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Abstract
Coccolithophores first became significant participants in the carbonate cycle in the Jurassic,
but throughout the Jurassic they were largely restricted to shelf and epeiric sea environments.
They spread into the open ocean in the Cretaceous, and with this became a major factor in
governing the carbonate cycle in the sea. With the development of dissolution-resistant forms,
such as Watznaueria barnesae, the coccolithophores perturbed the carbonate system and
switched the major site of carbonate deposition from shallow seas to the deep ocean. Several
major evolutionary steps in the development of the coccolithophores have forced further
changes in the carbon cycle, favoring the deep sea as a site of carbonate deposition. 
Samples of recent coccolith assemblages from bottom sediments differ from those in 
coccolithophores in plankton tows. Many of the coccoliths of more delicate species,
particularly holococcoliths, are dissolved in the water column or at the sediment surface and
are only rarely preserved as fossils. They, along with the pteropods, form an important part of
the shallow carbonate cycle. There appears to be a continuous gradation in the level of
susceptibility of coccoliths to dissolution, from forms that dissolve in the near-saturated
waters of the surface ocean to those that are among the most dissolution-resistant forms of
calcite. This continuous dissolution spectrum is in contrast to the planktonic foraminifera, in
which dissolution of the tests also occurs in a sequence, but through a much more restricted
depth range, the lysocline. Whereas the order of dissolution of planktonic foraminifera
follows their habitat, with warm-water species being most susceptible and cold-water forms
most resistant to dissolution, the order of dissolution of coccoliths appears to be related to
phylogeny. The steepness of the coccolith carbonate dissolution gradient appears to have
changes over time. In the Oligocene almost pure nannofossil carbonate oozes devoid of
terrigenous material were widespread, perhaps reflecting unusual climatic conditions on land.
The overall effect of coccolithophore evolution has been to move carbonate deposition to the
deep sea, where coccolith oozes accumulate on ocean crust and will ultimately be subducted.
Only a fraction of the carbon in the subducted carbonate is returned to the surface through
volcanic activity. If their activity were to continue for several hundreds of millions of years
the coccolithophores would remove much of the carbon from the surface of the Earth to be
emplaced in the mantle.

1. Introduction
Calcareous nannoplankton fossils form a significant part of the modern carbonate
depositional system, and have been important since the Late Mesozoic. Along with the
planktonic foraminifera, they may be acting to change the way in which the entire
sedimentary system operates. These two groups are acting to shift the primary site of
deposition of calcium carbonate from the margins of the continental blocks where it can be



2

preserved for long periods of time to the deep sea floor where subduction processes will act to
recycle the calcium back into the Earth �s mantle and ultimately return the carbonate to the
atmosphere as CO2 to participate in rock weathering processes. This paper will discuss the
partitioning of carbon between organic carbon and carbonate, describe the role of carbonate in
the sedimentary system throughout the Phanerozoic, and describe the role of the calcareous
nannoplankton in modifying the sedimentary system on both long and short-term time scales.

2. The data on Phanerozoic sediments
 Knowledge about the temporal distribution of sedimentary materials on the Earth stems
mostly from the compilations made by Alexander Borisovitch Ronov, his colleague Victor
Efimovitch Khain and their co-workers Kyril Seslavinsky, Alexander Balukhovskiy, and
Areg Migdisov  at the Vernadsky Institute of Geochemistry of the Academy of Sciences of
the U.S.S.R. (now Russian Academy of Sciences) in Moscow.  Started in 1947, the
compilation includes data on areas, volumes and masses of sediments from all of the
continents except Antarctica, and from the ocean basins. The data compilation originally
recognized 13 kinds of sediment on the continental blocks and their margins (Continental
terrigenous sediment, coal-bearing terrigenous sediment, glacial sediment, molasse, marine
sands, marine shales, marine terrigenous sediment, flysch, carbonate-terrigenous sediment
(marls), carbonates, halite, gypsum/anhydrite, and siliceous sediment). Additional sediment
types were added for the deep sea as information from the Deep Dea Drilling Project and
Ocean Drilling Program became available. A summary of the compilations of sediment on the
continental blocks and on the ocean floor is shown in Fig. 1. 

