfate in prokaryotes and fungi), thiosulfate, and sulfide.
IDissimilatory sulfate reduction coupled to oxidation of organic acid, and particularly acetate and lactate in sulfate-reducing bacteria (SRBs); this S2- utilized

in further reactions but not fixed into biomass.

standard, and all sulfur isotope compositions are
expressed relative to this, where:

34G/328
%S (%, CDT) = <___Sﬂn_1}£ _

34G/32G
Similarly, carbon isotope compositions (13C/12C) are
expressed relative to that of the Pee Dee belemnite
(PDB) standard.

The assimilation of phosphorus from dissolved
inorganic phosphate and organophosphorus com-
pounds is absolutely essential for algal fertility. How-
ever, the nonexistence of a stable isotope (i.e., isotopic
tracer) for this element and its rapid recycling in
organisms and ecosystems largely inhibit the gather-
ing of biogeochemical information about the phos-
phorus cycle from the nature of inorganic phosphate
or organic phosphorus compounds in the sedimen-
tary record. However, it should be noted that aspects
of phosphate distributions in space and time may be
informative (Cook and Shergold, 1986). The biogeo-
chemical importance of phosphate stems from its
capacity to form high-energy phosphate ester bonds.
These provide a system of energy storage, transport,
and release, exemplified in ATP (adenosine triphos-
phate), which is common to all living cells (Fig. 4).

Oxygen is assimilated from water, molecular oxy-

1) X 103

standard

gen, inorganic forms such as nitrate and sulfate, and
organic compounds. The complexity of these multi-
ple sources and processes has inhibited the use of
oxygen-18 as a tracer for oxygen cycling between
organic matter and the atmospheric and oceanic
pools, although there are renewed efforts to address
this problem (e.g., Guy et al., 1987). The oxygen (and
hydrogen) of the oceanic and atmospheric water,
however, shows isotopic fractionations which are
largely related to the temperature at which certain
processes take place. Precipitation of carbonate min-
erals, for example, is subject to an equilibrium iso-
tope effect which is informative and often preserved
in the isotopic composition of oxygen in carbonates
deposited simultaneously with organic matter.
Isotopic fractionations in nitrogen metabolism
are associated with nitrogen fixation (N,—>NH,; 0—
3%o), nitrification (NH,*—NO,~ ~ 35%o), and deni-
trification (NO, —N,; ~20%. (Sweeney et al., 1978;
Mariotti et al., 1981), and there is a major equilibrium
isotope effect when aqueous ammonium ion is vol-
atilized to gaseous ammonia. Nitrogen in nature and
in sedimentary organic compounds has a wide dis-
persion in isotopic compositions (85N from —40 to
+45%o; e.g., Macko et al., 1987; Owens, 1987; de Niro
and Weiner, 1988), but progress in assignment of spe-
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cific biogeochemical processes based on this infor-
mation has been limited. The complexities inherent
in isolating and measuring the biological, physical,
and diagenetic controls on nitrogen isotope composi-
tion and the small number of 8°N values accrued
from the study of fossil organic matter are major
factors in restricting our understanding of this area
(e.g., Schidlowski et al., 1983).

Multiple processes must be active in the assimi-
lation of hydrogen into organic matter as is indicated
by the considerable isotopic heterogeneity within
components of living and dead biomass (e.g., Estep
and Hoering, 1980). The hydrogen isotopic composi-
tion (3D) of organically bound hydrogen in plant
cellulose (e.g., Epstein et al., 1976, 1977) shows a
strong correlation with the 8D value for the meteoric
water from which it is derived. 8D of plant cellulose
also correlates strongly with 8180 of the same material
(de Niro et al., 1988). Lipidic material is more de-
pleted in the heavy isotope deuterium than is cellu-
lose from the same organism. Sapropelic marine phyto-
plankton debris is therefore isotopically lighter with
regard to hydrogen than land plant debris (Estep and
Hoering, 1980). The H/D composition of intact ther-
mophilic algae and bacteria shows a strong correla-
tion with environmental water temperature and with
the pH as an additional complicating factor (Estep,
1984). In studies of fossil hydrogen, Hoering (1977),
Smith et al. (1981), and Hayes et al. (1983) have estab-
lished that the 8D of organically bound hydrogen in
large sample suites of Phanerozoic and Proterozoic
kerogens and coals varies widely and is in the range
—70 to —160% SMOW (the international standard
mean ocean water). The deuterium content of fossil
organic matter appears to depend on the fraction of
organic matter analyzed, its thermal history, and pos-
sibly its contact with groundwater or hydrothermal
water. The weight of evidence tells us that the 8D in
sedimentary organic matter is comparable to that in
living and recently deceased biomass, is affected by
organism type, and shows regional differences which
may relate to the isotopic content of the source water.
However, the causes of primary fractionations are
poorly understood (de Niro et al., 1988), and it is
likely that there are also significant and complex
diagenetic effects on this parameter (e.g., Peters et al.,
1981). Extreme care must be exercised in interpreta-
tion of organic matter 8D and 3180 data until there is
improved understanding of controlling factors.

