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The long-term carbon cycle operates over millions of years and involves the exchange of carbon between
rocks and the Earth’s surface. There are many complex feedback pathways between carbon burial, nutrient
cycling, atmospheric carbon dioxide and oxygen, and climate. New calculations of carbon fluxes during the
Phanerozoic eon (the past 550 million years) illustrate how the long-term carbon cycle has affected the burial
of organic matter and fossil-fuel formation, as well as the evolution of atmospheric composition.

he carbon cycle is a variety of processes that take
place over timescales ranging from hours to mil-
lions of years. Processes occurring over shorter
periods include photosynthesis, respiration,
air—sea exchange of carbon dioxide and humus
accumulation in soils. However, it is the long-term carbon
cycle, occurring over millions of years, that is of interest
when considering the origin of fossil fuels. The long-term
cycle, shown in Fig. 1, is distinguished by the exchange of
carbon between rocks and the surficial system, which con-
sists of the ocean, atmosphere, biosphere and soils. The
long-term carbon cycle is the main controller of the concen-
tration of atmospheric carbon dioxide and (along with the
sulphur cycle) atmospheric oxygen over a geological
timescale'”. It can be represented succinctly by the general-
ized reactions™:

CO, + CaSiO, <> CaCO, + SiO, (1)
CO, + H,0 <> CH,0 + O, 2)

These reactions summarize many intermediate steps.
Equation (1), going from left to right, represents the uptake
of atmospheric carbon dioxide during the weathering on
land of calcium (and magnesium) silicates, with the dis-
solved weathering products (Ca**, Mg”* and HCO;") deliv-
ered to the ocean and precipitated there as calcium and mag-
nesium carbonates in sediments. Going from right to left,
equation (1) represents the deep burial and thermal decom-
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position of carbonates with the liberated carbon dioxide
released into the atmosphere and oceans.

Equation (2) is of particular interest for this review.
Going from left to right, it represents net global photosyn-
thesis (photosynthesis minus respiration), as manifested
by the burial of organic matter (CH,O) in sediments. The
buried organic matter is eventually transformed, mostly
to kerogen, but some becomes oil, gas and coal. Equation
(2), going from right to left, represents the oxidative
weathering of organic matter exposed by erosion on the
continents (and to alesser extent the combination of ther-
mal decomposition of organic matter to reduced gases
with consequent oxidation of the gases in the atmos-
phere). The burning of fossil fuels by humans has caused a
large increase in the rate of organic matter oxidation com-
pared with that of the natural weathering process. This
increase, on the basis of the data we present in this review
and that of the IPCC’, is an acceleration by a factor of
about 100. Thus, humans have greatly perturbed thelong-
term carbon cycle.

This review shows that numerical modelling, based on
thelong-term carbon cycle, allows the calculation of glob-
al rates of organic matter burial over geological time, and
that the resulting rate distribution bears a resemblance to
times of formation of oil and gas source rocks and coal. In
addition, the complex feedbacks that govern organic bur-
ial are shown to be intimately tied to oceanic nutrients,
the carbon dioxide and oxygen content of the atmosphere,
and climate.

Figure 1 A model of the long-term
carbon cycle. The deposition of
carbonates derived from the weathering
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of carbonates is not shown because
these processes essentially balance one
another over the long term as far as
carbon dioxide is concerned. However,
carbonate deposition derived from
carbonate weathering leads to additional

CaCO,4
deposition

Carbonate C

in sediments degassing of carbon dioxide upon deep
burial and thermal decomposition.
Diagenesis, chemical changes at low
temperatures during burial. The cycle
Subduction can be subdivided into two subcycles

involving organic matter (left side of
figure) and silicate weathering and
carbonate deposition (right side of
figure).
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Organic matter burial and source rocks