From the beginning of the project in the 1940's, when most geologists considered
continents and ocean basins to be fixed permanent features of the earth �s surface, the data
were collected for subcontinental-scale  source-sink regions, but only continental-scale
(Ronov & Khain, 1954, 1955, 1956, 1961, 1962; Khain, Ronov, & Balukhovskiy, 1975,
1979; Khain, Ronov, & Seslavinskiy, 1977, Ronov, Seslavinskiy & Khain, 1974, 1976a,
1976b; Ronov,  Khain, & Balukhovskiy, 1978) and global compilations have been published
(Ronov, 1980, 1993). The Ronov database gives areas, volumes and masses of existing
sediment for 28 units of the Phanerozoic and 3 units of the Late Proterozoic. The 28
Phanerozoic units represent two- and three-fold subdivisions of systems, and the epochs of
the Tertiary. Although they are millions of years long, these are still the shortest intervals that
can be reliably correlated between different sedimentary environments. The published data
were presented in terms of distribution of materials in three tectonic environments: platforms,
geosynclines, and orogenic regions on the five major continents (Eurasia, North America,
South America, Australia, Africa).  � Platforms �  correspond to both cratonic regions and the
surrounding sediment-covered continental platforms.  � Geosynclines �  -a term that was widely
used at the time the compilation began - are areas where unusually thick accumulations of
sediments were deposited.  � Orogenic regions �  are areas of mountain-building activity and
were major source regions for sediments although smaller amounts of material were
deposited in intermontane basins within the orogenic regions. 

A recent test of the precision of the data collected by Ronov, Khain and their co-
workers, was done by Berry and Wilkinson (1994 ) who compared the Ronov group �s
estimates of volumes of sediment with their own estimates of volumes for North America
made by digitizing the Cook and Bally (1975) atlas. The Ronov group �s estimates were
generally about 10% higher than those made using the Cook and Bally atlas for platform
areas, and consistently about 1/3 higher for the  � geosynclinal �  regions. The estimates are
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remarkably close in view of the differences in information available and methodologies. The
greater values given by the Ronov group for  � geosynclinal �  regions have to do with the
assumptions made on volumes of deformed rock. The Ronov data have been generally
accepted as a standard base for global analysis of volumes and masses of sedimentary
materials, and are used here to explore the distribution of carbonate rock through time.

The Quaternary remains a special problem. There is no consistent method used in
different areas for showing the extent of Quaternary sediments, and data on their thickness is
often unavailable or incomplete. Global compilations for Early and Late Quaternary
consistent with the Ronov data for older sediments are in the course of preparation by
Alexander Balukhovsky at the Vernadsky Institute for Geochemistry of the Russian Academy
of Sciences in Moscow. The only global summary compilation available at present is that by
Hay (1994). Since the bulk of Quaternary sediment is in the deep sea and is relatively well
known, Hay �s estimate is probably comparable with the global totals for the earlier time
periods in the Ronov database.

Fig. 1 shows the global mass age distribution based on Ronov (1993), adjusted to add in
Antarctica under the assumption that the distribution of its sediments approximates the
average for the other continents and their mass is proportional to the area of the continent.
One peculiarity of the mass-age distribution is the apparent great increase in sedimentation
rate during the Neogene and Quaternary, both on the ocean floor and the continental blocks.
This phenomenon suggests that there has been a change in the erosion -sedimentation
mechanism since the beginning of the Neogene. Hay et al. (2002) have discussed this problem
and is possible causes. They suggested that the spread of C4 plants may have altered the
weathering-erosion-sedimentation system. 

