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Summary

Coccolithophores are the only marine organisms that provide indicators of past
climatic and oceanographic conditions from both the organic (molecular fossils or
biomarkers) and inorganic (calcium carbonate) remains in sediments. The under-
saturation ratio of alkenone biomarkers (U37

K) provides information about past sea
surface temperatures and is gaining widespread use as a paleotemperature proxy,
particularly in the Quaternary sediment record. The carbon isotopic fractionation
in alkenone biomarkers (εalkenone) should allow reconstruction of past dissolved and
atmospheric CO2 concentrations if independent proxies are able to consistently
constrain the nutrient or growth rate influence on isotopic fractionation. The Sr/Ca
ratio of coccolith carbonate is the most developed proxy from the elemental
chemistry of coccoliths. Recent culture and field studies suggest that the Sr/Ca ra-
tio has potential as an indicator of nutrient-stimulated coccolithophorid growth
rates. In contrast, while the Mg/Ca ratio of coccoliths is probably controlled by
temperature, formidable challenges in removing noncarbonate sources of Mg from
coccolith fractions will probably preclude use of coccolith Mg/Ca for paleother-
mometry. Similar challenges in cleaning will probably also preclude use of cocco-
lith Cd, Ba, V, or U. Stable isotopic measurements in coccolith-dominated bulk
carbonate have been widely used to infer temperature changes and changes in the
carbon cycle in the Mesozoic and Early Cenozoic, despite an array of nonequilib-
rium or “vital effects” in different species. In addition to paleoceanographic appli-
cations, continued study of the stable isotopic fractionation of coccoliths in culture
may also elucidate mechanisms of carbon acquisition in different coccolithophorid
species. As is the case for all paleoceanographic proxies, continued calibration
studies are required to further improve our understanding of coccolithophorid-
based proxy systems and increase confidence in their application.
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Introduction

Both the organic and inorganic remains of coccolithophores provide key geo-
chemical records for study of past oceanographic, environmental, and biological
conditions. Coccolithophores are useful for paleoceanographic reconstructions be-
cause they are widespread throughout the ocean and both organic and inorganic
remains enjoy long term preservation in the marine sediment record. The inor-
ganic record is especially durable and extends back to the evolution of coccolitho-
phores in the Early Mesozoic.

Until recently, the chemistry of the organic biomarkers from coccolithophores
has been much more widely used in paleoceanographic studies than the chemistry
of the inorganic (coccolith) sediment record of coccolithophores. The alkenones,
organic biomarkers produced by a small group of coccolithophores, can be readily
isolated from sediments by chromatographic extractions. For over a decade
alkenones have served as the basis for two important paleoproxies, the undersatu-
ration ratio of alkenones (U37

K) which depends on temperature (Brassell et al.
1986), and the carbon isotopic fractionation, εalkenone, used to reconstruct past at-
mospheric CO2 concentrations (Jasper and Hayes 1990). In contrast, although
coccoliths are a major and often dominant component of marine carbonate sedi-
ments, and as such have been used implicitly in studies relying on bulk geochemi-
cal records, the deliberate selection of coccoliths for elemental and stable isotopic
analysis is a relatively recent paleoceanographic strategy. Most geochemical
studies of marine carbonate have relied on foraminifera, since individual cocco-
liths are too small to be picked individually for geochemical analysis. However,
recent work suggests that the elemental chemistry of coccoliths can provide
unique proxies for past variations in coccolith productivity (e.g. Stoll and Schrag
2000). Recent culture studies also suggest the potential for new insights from
coccolith stable isotope chemistry (e.g. Ziveri et al. 2003). Table 1 summarizes the
major coccolithophore-based chemical proxies reviewed in this chapter.

As Table 1 indicates, most paleoproxies are not controlled by a single variable
of paleoceanographic interest. Other secondary factors typically also influence the
proxy, and the influence of these secondary factors must be constrained by inde-
pendent means. For this reasons, studies combining multiple proxies are likely to
be the most powerful. Among marine organisms, coccolithophores are the only
ones with the potential to combine multi-proxy geochemical records from both or-
ganic and inorganic remains of the same organisms.

This chapter provides a brief overview of the organic proxies derived from coc-
colithophores, since these were recently the subject of a comprehensive review in
a special theme of Geochemistry, Geophysics, Geosystems (Eglinton et al. 2001).
We provide a more extensive review of proxies derived from the chemistry of the
carbonate produced by coccolithophores, which have not been recently synthe-
sized elsewhere.
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Table 1. Summary of indicators derived from the chemistry of coccoliths and coccolitho-
phorid biomarkers (alkenones).

Indicator Inferred pri-
mary control

Secondary in-
fluences

Limitations

U37
K (alkenone

undersaturation)
Temperature

Physiology or
growth rate?

O
rg

an
ic

ε13C alkenone pCO2 Cell growth rate
and cell size

Requires estimation of
δ13C of dissolved inor-
ganic carbon

Sr/Ca Productivity/
coccolithopho-
rid growth rate

Temperature
and
seawater Sr/Ca

Long term records
(>106 yr) may require
correction for changing
seawater Sr/Ca

Mg/Ca Temperature Species-specific
effects

Requires thorough clea-
ning of Mg from noncar-
bonate fractions

δ18O Temperature
and δ18O of sea-
water

Vital effects

In
or

ga
ni

c 
(c

oc
co

lit
h)

δ13C δ 1 3C of dissol-
ved inorganic
carbon

Vital effects

May require separation
of monospecific sam-
ples, assumption of con-
stant vital effects, and
inference of vital effects
for extinct species

Indicators from the chemistry of alkenone biomarkers

Certain species of coccolithophores produce unique organic compounds or bio-
markers that have important applications in paleoceanography. Calcifying cocco-
lithophores Emiliania huxleyi and the closely related Gephyrocapsa oceanica pro-
duce a suite of long-chain (C37–C39) unsaturated ethyl and methyl ketones known
as alkenones. Although non-calcifying haptophytes Crysotila and Isochrysis also
produce alkenones, these species are restricted to coastal waters and are not be-
lieved to be a significant source of alkenones in open ocean sediments (Marlowe
et al. 1990). Alkenones are resistant to degradation and preserve well in sedi-
ments. The oldest alkenones extracted to date were recovered from Cretaceous
black shales (Farrimond et al. 1986) and were probably produced by ancestors of
the Gephyrocapsaceae family responsible for modern alkenone production (Mar-
lowe et al. 1990).