There are two principal methods for estimating the global rate of
burial of organic matter over a geological timescale. The first involves
determining the mean concentration of organic carbon in sedimen-
tary rocks and correcting for the loss of the volume of rocks with time
owing to erosion, metamorphism (transformation by natural
agenciessuchasheatand pressure) and subduction (the sidewaysand
downwards movement of plates of the Earth’s oceanic crust)®. The
second, reported here, is based on the use of the carbon isotopic com-
position of seawater. During photosynthesis "°C is taken up preferen-
tially instead of °C, such that the organic matter derived from organ-
isms is about 20%o lower in "’C than the carbon in atmospheric car-
bon dioxide or that in dissolved inorganic carbon (DIC) of sea water.
A compilation of §"°C of carbonate fossils versus time has been per-
formed” (where 8"°C(%o0) = [(*C/"*Cympie)/(°C/"*Cyapaara)—111,000).
Changes in 8"°C of carbonates with time are assumed to record the
average 8" C value for DIC in sea water and also for atmospheric car-
bon dioxide (which is about 7%o lower in "*C than DIC). The rate of
preferential removal from the ocean and atmosphere of isotopically
light organic carbon, relative to total carbon, is recorded by the value

7 50
T | | Source-rock areas
< g — Giobal carbon Lao
S burial
E @
© 5 130 ¢
o ©
* S
x

<}

3 4 120 3
3 o
Q >
5 3 Ho 3
£
©
O

-500

-400 -300

Time (Myr)

-200 -100 0

Figure 2 Plot of global organic carbon burial during the Phanerozoic eon compared
with the times of deposition of major oil and gas source rocks. (Carbon burial rate
modified from ref. 11; source-rock areas from ref. 14.) Units for source-rock area
are in percentages of the total of the six areas. Source-rock abundances at other
times are very minor'*. The very high carbon burial values centred around 300 Myr
ago are due predominantly to terrestrial carbon burial and coal formation®.
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Figure 3 Plots of organic carbon/pyrite sulphur (C:S) buried in sediments versus
time, compared with the fraction of oil and gas source rocks that are of type Il
(including coal). (C:S values from ref. 11; source rock data from ref. 14).
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of "C. For example, an increase in §"°C for sea water normally repre-
sents increased removal of light carbon and, thus, greater burial of
organic matter in sediments. By performing mass-balance calcula-
tions for both total carbon and "°C for input and output of carbon to
the oceans plus the atmosphere, it is possible, by using the 8"°C iso-
topic data, to calculate the global rate of burial, over time, of organic
carbon in sediments, both of marine and non-marine origin™*"".

A plot of global organic burial rate during the Phanerozoic eon is
shown in Fig. 2, and the pattern is a crude guide to the occurrence of
fossil-fuel source rocks, as will be seen later. The burial curve is calcu-
lated using variable isotope fractionation during photosynthesis'"'?,
new data on 8"°C for the late Permian period"’ and data on the rapid
recycling of carbon in younger rocks®'". The estimated error is +50%
of the rate plotted. The most prominent feature is a broad maximum
centred around 300 Myr ago (Permo-Carboniferous period). This
maximum is a direct consequence of the very high 8"°C of the ocean
and atmosphere at this time’. Prominent minima occur before
~470 Myr ago (early Paleozoic era) and around 220-180 Myr ago
(Triassic—Early Jurassic period), whereas secondary maxima are at
440-410 Myr ago (Silurian period) and 90-120 Myr ago (Middle
Cretaceous period).

The times of maximum model-calculated organic carbon burial
coincide with independent estimates of the times of major oil source
rock deposition. The relative areas of the six principal source-rock
periods' expressed asa percentage of the total for all areas coincide in
time with the maxima in the calculated carbon burial curve (Fig. 2).
Also, the minima in the carbon-burial curve coincide with periods of
very low occurrence of source rocks for oil and coal'*". This agree-
ment suggests that a major factor in oil generation is increased global
deposition of organic matter.