As discussed above, the source of much sedi-
mentary organic sulfur is H,S originally produced by
SRB during early diagenesis. This sulfur (sulfide,
polysulfide, and possibly elemental sulfur) is trapped
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by receptive organic compounds, and this, as a poly-
merization mechanism, contributes to kerogen for-
mation. We would therefore expect to find the same
wide dispersion of negative sulfur isotope values in
organically bound sulfur as is found in sedimentary
pyrite of biogenic (as opposed to hydrothermal) ori-
gin, and the limited range of experimental data avail-
able does support this point. Assimilatory sulfate
reduction is accompanied by a small discrimination
against the heavy (34S) isotope while the dissimila-
tory process leads to much larger discriminations,
ranging as high as 60%. Since the latter process
is quantitatively more significant, and because the
product pyrite is ubiquitous and tractable, most re-
search work on sedimentary sulfur has concentrated
on its inorganic forms of sulfide and sulfate. Biolog-
ical mediation of the abundance and isotopic compo-
sition of this “inorganic” sulfur causes it to be a most
useful and important biogeochemical fossil.

Maximal sulfur isotopic fractionations, leading
to the most negative 334S values for pyrite sulfur
(and organically bound sulfur), would normally be
expected where there is an unlimited supply of sul-
fate and adequate mixing. Here, kinetic controls can
exert the maximum discrimination in favor of the
light (328) isotope over the heavy (34S) isotope. Alter-
natively, reduced fractionations are usually consid-
ered to be evidence for closed or “euxinic” systems
because, as more sulfate becomes consumed, there is
progressive reduction in 32S availability and hence
the preference for 32S over 3¢S (e.g., Ohomoto and
Rye, 1979). In nature, the sulfate-reducing/sulfide-
oxidizing system is considerably more complex be-
cause of the effects of diffusion gradients, supply and
nature of reductant, and reversibility of the reduction
process as well as sedimentological variations pecu-
liar to the environment (e.g., Chambers and Tru-
dinger, 1979; Goldhaber and Kaplan, 1980; Fry et al.,
1986). In general, the features which reflect the opera-
tion of bacteriogenic dissimilatory sulfate reduction
are a wide dispersion of negative values for pyrite S
and organic S when examined in relation to the sulfur
isotopic composition of the starting sulfate. This is
currently about +20%. CDT for “normal” marine sul-
fate, but the actual value has varied considerably over
geological time (e.g., Holser and Kaplan, 1966; Holser,
1977; Claypool et al., 1980; Schidlowski et al., 1983;
Hayes et al., 1992).

In some special geological circumstances involv-
ing high temperature alteration, it is thought that
organic matter in contact with sulfate from subsurface
sediments or brines can participate in a thermo-
chemical sulfate reduction process. Subsequent in-



Biogeochemical Cycles

corporation of this thermochemically produced sul-
fide, which is isotopically close to the starting sulfate,
into the organic matter can lead to very heavy 834§
values for sulfide and organic sulfur (e.g., Orr, 1974;
Powell and McQueen, 1984). This, again, reinforces
the need for great care in the interpretation of isotopic
data and the importance of examining each situation
in the light of accompanying geological information.

There is voluminous literature relating the car-
bon isotopic composition of living organic matter to
the physical and biochemical processes of carbon
assimilation. Sedimentary organic matter shows fea-
tures that can generally be interpreted in the light of
this data, and this includes knowledge about the $13C
signatures of specific compounds and even individ-
ual carbon atoms within molecules. Recent findings
in this area (Freeman et al., 1989; Kohnen et al., 1992)
emphasize, yet again, the dominance of microbes as
sources of sedimentary organic matter. This progress
is clearly one of the greatest success stories of all
biogeochemical research and is treated as a separate
topic in Chapter 3.