Alkenone undersaturation as an indicator of sea surface temperature

Alkenones are most widely used in reconstructions of past sea surface temperature
(SST). In the mid-1980’s, researchers discovered that in the C37 methyl ketones,
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the ratio of diunsaturated (C37:2)- _and triunsaturated (C37:3) methyl ketones reflects
the growth temperature of the alkenone producers (Marlowe et al. 1984; Brassell
et al. 1986). The alkenone undersaturation ratio is typically expressed as:

U37
K = [C37:2]/[ C37:2  + C37:3]

Several studies of laboratory cultures and sediment core tops have provided a se-
ries of calibrations between sea surface temperature and U37

K (for a thorough re-
view see Eglinton et al. 2001). These studies also revealed that a number of factors
may influence the reliability of the U37

K undersaturation ratio for SST reconstruc-
tions. Alkenone-production may occur tens of meters below the sea surface, bias-
ing SST estimates to cooler values, and alkenone production may be highly sea-
sonal in some areas. Some culture studies have demonstrated physiological effects
on alkenone undersaturation based on the stage of growth or nutrients (Epstein et
al. 1998) and on the strain cultured (Conte et al. 1998). Nonetheless, a compilation
of global core top data by Muller et al. (1998) established a universal calibration
between the mean annual sea surface temperature and alkenone undersaturation:

U37
K =0.033 SST + 0.044

The consistency of the global calibration suggests that different calibrations in dif-
ferent strains or environmental conditions do not significantly detract from the
overall reliability of the U37

K temperature indicator. Consequently, alkenone un-
dersaturation ratios are now widely used to reconstruct Quaternary sea surface
temperatures (e.g. Bard 2001). The most reliable applications have been in open
ocean areas with low to moderate sedimentation rates. Applications in high accu-
mulation rate sediment drifts have been more complex since alkenones adhere to
fine sediment particles and may have been transported from distant sites by bot-
tom currents (Ohkouchi et al. 2002). Confidence in alkenone temperature esti-
mates will improve as further studies identify the factors controlling alkenone bio-
synthesis and suggest settings where age offsets and non-temperature effects are
likely to be least significant.

Carbon isotopic composition of alkenones for CO2 paleobarometry

The difference in isotopic composition between alkenones and the dissolved inor-
ganic carbon (DIC) of the seawater in which they are growing may permit calcu-
lation of the concentration of CO2 dissolved in seawater, which is related to at-
mospheric pCO2.  However, alkenone CO2 paleobarometry is more complex than
alkenone undersaturation SST reconstruction. Additional proxies are required to
estimate the isotopic composition of the dissolved inorganic carbon and constrain
other factors influencing isotope fractionation. In addition, multiple calibration
experiments have yielded contrasting results.

Theoretical models describe how the isotopic difference, or fractionation, be-
tween dissolved CO2 and algal biomass (εp) responds to concentrations of CO2.
Carbon isotopes 13C and 12C are very strongly fractionated by the enzyme rubisco
(ribulose-1,5-bisphosphate carboxylase) which catalyzes the photosynthetic fixa-
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tion of CO2. Mass balance dictates that the net isotopic fractionation between the
phytoplankton and CO2 must reflect the efficiency of this carbon fixation, i.e. the
proportion of carbon taken into the cell that is fixed via this enzyme relative to
that which diffuses back into the surrounding water. This efficiency is believed to
depend on the cell growth rate, cell permeability and geometry, and the concen-
tration of CO2 in the external seawater (Farquhar et al. 1982). Some additional
isotopic fractionation may also occur during the uptake of inorganic carbon into
the cell and its diffusion back into the surrounding water (Farquhar et al. 1982).
As these theoretical relationships suggest, past concentrations of dissolved CO2

can be inferred from isotopic fractionation in algal biomass only when these other
factors can be constrained. While εp can be measured in bulk organic carbon from
sediments, measurement of alkenone carbon isotopic fractionation (εalkenone) con-
strains more of these variables since alkenones are restricted to a specific marine
algal group with specific cell sizes and biochemical pathways.

Field and culture studies confirm theoretical predictions that the carbon isotope
fractionation of alkenones reflect the concentration of dissolved CO2 in seawater,
cell growth rates, and nutrient levels (Popp et al. 1998; Bidigare et al. 1997).
However, the absolute fractionation, and slope of the relationship between CO2

and isotopic fractionation (known as “b”), have varied greatly among different
culture experiments using different factors to regulate growth rates (see detailed
review in Laws et al. 2001). These studies suggest that reliable alkenone CO2 pa-
leobarometry will require not only additional proxy records to constrain variations
in growth rates and nutrient levels, but also an improved understanding of how
these and other factors influence εalkenone.  Fortunately, field studies suggest a con-
sistent correlation between the slope (“b”) of the CO2-εalkenone relationship and
phosphate concentrations, which would enable calculation of CO2 if a proxy for
past PO4 concentrations were available. One early study of the alkenone CO2 pa-
leobarometer appears to have overcome some of these limitations by working in
an oligotrophic environment where past changes in nutrients and growth rates may
have been negligible. For example, alkenone carbon isotopic compositions from
an oligotrophic Gulf of Mexico core correlate with known Quaternary variations
in atmospheric CO2 for the measured 70,000 year long record (Jasper and Hayes
1990). While there are still many uncertainties to overcome in the alkenone pa-
leobarometer proxy, it will probably remain an important approach because there
are few alternative proxies for atmospheric CO2 in the pre-Quaternary record.