3. The problem of destruction of older sediment through erosion
Ronov and his colleagues realized that the existing sedimentary record has been affected by
erosion, and that some of the older record has been destroyed. In several publications they
attempted to account for part of this effect by extrapolations from the eroded edge of existing
deposits. However, this technique cannot account for deposits which have been mostly or
completely removed by subsequent erosion.  Gilluly (1969) noted that the overall distribution
of existing sedimentary rocks shows generally decreasing areas (or volumes, or masses) with
age. He explained this by noting that the sedimentary system is cannibalistic - most young
sediments are created from the erosion of older sediments. This being the case it becomes
possible to treat the existing sedimentary record as the product of an exponential decay. It is
assumed that a small proportion of young sediments is generated from the weathering of
igneous and metamorphic rocks, and some old sediments are lost to metamorphism and
subduction. For the terrigenous sediments carried as the suspended and traction loads of
rivers, by the winds, and by glaciers, the time between erosion and deposition is usually very
short, essentially geologically instantaneous, but soluble materials such as limestone and salt
can be stored in the ocean for thousands to millions of years. Nevertheless, the shortest of the
time units in the Ronov compilation, the Pliocene (ca. 3.5 million years long), is longer than
the residence time of calcium (1.4 million years taking only the riverine flux into account,
about 0.7 my taking both riverine and hydrothermal fluxes into account) and bicarbonate (0.1
my) in the ocean. On the time scale of the Ronov compilation  the erosion and deposition of
carbonate can also be considered to be instantaneous. Thus, on the long-term time scales over
which the data can be analyzed, what goes in must come out - erosion and sedimentation of
terrigenous materials and carbonates are  � instantaneous �  in that they occur within the same
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interval. 
Wold and Hay (1990) presented a simple method for reconstructing the original masses

of sedimentary rock deposited based on the assumption that variations from a long term decay
of the sedimentary mass with age are real and reflect variations of the erosion-deposition rates
with time. The method involves fitting an exponential decay curve to the data. 
Reconstruction of the original amount of sediment deposited is accomplished by multiplying
the proportional excess or deficit of existing sediment for each age relative to the decay curve
by the y-axis intercept of the decay curve.  This technique was used to reconstruct the
originally deposited sediment masses shown in Fig. 2. 

Wold and Hay (1990) argued that these variations must reflect primarily orogenic
activity and to a lesser extent climate change. McArthur et al. (2001) and Hay et al. (2001)
have noted that there is a good correlation of the variations in erosion and deposition rates
and the marine Sr-isotope curve for the Phanerozoic. This would seem to support the
hypothesis that the variations are primarily a reflection of orogenic activity. However, Berner
(1997) has recently discussed the effects of the spread of land plants in the Silurian-Devonian,
and it seems likely that the great increase in erosion-deposition at that time may be in large
part the result of changes in weathering rates and soil formation as land became covered with
plants. It is important to note that the reconstruction shown in Fig. 2 indicates that there have
been times in the past, particularly during the early Paleozoic, when erosion-sedimentation
rates similar to those of the Neogene-Quaternary have prevailed. These high rates occurred
mostly before the spread of land plants, when weathering, soil formation, and erosion
processes were very different from today.

Wold and Hay (1993) noted that the method described in 1990 does not result in a
constant sedimentary mass, and showed how the constraint of a constant sedimentary mass or
a defined rate of increase or decrease in the sedimentary mass with time could be applied.
They also argued that although the rates of sedimentary recycling may change with time, all
sediment types must recycle at the same rate within a given time interval. The argument rests
on the fact that sedimentary layers are very thin compared with their lateral extent, and that
particular lithologies cannot be  � mined �  from beneath the overlying layers. The only
significant exception might be soluble evaporite deposits and particularly halite which may
ascend as diapirs from their original site of deposition. However, even in the case of
evaporites it is unlikely that significant erosion could occur before the removal of most of the
overlying strata, and on the time scale available for the Ronov data set this problem has been
considered to be insignificant (Floegel et al., 2000; Hay et al., 2001).