Klemme and Ulmishek'" have divided their six source-rock peri-
ods into two categories, source rocks dominated by type I and type II
kerogen (sedimentary organic matter that is high in hydrogen and
low in oxygen derived mainly from aquatic planktonic organisms),
and those dominated by type Il kerogen (lower in hydrogen, higher
in oxygen and derived mainly from plants), with coal included with
type Ill asa source rock (mainly for gas). The ratio of type I1l kerogen
to total kerogen for each period is plotted in Fig. 3. The broad maxi-
mum centred about 300 Myr ago illustrates the importance of coal
deposition at that time. The rise of land plants between 380 and
350 Myr ago during the Devonian period created a new source of rel-
atively non-biodegradable organic matter, lignin, which, when
buried in sediments, gave rise to increased global burial of organic
carbon in the Carboniferous and Permian (350-250 Myr ago) (Fig. 2).
Burial oflignin and other plant products gave rise to the great Permi-
anand Carboniferous coal basins and, to alesser extent, type III kero-
gen for oil and gas formation. By far the most abundant coal reserves
are from the Permo-Carboniferous period'’, even though these older
rocks have been subjected to erosion for longer times than younger
deposits. Other periods of high type III kerogen formation (Fig. 3)
are the Middle Cretaceous (90-120 Myr ago) and mid-Tertiary
(30-50 Myr ago). These are also periods of abundant coal deposi-
tion". Itis notable that the time when both global organic burial and
source rock deposition were at their lowest (centred around 200 Myr
agoin Fig. 2 ) isalso the time when very little coal was deposited"”.

The temporal distribution of the different kerogen types corre-
lates somewhat with the loci of organic matter deposition over time.
Thelatter can be estimated by means of isotope mass-balance model-
ling for both carbon and sulphur®. This is because of the different
sulphur content, which is mainly found in pyrite (FeS,), of organic-
rich sediments deposited in different sedimentary environments.
The global rate of burial of sedimentary pyrite can be calculated, in a
manner analogous to that used for the burial of organic matter. The
sulphur isotopic composition of sea water, as recorded in deposits of
gypsum and anhydrite and traces of sulphate in carbonates'®, gener-
ally reflect changes in the rate of preferential removal of **S from sea
water as pyrite. Pyrite is lower in **S/**S relative to seawater sulphate,
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because the reduction of sulphate to H,S, from which pyrite forms,
involves a large isotopic fractionation'’. Sulphur isotopic data for the
ocean, combined with mass-balance calculations for total sulphur
and 'S, enable the calculation of rates of pyrite burial over time.

Ratios of the burial rates of organic carbon and pyrite sulphur
(C:S) versus time are also shown in Fig. 3. The changes with time of
C:S agree with what is known about pyrite formation in modern sed-
iments®. Predominant burial in organic-rich marine sediments, for
instance in basins with anoxic bottom water such as the Black Sea,
involves abundant sulphate reduction and pyrite formation, leading
to low C:S ratios. Burial in fresh-water environments, such as coal
swamps, results in very high C:S ratios. This is because of the very low
sulphate content of fresh water compared with that of sea water,
which minimizes pyrite formation®. (Burial in oxygenated marine
bottom waters with bioturbation results in intermediate C:S values,
but this environment is not as favourable for oil formation'”). Thus,
for oil-prone marine source rocks deposited under anoxic bottom-
water conditions'’, one would expect low C:S ratios, and for coal
deposits, one would expect high C:S ratios. The correlation between
type Il kerogen, relative to total kerogen, and C:Sratio (Fig. 3) agrees
with this prediction for several source-rock periods (Fig. 3).

The verylow values of C:S for the early Paleozoic (before 370 Myr
ago) suggest greater deposition in unusually organic-rich and pyrite-
rich marine rocks. This is in agreement with the widespread occur-
rence of the graptolite black shale facies of this era, which has been
interpreted to have been deposited in abundant anoxic regions of the
ocean'®. (The verylow C:S values also reflect the relative lack of depo-
sition in fresh water, owing to the absence of large land plants at that
time.) The argument that there islittle difference in organic preserva-
tion between oxygenated and non-oxygenated bottom waters' is
controversial and does not agree with other studies of modern sedi-
ments or with geological observations'***'.