Indicators from the elemental chemistry of coccolith
carbonate

The elemental chemistry of marine biogenic carbonates has been widely used to
reconstruct both past seawater chemistry and past seawater temperatures. In open
ocean sediments, most studies focus on the chemistry of benthic and planktic fo-
raminifera, whose larger sizes (typically 100 to 500 µm) permit the selection of
individual foraminifera of particular species for geochemical analysis. The
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chemistry of marine carbonates is controlled by 1) the concentration of the ele-
ment in the seawater from which the carbonate is produced, along with 2) the par-
titioning of the element between seawater and carbonate which depends on ther-
modynamic, kinetic, and biological effects. Both types of effects can provide
information of paleoceanographic interest. In the case of foraminifera, variations
in many elemental ratios (e.g. Ba/Ca, Cd/Ca, U/Ca, V/Ca) are attributed to
changing biogeochemical cycles which influence the abundance or distribution of
these elements in the ocean (Boyle 1988; Lea and Boyle 1993; Russell et al. 1994;
Hastings et al. 1996), and partitioning effects are typically assumed to be constant
(some exceptions noted by Rickaby and Elderfield 1999; Stoll et al. 1999). In
contrast, temperature effects may be the dominant control on Mg/Ca ratios in fo-
raminifera, and foraminiferal Mg/Ca is emerging as a widely applied paleother-
mometer (e.g. Nuernberg et al. 1996). The Mg/Ca proxy is effective since Mg/Ca
ratios of seawater are very homogeneous and change only slightly on time-scales
less than a million years.

Proxies developed from the elemental chemistry of coccoliths are likely to dif-
fer from those of foraminifera in several ways. Unlike foraminifera, coccolitho-
phores produce calcite intracellularly (see Billard and Inouye this volume). Con-
sequently, coccolith calcite may have unique biological or "vital" effects on
element partitioning which could provide different paleoceanographic information
than the chemistry of extracellularly precipitated carbonate of foraminifera. Single
coccoliths are too small to be separated individually from sediments so it is not
possible to “pick” monospecific samples of coccoliths. Microfiltering or settling
techniques have successfully separated near-monospecific fractions of coccoliths
from some sediments (e.g. Minoletti et al. 2001; Stoll and Ziveri 2002) for geo-
chemical analysis. However, it is not possible to separate coccoliths from similarly
sized non-coccolith particles present in sediments. This is a potential problem if a
significant component of an element is present in the noncarbonate fraction of the
sediment (as might be expected for Cd, V, Ba, and possibly Mg). To date, only
Sr/Ca and Mg/Ca ratios have been studied extensively in coccoliths.

Sr/Ca ratios in coccolith calcite

Strontium has a similar ionic charge and similar (though slightly larger) ionic ra-
dius to calcium and can substitute for calcium in carbonate lattice. The most ex-
tensive substitution and complete solid solution series is attained in the more open
aragonite crystal structure but limited substitution is possible in calcite. Several
studies in abiogenic calcites noted a strong direct link between Sr/Ca ratios and
crystal growth rates in abiogenic calcite (Lorens 1981; Tesoriero and Pankow
1996). Consequently, Stoll and Schrag (2000) hypothesized that in coccolith cal-
cite, the Sr/Ca ratio might record the rate of coccolith production, highly corre-
lated with cell growth rates, and might provide a useful paleoceanographic tool for
reconstructing past coccolithophorid productivity.
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Sediment core top and culture studies of coccolith Sr/Ca variation

The first study of coccolith Sr/Ca used core top sediment samples from across a
persistent productivity gradient in the central Equatorial Pacific (Stoll and Schrag
2000). This study analyzed Sr/Ca ratios in a fine (<12 µm) polyspecific coccolith
fraction and found that the Sr/Ca ratio varied across the upwelling transect, and
that high Sr/Ca ratios coincided with high surface productivity and high nutrient
concentrations at the axis of maximum upwelling intensity on the equator. Be-
cause the ratio of Sr/Ca in seawater is homogeneous throughout the ocean (de
Villiers 1999), variations in coccolith Sr/Ca ratios in sediments must reflect
changes in incorporation of Sr in coccolith carbonate. Across this transect, Sr/Ca
ratios of the coccolith fraction were much more variable (15% variation) than
those of foraminifera (2% variation). Absolute Sr/Ca ratios of the coccolith frac-
tion (2.0 to 2.4 mmol/mol) were also nearly twice as high as those of the fora-
miniferal (>63 µm) fraction or of foraminifera Globorotalia tumida (1.2 and 1.35
mmol/mol, respectively). Bulk carbonate Sr/Ca had intermediate compositions and
a simple two component mixing equation suggested that coccoliths contributed a
greater fraction of bulk carbonate at the equator. The greater variability of cocco-
lith Sr/Ca compared to foraminiferal Sr/Ca in the same core is also characteristic
of downcore records from the Quaternary (Stoll and Schrag 2000) and Paleocene
(Stoll and Bains 2003).

Subsequent studies of core top sediments suggest that different coccolitho-
phorid species show different responses to gradients in nutrients across upwelling
zones. Differential settling techniques were used to separate multiple fractions of
near-monospecific coccolith samples from sediments across productivity gradients
in the Equatorial Pacific and Somali Coastal Upwelling Zone (Stoll et al. 2002b).
In these transects, the amplitude of Sr/Ca variations is much larger in large cocco-
lithophores like C. leptoporus (23–55%) than in smaller coccoliths of G. oceanica
or F. profunda (6–15% variation in Sr/Ca) (Fig. 1; Stoll et al. 2002b). These dif-
ferent responses likely reflect the different ecology of the species; F. profunda
lives in deeper waters whose nutrient levels may be higher and more constant
across the upwelling transect than the nutrient levels in surface waters in which C.
leptoporus and G. oceanica live. In both of these field regions studied to date, nu-
trient availability, rather than light availability, most likely limits coccolithophorid
growth.