6. Diagnostic Molecular Structures
Encoded in Fossil Organic Matter

Identification of the structures and sources of
hydrocarbons and a few other categories of biomarker
has essentially dominated organic geochemical re-
search direction because these molecules are small,
ubiquitous, and stable and have proved tractable in
the hands of analysts (e.g., Peters and Moldowan,
1993). However, since polymeric substances, such as
kerogen, constitute the bulk of preserved sedimentary
organic carbon, there is renewed appreciation of the
need for improved methods for isolating and disman-
tling this material in a controlled and selective way.

Kerogen is a complex and generally hetero-
geneous substance formed from the most robust re-
mains of dead organisms (e.g., Durand, 1980; Tegelaar
et al., 1989). The precursors include structural com-
ponents such as polysaccharides, lignins, sporopolli-
nen, and algal biopolymers. The storage and protec-
tive parts of cells and whole organisms, including
lipids, resins, and waxes, are also important. Removal
of the mineral matrix from a sediment, and micro-
scopic examination of the organic residue, generally
reveals a complex mixture comprising particles with
morphology which can be recognized in terms of the
original organisms (i.e., microfossils, pollen, repro-
ductive cysts, etc.). There will also be particles of
amorphous organic matter which are not readily as-
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signed to specific origins. The different components
in a kerogen complex undergo a well-documented
color change from amber to black during thermal
maturation. Accordingly, information from micro-
scopic inspection may be a very valuable addition to
chemical analysis, providing data concerning the age,
community structure, paleoenvironment of deposi-
tion, degree of reworking, and thermal history. It also
provides salutary reminders of the heterogeneous and
complex characteristics of the material.

Successful approaches to kerogen degradation
include oxidations and other reactions which attack
specific sorts of chemical bonds, hydrogenolysis, hy-
drogenation, desulfurization, and controlled pyroly-
ses. Some examples of progress in this area, which
should initiate further developments, are the release
and analysis of specific archaebacterial and eubac-
terial lipid components from kerogen (e.g., Chappe et
al., 1980, 1982; Mycke et al., 1987) and the recogni-
tion of the resistant algal biopolymers and their likely
quantitative importance as readily preservable or-
ganic materials with isotopic and structural integrity
(Chalansonnet et al., 1988; Kadouri et al., 1988; Tege-
laar et al., 1989).

Moving from a microscopic to molecular scale,
hydrocarbons and porphyrins, about which we have
considerably more structural knowledge, can be di-
vided according to their origins from prokaryotic or
eukaryotic sources (Fig. 8). Hopanoids and simple
branched alkanes are principally derived from eubac-
terial lipids, while extended, regular, and irregular
(>C,,) acyclic isoprenoids are derived predomi-
nantly from archaebacteria. The biochemistry of pro-
karyotic organisms is heavily dependent on the ab-
sence or presence of specific chemical substrates or
energy sources. Accordingly, prokaryotic markers are
good indicators of paleoenvironment.

An example of this type of correlation is the rec-
ognition, in sediments and oils, of aryl isoprenoids
(Fig. 9) thought to be derived from carotenoids spe-
cific to the Chlorobiaceae family of green sulfur bac-
teria (Summons and Powell, 1986, 1987). These organ-
isms are anaerobic and photosynthetic and so require
light and H,S for growth. In modern environments,
they appear in sulfate-containing water bodies which
are sufficiently quiescent and organic rich to enable
sulfide production close to the photic zone. Thermal
or salinity stratification is usually involved, such as
may be found in hypersaline or fjord environments.
With all caution, we can invoke these conditions in
our assessment of depositional environments where
Chlorobium biomarkers are abundant and, at the
same time, look for independent geological support.
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Figure 8. Illustration of the types of biogenic hydrocarbons rou-
tinely found in sedimentary bitumen. These molecules are typi-
cal of those which can be diagnostic for the major categories of
organisms.

Hopanoid hydrocarbons with 28 carbon atoms
are another class of biomarkers which evidently have
a distinctive bacterial source and which display very
selective distributions in sediments and petroleum.
Known occurrences include the source rocks and oils
of the Monterey Formation in California and the Kim-
meridge oils of the North Sea. Organic matter in these
deposits is considered to have been formed in high-
productivity, open marine environments and subse-