The presence of only a moderately high proportion of type III
kerogen in Permo-Carboniferous source rocks, compared with the
very high concurrent values of C:S, may be because the compilation of
Klemme and Ulmishek'* was oriented towards oil and gas formation,
not coal abundance. Also, the poor correlation between the ratio of
type III to total kerogen and C:S for the mid-Tertiary (40-20 Myr ago)
is explained by the deposition of much terrestrially derived (type III)
organic matter in marine estuarine and deltaic environments',
where abundant pyrite formation is supported by sulphate-rich
sea water.

Organic burial, nutrients and atmospheric composition

The burial of organic matter, as it affects source-rock formation, is
intimately tied to the chemical composition of the oceans and atmos-
phere. For the atmosphere, as shown by equation (2), the burial of
organic matter involves the removal of carbon dioxide and the addi-
tion of oxygen. In this way, organic burial, on a geological timescale, is
a major controller of atmospheric composition. Atmospheric com-
position, in turn, exerts a major control on organic matter burial and
acts in a feedback capacity. A major factor linking organic burial in
the marine environment and atmospheric composition is the level of
essential nutrients in sea water, principally phosphorus and
nitrogen®. This is because biological production is normally limited
by nutrients. Changes in atmospheric carbon dioxide and oxygen can
affect the availability of nutrients, which in turn affect organic pro-
duction and burial. This leads to a variety of biogeochemical feed-
backs that control both atmospheric composition and organic bur-
ial. Because of this complex web of feedbacks, a simple explanation of
the various changes over time in rates of organic burial and source-
rock formation (Figs 2 and 3) is difficult, with the exception of the
effect of therise oflarge land plants on terrestrial carbon burial.

The interaction of nutrients and atmospheric carbon dioxide and
oxygen with organic burial can be represented by systems-analysis
diagrams. An example is shown in Fig. 4. (A complete coverage of all
suggested linkages is beyond the scope of this review — for more
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Figure 4 Systems-analysis diagram showing some of the feedback relationships
between marine organic carbon burial, nutrients, climate, atmospheric carbon
dioxide and oxygen, and ocean circulation. The upward dashed arrow at h represents
disagreement concerning the effect of oxygen on organic burial. (See text for detailed
explanation). Solid arrows represent positive responses and arrows with bullseyes
represent negative responses. A loop with an even number of arrows with bullseyes,
or with no bullseyes, represents a positive feedback loop. A loop with an odd number
of bullseyes represents negative feedback. FeP, phosphorus associated with ferric
oxide.
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details consult refs 23-25.) Plain arrows between entities represent
positive responses. This means, for example, if organic burial
increases, oxygen production and, therefore oxygen level, increases.
Arrowswithattached bullseyes refer to negative responses. For example,
if organic burial increases, carbon dioxide (the ultimate source of the
carbon) decreases. By following the diagram, one can deduce
whether various loops lead to positive or negative feedback. A loop
with an even number of arrows with bullseyes or no bullseyes repre-
sents positive feedback. A loop with an odd number of bullseyes rep-
resents negative feedback. Because atmospheric oxygen and carbon
dioxide have not varied considerably over geological timescales,
interest has focused on negative feedback pathways, which provide
stabilization.
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Figure 5 Plots of RCO, (the ratio of the mass of carbon dioxide in the atmosphere in
the past to that for the pre-industrial present) and %0, during the Phanerozoic eon.