Further study of the Sr/Ca proxy in sediment core tops is desirable, since the
environment is closest to that in which we wish to apply the paleoproxy.
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Fig. 1. Sr/Ca in monospecific samples separated from surface sediments in the equatorial
Pacific upwelling region (upper panel) compared with indicators of productivity in modern
surface waters (lower panels). Alkenone-estimated growth rates are cell division rates for
alkenone producing haptophytes including coccolithophores E. huxleyi and G. oceanica;
data from Bidigare et al. (1997). Primary productivity in mg C m-2 day-1 from Chavez et al.
(1990), Barber et al. (1991) and Chavez et al. (1998). Fugacity of CO2 (fCO2) data in mi-
croatmospheres, from Takahashi et al. (1997).
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However, core-top calibration in other areas been limited by the scarcity of
measurements of primary productivity of specific algal groups like coccolithopho-
res in many ocean settings. Consequently, Sr/Ca calibration studies have been
confined to upwelling regions where there are strong and easily identifiable gradi-
ents in productivity.

Attempts to investigate the Sr/Ca ratio of coccoliths extracted from living
populations in surface waters have not yet been successful. Surface water particu-
lates collected off the coast of Portugal contained particles of Sr-rich celestite
(SrSO4) from acantharia that could not be separated from the coccolith particles
for chemical analysis (Stoll et al. unpub. data). Fortunately, celestite is highly
soluble and is typically absent from marine sediments.

Culture studies of coccolith Sr/Ca

Culture studies have generally verified increasing Sr/Ca ratios with increasing
growth rates, although the slope of the response has been variable in different
culture experiments. Several continuous and batch culture experiments under var-
ied light levels (at constant temperature and moderate nutrient levels) produced a
large range of steady-state coccolithophore cell division and calcification rates. In
E. huxleyi, large increases in cell division and calcification rates led to only mod-
est (10%) increases in coccolith Sr/Ca (Fig. 2a and Table 2; Stoll et al. 2000a,
2000b, 2002c). Comparable Sr/Ca variations in the closely related species G. oce-
anica were attained over a much smaller range in inferred growth rates in the
Equatorial Pacific sediments (Table 2). Nutrient limited batch culture of E. huxleyi
produced a much steeper response of Sr/Ca to changing growth and calcification
rates (Fig. 2b). Sr/Ca ratios decreased by a factor of six as cell division rates and
nutrient contents decreased while the culture passed from early through late expo-
nential phase (Rickaby et al. 2002). This response was identical for replicates
grown at lower salinity or higher pCO2. Different responses depending on the
factor limiting growth is generally consistent with previous studies which have
shown that the biochemical composition of phytoplankton at a given growth rate is
very dependent on the factor limiting growth (Shuter 1979).

Culture studies also show that temperature can exert an important secondary in-
fluence on coccolith Sr/Ca ratios. Culture experiments at different temperatures
(but constant light levels) showed a significant increase in Sr/Ca ratios with tem-
perature, of about 1% per degree C (Stoll et al. 2002a, 2002b; Fig. 2c). This in-
crease is in addition to the increased Sr/Ca ratio due to higher growth rates at
higher temperatures. The slope of this relationship is similar to that observed in
abiogenic calcites (Malone and Baker 1999) and in cultures of planktic fora-
minifera (Lea et al. 1999) and may be a ubiquitous thermodynamic effect in all
calcites that must be considered in paleoceanographic applications of coccolith
Sr/Ca. The temperature effect on Sr/Ca appears to have been overwhelmed by the
productivity effect in the sediment core top studies in the Equatorial Pacific set-
ting, since Sr/Ca ratios at the equator were higher despite sea surface temperatures
that were nearly 4°C lower than at the sites off the axis of upwelling.
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Fig. 2. Summary of coccolith Sr/Ca results from culture studies. a) Sr/Ca of coccoliths of
Emiliania huxleyi from 18°C continuous culture experiments at low (f/50; open circle) and
high (f/2; filled circle) nutrient enrichments vs. growth rate (r2 = 0.22 (all data), r2 = 0.58
(f/2), r2 = 0.23 (f/50)). Lines indicate 95% confidence interval on the regressions; all statis-
tics are for geometric mean regression analysis (reduced major axis). Data from Stoll et al.
2002a. b) Sr/Ca of coccoliths of Emiliania huxleyi from 15°C batch culture experiments.
Data from Rickaby et al. (2002); Sr/Ca ratios are calculated for precipitation from seawater
using reported partitioning coefficients. c) Sr/Ca vs. temperature in a range of batch and
continuous culture experiments (Stoll et al. 2002b). Linear best fits are shown for E. huxleyi
(y = 0.0272x + 2.4238; r2 = 0.78) and G. oceanica (y = 0.0636x + 1.3944; r2 = 0.88. d)
Sr/Ca ratios in all batch cultures vs. organic carbon fixation rate estimated from cell bio-
volume and growth rates (Stoll et al. 2002b). Sr/Ca ratios in a), b), and c) have been cor-
rected for small variations in media Sr/Ca.

Different coccolithophore species grown under identical culture conditions
produce coccoliths with Sr/Ca ratios varying about 20% (Fig. 2d; Stoll et al.
2002b, 2002c). Early culture studies comparing Sr/Ca among different species
(Stoll et al. 2002c) showed a positive correlation between Sr/Ca and interspecific
variations in calcite production rate and organic C fixation rate. However, addi-
tional species cultured in later studies do not follow these trends as closely,
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Table 2. Summary of selected relationships between Sr/Ca and growth rate. For all experi-
ments, the range in Sr/Ca is calculated to reflect precipitation from seawater. For the field
study, growth rates were estimated from carbon isotopic fractionation in alkenones by Bidi-
gare et al. (1997).