diaromatic fossil hydrocarbon = perhydroisorenieratene

monoaromatic fossil hydrocarbon = aryl isoprenoid

Figure 9. Structure of a principal and very specific carotenoid for
green sulfur bacteria of the genus Chlorobium and sedimentary
hydrocarbons derived from it.
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quently buried below water which was anoxic and
sulfide rich. The unusual 28,30-bisnorhopane bio-
marker (see Fig. 8), which is prominent in these strata
(Grantham et al., 1980; Moldowan et al., 1984) and,
in the case of the Monterey, clearly associated with a
particular phosphatic carbonate lithofacies (Curiale
and Odermatt, 1989), can be attributed to presently
unknown bacteria which thrived somewhere in this
system, most probably during the early diagenesis.
Because of its infrequency, a high abundance of
28,30-bisnorhopane in sediments or oils strongly im-
plies deposition under a specific set of circumstances
influenced by a particular set of biogeochemical pro-
cesses, and hence in a specific sort of paleoenviron-
ment. A modern analog is not yet recognized because
we have no knowledge of the connection between the
fossil biomarker and the biochemistry of any extant
organisms.

Steroidal hydrocarbons are also prominent in
sedimentary organic matter and display a great deal
of structural variation. Steroidal lipids, from which
these hydrocarbons are derived, are important build-
ing blocks in the membranes of eukaryotes. Only a
few prokaryotes are known to have the capacity to
biosynthesize sterols (Ourisson et al., 1987), and the
requirement for the presence of molecular oxygen is
another constraint on their production. Consequently,
steranes can be informative about the eukaryote com-
position of a microbial community and especially the
nature of algal primary producers. Paleoenvironment,
evolution, and changes in the dominance of algal
lines over Proterozoic and Phanerozoic time appear to
affect the steroid composition of preserved organic
matter (e.g., Volkman, 1986; Grantham and Wakefield,
1988; Summons and Walter, 1990). Some steranes,
derived from the sterols of specific classes or families
of algae, are known to have unusual and diagnostic
structural features and restricted distributions in
space and/or time. Included in this category are sev-
eral C;, compounds (Fig. 10) such as dinosterane
(Summons et al., 1987), 4-methyl-24-ethylcholestane
(Goodwin et al., 1988), and 24-n-propylcholestane
(Moldowan et al., 1990). These convey environmental
information as well as imposing constraints on the
geological ages of the materials in which they occur.
The oldest steranes, hopanes and extended acyclic
isoprenoids so far recognized are in sediments dated
at approximately 1.7 Ga (Summons and Walter, 1990).

Vascular plants synthesize a wide variety of ter-
penoid natural products. These compounds may be
transformed into stable hydrocarbons during burial
while retaining their diagnostic structural features. In
the case of some plant resins, the products do not
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Figure 10. Different structural isomers found in sedimentary Cy,
steranes. Various combinations of these molecules are diagnostic
for different sedimentary environments. The geologic age of sedi-
ments also exerts some control on their distributions.

outwardly resemble the precursors, but the connec-
tions can be made by artificial maturation experi-
ments (e.g., van Aarssen et al., 1990). As well as
disclosing their terrestrial origins, plant terpenoid
distributions also express evolutionary and paleo-
botanical information (e.g., Alexander et al., 1988).

Making correct and definitive connections be-
tween biogenic organics and their fossil products in
the sediments is never easy or complete. The above
examples illustrate just a few of the ways in which
molecular fossils can be informative. There are many
more discussed in the following chapters of this
book, but, for every answer, a new series of questions
instantly arises. This, and the need to be always
conscious of chemical, physical, biological, and geo-
logical considerations, is what makes organic geo-
chemistry such an intriguing, intellectually challeng-
ing, and rewarding area for research.

7. Geological History of the
Biogeochemical Cycles

The passage of the life-forming elements through
the biogeochemical cycles often results in stable iso-
topic fractionations due to equilibrium isotope ef-
fects (e.g., CO,/HCO,~ equilibrium) and kinetic iso-
tope effects (e.g., enzymic discriminations). Carbon,
sulfur, oxygen, hydrogen, and nitrogen all exhibit
significant isotopic heterogeneity within and be-
tween organic and inorganic reservoirs, and specific
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details of important fractionation processes are dis-
cussed in later chapters. Isotopic analyses constitute
an informative and effective means of following path-
ways, constructing mass-balance equations, and tim-
ing events. For example, the significance and inten-
sity of coupling of the global carbon and sulfur cycles
during the Phanerozoic has become evident through
recognition of an inverse relationship between the
isotopic composition of marine carbonates and sul-
fates (Holser, 1977; Claypool et al., 1980; Veizer et al.,
1980; Garrels and Lerman, 1984; Berner, 1987, 1989).
Isotope stratigraphy, such as the investigation of fine-
scale carbon isotopic variation in carbonates and or-
ganic matter deposited in former oceans, has shown
that major faunal extinction events, such as those just
prior to the Cambrian, the Permian Terminal Event
and the Cretaceous—Tertiary Boundary Event, seem
to be associated with rapid and major perturbations
in the functioning of the carbon cycle (e.g., Tucker,
1986; Knoll et al., 1986; Zachos et al., 1989; Holser
et al., 1989). Since the carbon dioxide present in the
ocean—atmosphere system is a major moderator of
surface temperature through its capacity to act as a
“greenhouse” gas, it is probable that the carbon cycle
and global climate are tightly coupled (e.g., Broecker
and Denton, 1990). The ultimate “holistic” view of a
self-regulating Earth has been proposed in the Gaia
metaphor (e.g., see Lovelock, 1990), and, in this con-
text, other means of climate regulation have been
suggested but are not proven.