3. The partitioning of carbon between organic carbon and carbonates
Carbon may be sedimented as carbonate or as organic carbon. In modern plankton, more than
4 moles of C are fixed as Corg for every mole fixed as CaCO3. As these are incorporated 
into sediment, the relative proportions are reversed: at present and during the late Cenozoic
about 6 moles of C are buried as CaCO3 for every mole buried as Corg. Fig. 3 shows the ratio
of C sedimented as CaCO3 to C deposited in sediments as organic carbon, based on data in
Ronov (1993). Times of major organic carbon deposition as either coal or marine shales rich
in Corg have ratios below 5. The decline in the ratio from the Devonian into the Carboniferous
is probably related to the development of woody land plants which produce carbon
compounds that are resistant to decomposition. The sharp rise in the ratio at the end of the
Permian may be related to the development of fungi or other organisms capable of
decomposing lignin. There is no obvious relation between the changes in the
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carbonate/organic carbon ratio and model reconstructions of atmospheric CO2 levels (Berner
et al., 1983; Berner, 1991, 1994; Berner and Kothavala, 2001; Wallmann, 2001). 
Before the Late Mesozoic, most carbonate was probably deposited, at least initially, on low
latitude continental shelves, epeiric seas, and oceanic platforms. The amount of carbonate that
could be deposited would be limited by the available accommodation space. Accommodation
space for carbonate sediments should be related to sea level, but the large sea-level rises of
the Paleozoic and Mesozoic are not reflected in the carbonate/organic carbon ratio. Organic
carbon is deposited mostly in shallow water fine-gained detrital sediments, although there
may have been times when low oxygen contents of deeper ocean waters allowed more
widespread deposition of Corg in the deep sea. Again, deposition of Corg might be expected to
to related to accommodation space available for deposition of shallow water deposits, but
more importantly it is probably related to the supply of fine-grained detritus which is
controlled primarily by topographic relief, However, the carbonate/organic carbon ratio does
not reflect the changes in overall sediment mass, shown in Figs. 1 and 2. Another possibility
is that the carbonate/organic carbon ratio reflects evolution of carbonate secreting organism,
but nothing certain is known about the quantitative aspects of this possibility.  In summary,
although the carbonate/organic carbon ratio varies by a factor of 4 during the Phanerozoic,
there is no obvious long-term trend and the cause of the variations is not obvious. 

4.  Phanerozoic carbonates existing today and in the past
Carbonate rocks make up 13 to 25% of the total sediment representing units of the
Phanerozoic compiled by Ronov and his colleagues. The Ronov data show a remarkable
feature with respect to carbonate rocks on the continental blocks - they are most abundant in
the Paleozoic, and their abundance declines particularly during the Cenozoic as can be seen in
Fig. 4. This is in contrast to terrigenous sediments, which appear the become more abundant
with time. 

Budyko and Ronov (1979) proposed that the history of the atmosphere can be
interpreted from the sedimentary record, with the O2 content of the atmosphere being
proportional to the amount of organic carbon buried, and the CO2 content proportional to the
amount of carbonate rock deposited.. They also observed that the abundance of carbonates
parallelled variations in the abundance of volcanic rocks through time. From the abundance
of carbonates existing today they projected the atmospheric content of CO2 at the time the
rocks were deposited, concluding that CO2 levels in the Cretaceous were many times the
present concentration.. They argued that this was the cause of the warm equable climate of the
late Mesozoic. Hay (1985) noted that Budyko and Ronov (1979) had based their argument on
the existing masses of carbonate rock on the continental blocks, and if the carbonates in the
deep sea are included, it appears that the accumulation rate of carbonate has actually
increased since the Cretaceous. It should be noted, however, that Budyko and Ronov �s (1979)
suggestion that atmospheric CO2 levels are intimately related to volcanism  has become
widely accepted (e.g. Berner et al., 1983; Berner, 1991, 1994; Wallmann, 1999, 2001; Berner
and Kothavala, 2001). Budyko et al. (1987) followed this hypothesis in their discussion of the
history of the atmosphere and climate.

The general Phanerozoic history of carbonate deposition has been discussed by Hay
(1999).  The effect of the reconstructing the ancient sediment masses originally deposited is
to amplify the amounts of carbonate rock that must have existed in the past, particularly in the
Paleozoic for which only about 1/3 of the originally deposited sediments remain. This poses
two important problems - where did the early Phanerozoic carbonates come from, and why
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have the masses of carbonate deposited on the continental blocks declined with time. At least
the Cambrian and Ordovician carbonates must have come from erosion of pre-existing
Precambrian carbonates. The problem is that carbonates are relatively rare in the Precambian.
This peculiar situation may be related to the possible late Precambrian glacial rises (Snowball
Earth, Hoffmann et al., 1998, see also  http://www-eps.harvard.edu/people/faculty/
hoffman/snowball_paper.html).