Species Growth
Regulation

Range in
growth rate
(day-1)

Range in Sr/Ca
(mmol/mol)

Reference

E. huxleyi Light (cul-
ture)

0.1 to 1.6  2.8 to 3.05 (10%) Stoll et al. 2002a

E. huxleyi Nutrients
(culture)

0.03 to 1.1 0.85 to 5 (600%) Rickaby et al. 2002

G. oceanica Nutrients?
(Eq. Pac.)

0.3 to 0.4 2.01 to 2.15 (6%) Stoll et al. 2002b

indicating that a simple calcification rate or organic C fixation rate control cannot
be invoked to explain both interspecific and intraspecific variations in coccolith
Sr/Ca. Although the overall correlation is not strong, the largest species with high-
est organic C fixation rates (C. leptoporus, C. pelagicus, and H. carteri) show the
highest Sr/Ca ratios in culture.

It is difficult to compare directly the Sr/Ca response of cultured coccoliths with
those of foraminifera because there are no paired measurements of Sr/Ca ratios
and calcification or growth rates for cultured foraminifera. Small increases in
Sr/Ca with increasing pH are hypothesized to reflect more rapid calcification and
increased incorporation of Sr at higher pH and higher carbonate ion concentrations
(Lea et al. 1999).

Why does coccolith Sr/Ca vary?

Variations in Sr/Ca ratios of coccoliths (Stoll and Schrag 2000), foraminifera (Lea
et al. 1999) and biogenic carbonates in general (Carpenter and Lohmann 1992)
have been attributed to the same kinetic mechanisms that cause Sr/Ca to vary with
calcification rate in abiogenic calcites (e.g. Lorens 1981; Tesoriero and Pankow
1996). Such kinetic effects are believed to arise because surfaces of growing
crystals have higher equilibrium concentrations of Sr than the lattice, and at more
rapid crystal growth rates a higher proportion of this Sr is trapped in the interior of
the crystal (e.g. Watson and Liang 1995). Data on Sr partitioning and calcite pro-
duction rate in coccolith cultures permit the first comparisons between model-
predicted kinetic behavior and Sr partitioning in coccoliths.

The surface enrichment model developed by Watson and Liang (1995) and
Watson (1996) described kinetic phenomena numerically in terms of a competi-
tion between the rate of burial of the enriched surface layer by crystal growth, and
the rate of return to equilibrium lattice concentrations by solid-state diffusion of
the minor element out of the lattice. At the low temperatures at which coccoliths
are produced, dissolution and reprecipitation in near-surface regions of the crystal,
rather than solid state diffusion, likely accomplishes this return to equilibrium lat-
tice concentrations but the parameterization of the process in the model would be
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identical. If calcification in coccolithophores is a relatively open system, with the
supply of ions significantly exceeding the amount of calcite precipitated from
them, then these kinetic effects are likely to be important in coccoliths.

The principle challenge in applying this model to coccoliths lies in the estima-
tion of linear crystal growth rates from coccolith calcite production rates. Stoll et
al. (2002a) estimated minimum linear crystal growth rates, assuming that crystal
growth occurred through the entire coccolithogenesis cycle, although crystal
growth may represent only part of this process and therefore may be faster.

Given these assumptions, the growth rates of coccoliths plot along the rela-
tively flat part of the curve of model-predicted Sr/Ca variations with crystal
growth rate (Fig. 3a). E. huxleyi cultures grown at constant temperature but vari-
able light showed a comparably gradual slope of increasing Sr/Ca with increasing
growth rate and could potentially be explained by this surface enrichment model.
However, the high Sr/Ca ratios of coccoliths compared to abiogenic calcites could
not be explained merely by their higher growth rate but would require either
higher surface enrichment than the abiogenic calcites or precipitation from a fluid
whose Sr/Ca ratio was about twice that of seawater. The temperature effects ob-
served in coccolith Sr/Ca also cannot reflect surface enrichment phenomena and
are likely due to thermodynamic control of Sr partitioning in coccoliths. Surpris-
ingly, although different crystal faces have been shown to produce different levels
of surface enrichment (Reeder and Paquette 1995), there was no significant differ-
ence in Sr/Ca ratios of species which produce calcite with radially-oriented c-axes
(“R units” of Young et al. 1999) from those which have calcite with a combination
of radially and vertically-oriented c axes (“V/R units” of Young et al. 1999; Fig.
3b). However, faster crystal growth rates diminish the differences between parti-
tioning on different crystal growth faces (J. Paquette pers. comm. 2002). Coccolith
crystal growth rates may be too rapid to express different growth preferences on
different crystallographic faces.

Alternatively, biological, rather than crystal kinetic factors may exert the domi-
nant control over variations in coccolith Sr/Ca ratios. If the coccolithophorid cell
behaves as a relatively closed system with respect to calcification, using nearly all
the Ca and Sr taken up by the cell during calcite precipitation, then cellular control
of variations in these ion fluxes might be the dominant control over variations in
the coccolith Sr/Ca ratio. Although early culture work with E. huxleyi indicated
that enrichment of the media in Sr promoted attachment of coccoliths to the cells
(Sikes and Wilbur 1980), to date no studies have demonstrated a specific biologi-
cal role for Sr.