Tectonism, climate, and oceanic circulation pat-
terns all exert a profound influence on the spatial and
temporal aspects of organic matter formation and
deposition. Determination of the precise relation-
ships between geochemical phenomena, such as sed-
imentary isotope fluctuations and global “anoxic
events,” and apparently simultaneous biological
events signifying changed circumstances is a major
challenge for geologists, climatologists, biogeoche-
mists, and paleontologists to solve together.

Biogeochemical cycles had their origins in the
early stages of biological evolution and were inti-
mately connected with the progress and direction of
that evolution (Fig. 11). Stromatolites, laminated sedi-
mentary structures formed by microbes which trap,
bind, and cement sediment, comprise ubiquitous and
unambiguous pieces of evidence for the nature of
early life. The morphology of the oldest known fossil
stromatolites, approximately 3.5 Ga old (Lowe, 1983;
Walter, 1983), resembles that of modern ones con-
structed by photosynthetic microbes. Isotopic differ-
ences between organic and inorganic carbon phases
of the oldest sedimentary rocks are of “similar” mag-



16

TIME Ga BIOGEOCHEMICAL LANDMARKS
radiation of vascular plants (0.4)
05 [
radiation of metazoa (0.6)
10 |~
oldest likely metaphytes and planktonic microfossils (1.4)
15
minimum date for 1% PAL O, (1.7)
oldest sedimentary steranes, hopanes & isoprenoids (1.7)
20
advent of aerobic metabolism (2.4 to 2.8)
25 I isotopic evidence for sulfate reducing bacteria (2.0-2.5)
geochemical evidence for local aerobic habitats (2.8)
30 [
35 oldest stromatolites i.e phototrophs (3.5)
oldest prokaryotic microfossils (3.5)
oldest sediments, isotopic evidence for autotrophy (3.5)
origin of life and
40 |- diversification of early anaerobes (3.5 to 3.9)
accretion of the Earth (4.5)

formation of the Solar System (4.6)

Figure 11. Time scale of Earth history, showing events of biogeo-
chemical significance based on current assessments of fossil evi-
dence. The data were extracted from Schopf (1983), Knoll and
Bauld (1989), Hayes et al. (1990), and references therein.

nitude to those found today [approx —35%. PDB; see
Strauss et al. (1990) and Des Marais et al. (1992) for
new information on this topic]. These and other ob-
servations suggest that photoautotrophy is as old, or
almost as old, as life itself, that is, at least 3.5 billion
years (e.g., Schidlowski et al., 1983; Walter, 1983).
Truly convincing evidence has not yet been found to
establish whether this photosynthesis was based on
hydrogen sulfide (anoxygenic; photosystem I), water
(oxygenic; photosystems I + II), or some other sub-
stance as an electron donor, although there are biolog-
ical grounds for the belief that anoxygenic photo-
synthesis was the primeval form (Pierson and Olson,
1989). Geological data suggests that photosynthesis
operated as long as 2.7 billion years ago (Buick, 1992).
However, there is general agreement that oceanic and
atmospheric oxygen levels in the Archean and Early
Proterozoic were very much lower than present-day
atmospheric levels (PAL) (Cloud, 1976; Holland,
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1978, 1984; Walker et al., 1983; Kasting, 1987), and it
is thought that oxygen production and accumulation
from oxygenic photosynthesis eventually resulted in
atmospheric levels capable of sustaining metazoan
respiration (>0.1 PAL) by the end of the Proterozoic
(Knoll, 1989). The availability of molecular oxygen is
an essential factor in numerous biochemical transfor-
mations, and particularly for the biosynthesis of un-
saturated fatty acids and sterols in eukaryotes. Mo-
lecular oxygen is also important as the precursor of
ultraviolet (UV)-protective ozone in the Earth’s atm<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>