5. The causes of the decline in the amount of carbonate on the continental
blocks
 The most plausible explanation of the decline in carbonate deposition on the continental
blocks through the Phanerozoic has been presented by Walker et al. (2002). From analysis of
the Ronov and other data they found that although there are large variations associated with
long-term trends of sea level change, the area of shelf carbonate deposition has decreased
from about 36 x 106 km2 in the early Cambrian to about 0.6 x 106 km2 today. Noting that at
present carbonate deposition on continental shelves occurs mostly in the tropics between 30�

N and S, they analysed the areas of shelf between these latitudes shown on the series of
Phanerozoic paleogeographic maps of Scotese and Golonka (1992). They found that the area
of tropical shelves has decreased from about 44 x 106 km2 in the early Cambrian to about 15 x
106 km2 today, again with major variations reflecting long-term sea level trends. They
conclude that the reduction of tropical shelf accommodation space for carbonate deposition
has forced a long-term shift of carbonate deposition from the shelves to the deep sea.

What was the nature of the shift of carbonate deposition from the shelves to the deep
sea? In Paleozoic and early Mesozoic ophiolites pillow basalts are generally overlain by dark
shales and cherts (Nicolas et al., 2001). This implies that during this time there were no
pelagic organisms producing carbonate tests that survived dissolution to be deposited on the
mid ocean ridge system. The alternative is that carbonate was shed from shallow shelves and
carbonate platforms via turbidity currents and mass wasting. It is known that shallow water
carbonate production by algae today, can greatly exceed the accomodation space available for
deposition on shelves and platforms. Excess material is swept off these regions during storms
and is deposited in bordering deep sea aprons (e.g. Pilskaln et al. 1989; Glaser and Droxler,
1991; Schlager et al., 1994). Presumably, most of this deep sea carbonate material has been
subducted. Interestingly, geochemical models (e.g. Berner et al., 1983; Berner, 1991, 1994;
Wallmann, 1999, 2001; Berner and Kothavala, 2001) assume that carbonate sediments on the
deep sea floor have been subducted during the entire Phanerozoic to provide for the CO2 flux
from volcanics.

When did the pelagic carbonate rain originate and what were its components? At
present the pelagic carbonate rain consists of the aragonitic shells of petropods, the calcitic
tests of planktonic foraminifera and calcitic coccoliths. The pteropod shells, being aragonitic,
are usually dissolved in the water column above the aragonite compensation depth (about 300
m in the Pacific, 1 to 2 km in the Atlantic according to Ramsay, 1974) or at the sediment
surface and are only rarely incorporated into the sediment. The oldest pteropod remains are
Late Cretaceous. Small tubular or conical shells in Early Paleozoic sediments were originally
thought to be related to pteropods, but are now considered to belong to other groups. They
remain curiosities and did not form deep sea oozes. The oldest planktonic foraminifera are
middle Jurassic, but they did not become common until the Cretaceous, becoming widespread
throughout the ocean at the end of the Early Cretaceous. Although all of the planktonic
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foraminifera produce tests made of calcite, they are differentially soluble (Berger, 1967, 1968,
1970 and subsequent papers). Within a relatively thin zone, termed the  � lysocline �  by Berger
(1970) the more resistant tests are dissolved. The calcareous nannoplankton appeared in the
latest Triassic, but throughout the Jurassic they seem to have been restricted to shelf seas
(Roth, 1986). Starting in the Early Cretaceous they spread into the open ocean. As shown in
Fig. 5, the spread of calcareous plankton coincides with major changes in ocean salinity as a
result of salt extractions in the Atlantic and Gulf of Mexico (Floegel et al., 2000; Hay et al.,
2001). The evolutionary appearance of solution-resistant coccoliths in the Cretaceous,
particularly Watznaueria barnesae, changed the shallow water - deep water carbonate balance
in the ocean. 

As with the planktonic foraminifera, calcareous nannoplankton are differentially soluble
(Schneidermann, 1977) and a case can be made that the most soluble forms, holococcoliths,
dissolve in the upper waters of the ocean and that there is a continuous spectrum of
dissolution of species with depth. In spite of their small size, some coccoliths are more
solution-resistant than foraminifera. Below the lysocline, where resistant planktonic
foraminifera are dissolved, and above the calcite compensation depth calcareous
nannoplankton fossils form coccolith ooze. In summary, the large scale deposition of pelagic
calcareous oozes on the deep sea floor began in the Early Cretaceous. With the Late
Cretaceous highstand of sea level, deposition of these pelagic calcareous oozes spread into
the shelf and epicontinental seas leaving vast deposits of chalk. 
Another, less likely, possibility is that the uptake of Ca++ and HCO3

 �  during alteration of
ocean crust has changed with time. Wallmann (2001) has noted that this is a significant sink,
amounting to as much half of the hydrothermal Ca++ flux. The long term behaviour of this
sink is not known.  