(Values of RCO, from the GEOCARB IIl model®*; values of %0, from ref. 11 using the
'3C data of refs 12 and 13). Estimated errors are £50% for RCO, and 7% for O,
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Itisinstructive to follow several of the loops shown in Fig. 4. Con-
sider the loop h—i—j—g. Increased organic burial raises atmospheric
oxygen, which results in a more oxygenated ocean and the greater
burial of phosphorus associated with ferric oxides (FeP). Burial of
FeP robs the ocean of available dissolved phosphorus for photosyn-
thesis, resulting in alower mean phosphorus concentration, and this
results in lowered biological productivity and less organic burial.
This negative feedback loop is thought to be a major stabilizing con-
trol on atmospheric oxygen over a geological timescale’®”. An alter-
native suggestion is that nitrogen fixation is the primary factor limit-
ingorganic production®. In this case, loop h—k—m provides the nega-
tive feedback; greater organic burial produces higher oxygen, and this
inhibits biological nitrogen fixation, which means lower nitrogen
levels in sea water and lower organic production and burial.

Atmospheric carbon dioxide is also involved in negative feedback
with regard to organic carbon burial. Consider the loop a—b—c—d.
Greater burial leads to a lowering of atmospheric carbon dioxide,
which, because of the atmospheric greenhouse effect, leads to global
cooling, especially at high latitudes™. A cooler Earth with a greater
latitudinal temperature gradient could drive greater oceanic circula-
tion and a greater supply of oxygen to deep waters. This inhibits the
formation of anoxic bottom waters and thereby reduces organic
burial"”. This loop has three arrows with bullseyes, and this indicates
overall negative feedback. (An additional scenario is that greater
oceanic circulation could lead to a greater supply of nutrients to sur-
face waters with greater organic production, greater burial and posi-
tive feedback). Finally, there is the loop a—b—e—f—g. Higher organic
burial causes lower carbon dioxide and a cooler Earth, which reduces
the rate of weathering on land of rocks containing phosphorus. This
means less delivery of phosphorus to the oceans, lower marine-dis-
solved phosphorus, and lower biological production and organic
burial®®’'. Other possible negative-feedback loops have been suggest-
ed, such as greater organic burial, elevated oxygen, reduced plant-
assisted weathering of phosphate minerals, less phosphorus trans-
port to the sea and lower organic carbon burial”.

The arrow going from oxygen to organic matter is dashed. This is
because there is controversy over whether the oxygen content of the
atmosphere and oceans hasa direct influence on global organic mat-
ter burial. Studies of the modern ocean®' suggest that organic mat-
ter preservation in sediments is considerably reduced by the pres-
ence of oxygen in bottom waters, but a simple inverse correlation
between measurable oxygen level and organic matter burial has not
been found™. Also, high concentrations of organic matter can be
found in oxygenated bottom waters under zones of high plankton
productivity".

Using a large variety of feedback mechanisms (many of which are
not illustrated in Fig. 4), concentrations of carbon dioxide and oxy-
gen in the atmosphere over a geological timescale have been calculat-
ed by computer modelling™'*"*7, A review of these models and
their results can be found in ref. 25. An example based on modelling,
bymyself, ofa variety of processes' ", including calcium and magne-
sium silicate and carbonate weathering and burial, organic matter
weathering and burial, pyrite weathering and burial, and global CO,
degassing, is shown in Fig. 5. (From sensitivity analysis, the errors in
carbon dioxide are about +50% and for oxygen about £7% oxygen.)
A variety of independent estimates agree with the curve for carbon
dioxide’**, and biological data agree with elevated Permo-Carbonif-
erous oxygen levels*. The most prominent feature in these plots are
the high oxygen levels and low carbon dioxide levels during the
Permo-Carboniferous. These are due primarily to the rise of large
vascular land plants and their effect on accelerated silicate weather-
ing (for carbon dioxide) and increased organic matter burial (for
both carbon dioxide and oxygen).

Modelling of the long-term carbon cycle can lead to new insights
regarding the formation of source beds for oil, coal and gas and
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the relationship between global organic matter burial and the
composition of the atmosphere. Futher work is needed to better
identify the principal feedback relations and to better quantify the
various fluxes within the carbon cycle. O
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