Rickaby et al. (2002) suggest that there may be a rate-dependent discrimination
between the biological transport of Sr2+ and Ca2+ associated with either passive
transport through ion channels or active pumping via carrier proteins. This model
invokes a selectivity against Sr in uptake. In exponentially growing cells, bicar-
bonate (HCO3

-) may enter via a Ca2+/HCO3
- symport (Brownlee et al. 1994). If

HCO3
- pumping were enhanced at faster growth rates as an additional source of C

for photosynthesis (as implied by some data showing higher calcification per cell
at higher growth rates), then increased HCO3

- would entail an increased rate of



Coccolithophorid-based geochemical paleoproxies      541

Fig. 3. a) Comparison of coccolith Sr/Ca variations as a function of coccolith crystal
growth rate with the surface enrichment model of Watson and Liang (1995). Culture Sr/Ca
data for several species are shown (solid symbols) along with data from abiogenic calcite
precipitation experiments (open symbols, data from Lorens 1981; Tesoriero and Pankow
1996). Model results for Sr/Ca variation with crystal growth rate (solid lines) are shown for
cases where the surface layer of the crystal is enriched 10x, 16x, and 18x (F=10, F=16,
F=18) in Sr with respect to equilibrium Sr partitioning in the crystal lattice. Model results
and abiogenic calcite results are adjusted to represent precipitation from a solution with the
Sr/Ca ratio of seawater, 8.55 mmol/mol. Because the main crystal growth phase may
occupy a short part of the time required to produce each coccolith, plotted linear crystal
growth rates for coccoliths are minimum rates. b) Sr/Ca ratios in different species com-
pared with crystallographic orientation of the c axis (r=radial units, v/r= combination of ra-
dially and vertically oriented units). All data are for cultures at 18°C and all except the
smaller circles for E. huxleyi are from batch cultures. Data from Stoll et al. 2002b.
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supply of Ca through the ion pumps. If there were a selectivity against Sr in this
symport which were reduced at higher pumping rates, the Sr/Ca of the calcifying
fluid could increase and produce coccoliths with higher Sr/Ca ratios.

The discrepancies in Sr/Ca growth rate responses among surface sediments and
different culture experiments suggest that variations in growth rates themselves
are not the ultimate control over coccolith Sr/Ca. Consequently, the actual mecha-
nism of Sr/Ca variations in coccoliths must be more complex than the model pro-
posed by Rickaby et al. (2002). However, the carrier protein or ion pumping
mechanisms is likely the most useful conceptual framework for further study to
understand the mechanisms of Sr variation in coccoliths and their relationships
with other biochemical cycles in the cell (see Brownlee and Taylor this volume).
Existing data suggests the factor controlling coccolith Sr/Ca is highly correlated
with growth rates and productivity in the ocean and, in some culture environments
where nutrient-regulated growth rate changes, might be affecting biochemical
cycles in the cell.

Prospects for using coccolith Sr/Ca as a paleoproductivity indicator

As for many paleoceanographic proxies, incomplete understanding of the mecha-
nism of Sr/Ca variation need not preclude exploitation of empirical relationships
between coccolith Sr/Ca and coccolithophorid productivity. The combination of
field and culture data suggests that nutrient-stimulated, rather than light-stimulated
changes in growth rate produce the most significant variations in coccolith Sr/Ca.
In Holocene sediments from the Mediterranean nutrient-stimulated productivity
increases inferred from barite accumulation rates and accumulation rates of or-
ganic carbon in anoxic basins are faithfully reproduced by increased Sr/Ca ratios
in E. huxleyi (Stoll et al. unpublished data). To date the relationship between coc-
colith Sr/Ca and coccolithophorid productivity is qualitative, rather than quantita-
tive. Quantitative calibrations may be possible for modern coccolith species but
will require better techniques for measuring the productivity of specific live
coccolithophorid species in the ocean.

Coccolith Sr/Ca ratios offer several advantages which extend the capabilities of
current productivity indicators. Many productivity indicators are based on the
mass accumulation rate of biogenic components in sediments (opal, organic car-
bon, carbonate), but mass accumulation rates can be biased by sediment focusing
and winnowing, are affected by variable preservation of biogenic materials, and
are difficult to measure accurately in pre-Quaternary sediments. Because coccolith
Sr/Ca is measured in a single phase, its application is not reliant on determination
of mass accumulation rates.

Because coccolithophores in most cases are not the dominant organic carbon
producers in the modern ocean, coccolithophorid productivity may not be repre-
sentative of total productivity in all settings. However, the transfer efficiency of
organic carbon from the photic zone to the deep ocean is controlled by the rain
rate of calcium carbonate (Francois et al. 2002). Since coccolithophores are the
major producers of calcium carbonate in the open ocean, changes in their produc-
tivity may significantly impact the organic C export and carbon burial rates.
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The temperature dependence of coccolith Sr/Ca is unlikely to significantly
hamper productivity determinations from coccolith Sr/Ca. Since the temperature
effect is most likely thermodynamically controlled and the same in all coccolith
species in culture and in the field, most studies have used an independent paleo-
temperature indicator (like alkenone undersaturation, oxygen isotopes, or Mg/Ca
ratios) to constrain the temperature contribution to Sr/Ca variations (e.g. Stoll and
Bains 2003).

If coccolith Sr/Ca were to respond to variations in growth rate in the same way
as carbon isotopic fractionation in coccolith organic matter, the coccolith Sr/Ca
ratio might improve alkenone carbon isotopic εalkenone estimates of paleo-CO2 (aq)
concentrations in the photic zone. In culture studies of E. huxleyi, Stoll et al.
(2002a) compared the Sr/Ca ratio of coccoliths with the relationship between car-
bon isotope fractionation (εp) and the aqueous CO2 concentration (this latter rela-
tionship is frequently expressed as the "b" slope ((25 - εp)/Ce); Fig. 4). Overall,
the data show only a modest correlation between coccolith Sr/Ca and the “b” slope
(r2 = 0.31). For some experiments, correlation was higher and some of the offsets
may be explained by variable cell size under different experimental conditions.
Nonetheless, the fact that overall correlation is modest indicates that coccolith
Sr/Ca does not respond to changing cell physiology in exactly the same way as
carbon isotope fractionation in coccolith organic matter, at least under light-
limited culture conditions. Slightly better overall correlation was found between
coccolith Sr/Ca and the “b” slope in the Equatorial Pacific field study (Stoll and
Schrag 2000) and in nutrient-limited culture experiments (Rickaby et al. 2002).