6. The balance between carbonate deposition and dissolution
Today the surface ocean is supersaturated and the deep ocean understaurated with respect to
both major phases of CaCO3, aragonite and calcite. The German Meteor Expedition of 1925
in the South Atlantic collected samples that showed a distinctive depth-related boundary
between carbonate ooze and red clay. This boundary was originally termed the  � calcium
carbonate compensation depth �   Most of CaCO3 precipitation is biologically mediated, and
the CaCO3 produced by each species is structurally different so that the solubilities differ. An
extreme example is the aragonite spicules of gorgonians, soft corals that are abundant in
tropical waters. Vaughan (1919) had noted that the rate of production of  these spicules is
very high, but they are not found in the sediment in spite of the fact that the waters are
supersaturated with respect to mineral aragonite. As noted above, the tests of different species
of planktonic foraminifera and the coccoliths and other skeletal elements produced by
coccolithophores have differential solubilities .   

The positions of different dissolution levels in the ocean, aragonite compensation depth
(ACD), planktonic foraminiferal lysocline, calcite compensation depth (CCD), shown
schematically in Fig. 6, depend on the temperature and amount of dissolved CO2, in different
water masses, pressure, and the overall chemistry of the ocean waters. Most of these factors
have changed markedly with time, although they have yet to be documented in detail. Berger
and Winterer (1974) suggested that the long-term fluctuations of the calcium carbonate
compensation depth (CCCD) follow broad trends of sea-level change.  Throughout the
Phanerozoic the deeper parts of the ocean have probably been corrosive to carbonate, and it
would be expected that at times when there were higher levels of atmospheric CO2, the
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compensation depths would be shallower. Van Andel et al. (1975, Fig. 60) showed that
during specific time intervals the rate of calcium carbonate accumulation decreases more or
less steadily with depth, implying increasing solution with depth. Further, they found that the
rate of dissolution versus depth changes with time. Unpublished analysis of DSDP (Deep Sea
Drilling Project) data by this author showed that this was characteristic of each ocean basin,
but that there were differences between the ocean basins, and major differences between time
intervals. The Oligocene was a time when the different compensation depths must have been
very close to each other. 

How much of the ocean flux of CaCO3 is in the form of coccoliths and other skeletal
particles secreted by coccolithophores? The only data that are useful in making an estimate
are the  � sand-silt-clay �  ratios from calcium carbonate-rich sediments recovered by the ocean
drilling programs. In oceanic carbonate sediments,  � sand �  means tests of planktonic
foraminifera,  � silt �  means fragments of tests of planktonic foraminifera and some large
calcareous nannoplankton remains, and  � clay �  is essentially the calcareous nannoplankton
component. In sediments well above the lysocline, the sand to clay ratio is about 1:1, below
the lysocline, it approaches 0:1. The integrated values suggest a ratio of 1:2, implying that
about 2/3 of the oceanic carbonate flux is in the form of calcareous nannofossils.

 
7. Carbonate deposition on different time-scales
As discussed above, over the long-term the supply of calcium and carbonate to the oceans
from rivers and hydrothermal fluxes along the mid-ocean ridge must equal the output as
carbonate sediment deposited on the sea floor and carbonate within the hydrothermal systems.
In  this context, long-term can be defined as equal to the residence time for Ca++, which for
these two sources is of the order of 400,000 years. On the shorter term input and output need
not be equal.

Based on analysis of Deep Sea Drilling Project Data, Hay and Southam (1977)
estimated the average Late Mesozoic-Cenozoic flux of calcium carbonate into the deep sea to
be about 0.8 x 1012 kg/yr. More detailed analysis of the data by Hay et al. (1988) resulted in
higher estimates for the Late Neogene and Quaternary of about 2.4  x 1012 kg/yr, Early
Neogene about 1.6 x 1012 kg/yr, and Paleogene about 0.9 x 1012 kg/yr; the Late Cretaceous
average rate, based on spotty data, would be about 0.7 x 1012 kg/yr. The present river flux of 
 � CaCO3" (as Ca++ + 2HCO3

 � ) to the ocean is about 1.2 x 1012 kg/yr. The hydrothermal flux of
Ca++ is now thought  to be approximately equal to the riverine flux, so that the long-term
inputs and outputs of CaCO3 for the ocean during the Late Neogene and Quaternary are in
balance. 

Hay and Southam (1977) made detailed estimates of the average Neogene and
Holocene carbonate fluxes onto reefs, the continental shelves, and platforms. Their estimate
for the late Neogene was between 0.07 x 1012 kg/yr and 0.26 x 1012 kg/yr . This indicates that
the late Neogene flux onto the shelves and platforms was not much greater than 10% and
possibly as little as 3% of the total oceanic flux. They estimated that deep marginal seas (Red
Sea, Black Sea, and the Mediterranean) received 0.1 x 1012 kg/yr and the continental slopes
about 0.46 x 1012 kg/yr. This implies that the deep sea received between 66 and 74 % of the
calcium carbonate reaching the ocean. Their estimate for the Holocene flux, greatly enhanced
by the accommodation space that had formed during the glacial sea-level lowstand, was very
different. They estimated the flux onto reefs and shelves to be 0.74 x 1012 kg/yr, into the
tropical marginal seas to be 0.11 x 1012 kg/yr, and onto the continental slopes to be about 0.46
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x 1012 kg/yr, for a total of 1.31 x 1012 kg/yr. They noted that this would exceed the riverine
flux, and assumed that it might draw down the global carbonate reservoir on the short term.
Today we realize that the integrated Holocene flux is still less than the total riverine and
hydrothermal flux. However, most of the Holocene flux into shallow water occurred in a few
thousand years, shortly after the sea level rise, so it is possible that on very short time scales
the output might exceed the input. Unfortunately there is no detailed analysis of Holocene
ocean sedimentation rates that would permit a global estimate of the open ocean flux and its
possible changes in response to the changes in the shallow water flux. 

Fig. 7 shows four possible schematic scenarios for the shallow and deep water
carbonate fluxes. Fig. 7A represents the condition during glacial low sea level stands, when
the shoreline has retreated below the edge of the shelf break in the tropics.  The entire
carbonate flux goes into the deep sea. Figs. 7B and 7C represent two alternative views of the
condition during the interglacial high sea-level stands. In Fig. 7B the large flux into the deep
sea continues undiminished, but there is an additional, short-lived, flux into shallow water
areas to fill the available accommodation space. In Fig. 7C the oceanic flux is shown to be
reduced to accommodate the great flux onto the flooded shelves and platforms. Fig. 7D shows
the relation of the shelf-platform and oceanic fluxes after a long period of high sea-level
stand, i.e. during the Neogene before the large sea-level falls associated with the northern
hemisphere glaciation.

8. The effect of subduction of carbonate sediment
Carbonate deposited today on the ocean floor will ultimately be subducted. What will be its
fate?  Does it become incorporated into accretionary wedges? Apparently not, because there
are very few records of calcareous oozes obducted into accretionary wedges. Is it
decomposed, do the Ca and the CO2 come back through volcanoes? In addition to the CaCO3

in pelagic deposits, CaCO3 is precipitated within the oceanic crust (Alt and Teagle, 1999). 
The Ca in andesitic rocks is depleted relative to oceanic basalts, so the Ca flux is apparently
into the mantle (Southam and Hay, 1981). The CO2 might be returned in part or in its entirety
through volcanoes. The GEOCARB models (Berner 1991, 1994; Berner and Kothavala,
2001) assume that CO2 from volcanoes along subduction zones is a major source of CO2 for
the atmosphere, and that the rate of output is a function of both the seafloor spreading rate
and the pelagic CaCO3 accumulation rate which they assume to have increased 100 million
years ago. Wallmann (2001) has noted that today the rate of accumulation of pelagic
carbonate is much greater than the rate of its subduction because most of it is deposited in the
Atlantic which is bordered by passive margins. He concluded that only a part of the carbonate
entering the subduction zone is returned to the atmosphere through volcanic activity. The
remaining carbonate may be subducted into the mantle where it could form scapolites,
minerals having the formula CaCO3+feldspar, which are stable in the mantle (Southam and
Hay, 1981). If scapolite formation is the ultimate result of much of the subduction of CaCO3

the spread of calcareous plankton into the ocean may be regarded as a sort of   � doomsday
machine �  removing carbon from the surface of the Earth and storing it in the mantle. 