In reconstructing longer term productivity variations (>106 years) from cocco-
lith Sr/Ca ratios, potential variation in the seawater Sr/Ca ratio must also be con-
sidered. The relatively long residence times of Sr and Ca in seawater (millions of
years) preclude changes in Sr/Ca ratios of more than a few percent on shorter
time-scales (Stoll and Schrag 1998; Stoll et al. 1999). However, changes in sea
level or mineralogy of the dominant marine carbonate producers may alter Sr/Ca
ratios by tens of percents on longer time-scales (Stoll and Schrag 2001). Modeling
likely changes in seawater Sr/Ca ratios from independent records of sea level and
carbonate production, or monitoring Sr/Ca ratios in another biogenic carbonate
with more constant Sr partitioning (e.g. Lear et al. 2003), may be the best way to
deconvolve these multiple influences on coccolith Sr/Ca.

Particularly in Neogene sediments where foraminifera are abundant, the pres-
ence of foraminiferal fragments in measured coccolith fractions must the mini-
mized.  Since foraminifera have much less Sr than coccoliths, the Sr/Ca ratio of
“fine fractions” can be sensitive to changes in the proportion of foraminiferal to
coccolith carbonate (see Baumann et al. this volume), as well as changes in the
Sr/Ca ratio of either coccoliths or foraminifera (Stoll and Schrag 2000).
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Fig. 4. Sr/Ca in coccolith calcite vs. "b" slope of carbon isotopic fractionation in particulate
organic carbon ("b" slope = 25 - (εp) * CO2 (aq)) in E. huxleyi continuous cultures. Regres-
sionlines are given for all data (solid line, equation y = 0.0034x + 2.30; r2 = 0.31), for data
at 18°C, f/2 (upper dashed line, equation y = 0.0026x + 2.49; r2 = 0.47) and for data at tem-
peratures <18°C (lower dashed line, equation y = 0.0026x + 2.49; r2 = 0.87). Horizontal er-
ror bars on lower temperature data indicate possible shifts in the b slope due to underesti-
mates of cell size, assuming cells at cooler temperatures are 15% larger than at higher
temperatures. Data from Stoll et al. 2002a.

Mg/Ca ratios in coccolith calcite

Mg incorporation in calcite is strongly dependent on temperature, and the Mg/Ca
of foraminifera is increasingly used for paleothermometry following initial work
by Nuernberg et al. (1996). It is likely that coccolith Mg/Ca ratios also reflect their
calcification temperature. Estimates of the growth temperature of coccolithopho-
res are important for interpreting productivity variations from coccolith Sr/Ca and
for inferring pCO2 from carbon isotope fractionation in alkenone biomarkers. A
Mg/Ca coccolith temperature indicator might complement the alkenone undersatu-
ration proxy and elucidate some of the potential ecological or physiological influ-
ence on the latter (e.g. Conte et al. 1998; Epstein et al. 1998) and provide an alter-
native to foraminiferal Mg/Ca in areas where foraminifera are not present or
where the foraminiferal Mg/Ca record might be compromised by selective disso-
lution due to heterogeneous distribution of Mg in foraminifera.

Early studies of the Mg composition of coccoliths concluded that they were
"low-Mg calcite" (<4% MgCO3; Siesser 1977). Recent precise measurements
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show that coccolith Mg/Ca ratios are extremely low, (0.1 to 0.2 mmol/mol or
<0.01% MgCO3), one to two orders of magnitude lower than in foraminiferal cal-
cite (Stoll et al. 2001). These low ratios complicate determination of coccolith
Mg/Ca variations, because analytical measurement is difficult for small samples
and because cleaning procedures to remove the Mg-rich organic phases and other
noncarbonate phases must be extremely efficient. Typical E. huxleyi samples from
culture experiments contain 5–25 x 10-14 g Mg/cell in organic fractions, 100 to 500
times higher than that of the CaCO3, which contains only 5 x 10-16 g Mg cell-1 (Ro-
senthal pers. comm.).

Measurements of Mg/Ca in coccoliths from several species grown in culture
suggest that temperature may be an important control on Mg partitioning in coc-
colith calcite (Fig. 5), but further studies are needed to confirm this result (Stoll et
al. 2001). Because coccoliths are much smaller and have a much lower Mg con-
tent (compared to foraminifera), the potential advantages of a coccolith Mg/Ca
paleotemperature proxy may be outweighed by the greater complexity of cleaning
issues.  Alkenone undersaturation indices (U37

K) may provide the most reliable in-
dex of temperatures at which coccolithophores are growing.

Indicators from stable isotopes in coccolith calcite

Stable isotopic measurements in biogenic carbonates have been a key tool for pa-
leoceanographic studies for nearly half a century, beginning with the pioneering
work of Emiliani (1954). The oxygen isotopic ratio is widely used to reconstruct
the temperature of ancient oceans and to trace changes in the oxygen isotope ratio
of seawater which varies with the evaporation/precipitation balance and with
global ice volume. The carbon isotope ratio of biogenic carbonates is used to re-
construct variations in the carbon isotopic composition of dissolved inorganic car-
bon (DIC) in the ocean, tracking changes in marine productivity and in the carbon
cycle. In coccolith carbonate, stable isotope records present special challenges,
because the small size of coccoliths does not readily permit separation of the
monospecific samples commonly analyzed for other types of carbonates. How-
ever, stable isotope records in coccoliths may potentially provide unique paleo-
ceanographic information that cannot be gleaned from studies of other organisms.