9. Summary and Conclusions
Most of the sediments being deposited at any given time are derived from the erosion of older
sediments.  Accordingly, the existing masses of most sediments decrease with age.  However,
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carbonates on the continental blocks show the opposite trend. Very large amounts of
carbonate must have been recycled from the Precambrian into the Early Paleozoic. The
general loss of carbonate from the continental blocks has been attributed to the decline in area
and accommodation space on tropical shelves during the Phanerozoic as a result of
continental drift. 

There is no record of deposition of significant amounts of pelagic carbonate in the deep
sea prior to the Cretaceous. During the Paleozoic and earlier Mesozoic the delivery of
carbonate to the deep sea must have been through turbidity currents carrying fine-grained
skeletal and inorganically precipitated particles from shallow water banks and shelves into the
depths. This phenomenon occurs today, and many oceanic banks and tropical shelves  are
bordered by aprons of aragonitic carbonate derived from shallow waters. 

The large-scale pelagic rain of carbonate into the deep sea, both in the form of tests of
planktonic foraminifera and skeletal elements of calcareous nannoplankton, began in the
Early Cretaceous and has continued ever since. The surface ocean is supersaturated with
respect to both aragonite and calcite, and the deep sea is undersaturated, this has probably
been the case throughout the Phanerozoic. Biogenically mediated carbonates have slightly
different solubilities, so that the tests of different species of planktonic foraminifera and the
calcareous nannofossils tend to be dissolved in sequence, with the most resistant forms
reaching greatest depths. Dissolution of pelagic carbonate in the ocean has changed with time,
and the difference in depth between the major reference horizons, the aragonite compensation
depth, lysocline, and calcite compensation depth has been at times much smaller than it is
today.

Carbonate on the ocean floor will ultimately be subducted, but at present more
carbonate is accumulating than is being subducted. This is because the major site of
accumulation is in the Atlantic ocean, which is bordered by passive margins. Subducted
carbonate is in part decomposed with the CO2 returning to the Earth � s surface through
volcanoes. The remainder may be subducted into the mantle, perhaps as scapolites, minerals
having the composition CaCO3 + feldspar. The pelagic carbonate rain produced by planktonic
foraminifera and calcareous nannoplankton is a geologically young feature of the sedimentary
cycling system and is gradually differentiating the global sedimentary reservoir.
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Figure captions

Fig. 1. Mass-age distribution of sediments, sedimentary rocks, and metasediments on the
continental blocks and the additional sediment that lies on the ocean floor, based on data from
Ronov (1993) and Hay (1994).  

Fig.  2.  Reconstructed fluxes of sediment during the Phanerozoic.  The exponential decay
curve (dotted) is fit to the Phanerozoic data from Ronov (1993) and the Quaternary estimate
of Hay (1994).  The solid line is the reconstruction based on the assumption that the total
sedimentary mass has remained constant.  The dashed line represents the present mass-age
distribution of sediment. 

Figure 3. The ratio of carbon deposited as carbonate to carbon deposited as organic carbon
during the Phanerozoic, based on the existing sediments an sedimentary rocks.
Figure 4. Existing carbonates on the continental blocks and on the ocean floor (solid lines),
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and the reconstruction of carbonates originally deposited, assuming that the proportion of
carbonate to total sediment in each time interval has not changed.

Figure 5. Changes in mean ocean salinity during the Phanerozoic, based on sedimentary mass
balance (after Floegel et al., 2000; Hay et al., 2001).

Figure 6. Schematic diagram of carbonate deposition and dissolution in the sea. See text for
discussion. P = Pteropod shells, PF = tests of planktonic foraminifera, C = coccoliths and
other skeletal objects produced by calcareous nannoplankton. ACD = Aragonite
Compensation Depth, CCD = Calcite Compensation Depth.

Figure 7. Alternative scenarios for CaCO3 deposition in the sea with changing sea levels. For
discussion see text.
