For all marine carbonates, the oxygen isotopic ratio depends on the temperature
at which the carbonate precipitates as well as the isotopic composition of the sea-
water from which it forms. Temperature determines the magnitude of the large
isotopic fractionation between oxygen isotopes in water and oxygen in CaCO3, as
predicted theoretically by Urey (1947). During precipitation of CaCO3, the heavy
18O is preferentially incorporated into the carbonate while light 16O preferentially
remains in the water. This preference is greater at colder temperatures so carbon-
ates precipitated at colder temperatures have higher ratios of 18O/16O than those
formed at warmer temperatures. In the ocean, the oxygen isotopic composition of
seawater varies both spatially and temporally. Because oxygen isotopes are
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Fig. 5. Mg/Ca ratios in different species of coccoliths from culture after cleaning with
bleach/peroxide method. The strain cultured is given in parentheses for Calcidiscus lep-
toporus and Emiliania huxleyi and in the legend for Gephyrocapsa oceanica. Error bars
shown are +/-5% estimated uncertainty from possibly incomplete removal of organic
phases. Analytical uncertainty is estimated at <1% r.s.d. From Stoll et al. 2001.

strongly fractionated during evaporation (and condensation; Dansgaard 1961),
when the heavy 18O preferentially remains in the liquid water, different rates of
evaporation in different parts of the ocean lead to spatial gradients of nearly 2
permil in the 18O/16O of surface seawater which are positively correlated with sa-
linity (Ostlund et al. 1987). The mean oxygen isotopic ratio of seawater is con-
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trolled by the hydrological cycle. Snow falling at high latitudes (and very low
temperatures) has a very low 18O/16O ratio. When this precipitation is sequestered
in growing ice sheets, there is an increase in the average 18O/16O ratio of the sea-
water remaining in the ocean. Pleistocene glacial cycles are recorded by higher
18O/16O ratios in marine carbonates both because ocean temperatures are colder
(greater fractionation between carbonate and water) and because the 18O/16O ratio
of seawater is higher (large ice sheets).

The carbon isotopic composition of marine biogenic carbonates largely reflects
the carbon isotopic composition of dissolved organic carbon in the ocean, since
the temperature effect on carbon isotopic fractionation is very small. Within the
ocean the spatial gradients in the carbon isotopic composition of DIC are con-
trolled by biological productivity through the removal of isotopically light carbon
in organic matter. The relative importance of different inputs of carbon to the
ocean-atmosphere system (weathering of organic and inorganic carbon from
rocks, release of mantle carbon through volcanic CO2, and release of methane hy-
drate) and relative removal rates of organic and inorganic carbon from the ocean,
set the average carbon isotopic composition of DIC in the ocean. The carbon iso-
topic composition of marine carbonates can be used to reconstruct spatial gradi-
ents in the isotopic composition of dissolved inorganic carbon to identify past
changes in productivity and ocean circulation (e.g. Broecker 1971), while changes
in the global average isotopic composition can be used to infer changes in the car-
bon cycle (e.g. Dickens 2001).

Empirically-determined equations can be used to calculate the equilibrium iso-
topic composition of carbonate which forms from a water of known oxygen and
carbon isotopic composition at a given temperature. However, many modern bio-
logical carbonates do not have the expected equilibrium isotopic compositions
predicted from the isotopic composition of the waters in which they formed.
These offsets from equilibrium, termed “vital effects”, have generally hampered
paleoceanographic application of stable isotopes in some organisms, especially
coccolithophores. Most paleoceanographic studies have circumvented the vital ef-
fects problem by isolating carbonate from a single species and assuming that the
vital effect in a given species is constant and does not vary through time. The
relative changes in isotopic values can then be interpreted as changes in tempera-
ture or in the isotopic composition of seawater.

In Quaternary paleoceanography, this approach is widely applied to fora-
minifera but not coccoliths whose small size (2–12 µm) precludes "picking" indi-
vidual specimens to obtain monospecific populations for analysis. In Early Ceno-
zoic and Mesozoic sediments where foraminifera are less common and core
material is limited and occasionally indurated, coccolith-dominated bulk carbonate
has been a standard phase for stable isotopic analysis (e.g. Bains et al. 1999). Con-
cern over the reliability of these polyspecific bulk carbonate records remains, in
part because cultures of coccolithophores show an especially wide range of vital
effects in oxygen isotopes (Dudley et al. 1986). Consequently, changes in the
relative carbonate contribution of different species in sediments may cause signifi-
cant changes in the isotopic ratios of the assemblage, potentially obscuring the
signals of oceanic variability.
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Several studies (summarized in Table 2) have shown that the isotopic variations
of Pleistocene polyspecific coccolith-dominated sediment fine fractions generally
covary with those measured in planktic foraminifera, although in most records the
coccolith fraction isotopes are offset from equilibrium values, either to higher or
lower oxygen isotopic compositions. However, in one record from the Caribbean,
the amplitude of glacial/interglacial oxygen isotopic variations was larger in the
coccolith fraction than in the planktic foraminiferal record (Anderson and

Table 2. Summary of studies of coccolith stable isotopes in sediments.

Study Size frac-
tion

Age Location Result

Anderson
and Cole
1975

<44 µm Pleistocene Caribbean δ18O and δ13C of coccolith
fraction covaries with that of
planktic foraminifera but off-
set

Margolis et
al. 1975

<44 µm Cenozoic Southern
Ocean

δ18O and δ13C of coccolith
fraction covaries with that of
planktic foraminifera

Goodney et
al. 1980

<44 µm Recent
(core top)

Global array δ18O of coccolith fraction not
in equilibrium with surface
waters but shows temperature
dependence

Anderson
and Stein-
metz 1981,
1983

3–25 µm Quaternary Caribbean δ18O of coccolith fraction co-
varies with that of planktic fo-
raminifera but with larger
amplitude (attributed to dis-
solution biases in foram re-
cord). δ18O offset of +1 to 2
permil in G. oceanica-
dominated coccolith fraction
consistent with G. oceanica
offset in culture.

Paull and
Thierstein
1987

<38 µm, in
subfractions

Core top
and Last
Glacial
Maximum

Global array Confirmed range of non-
equilibrium carbon and oxy-
gen isotope effects in differ-
ent coccolith size fractions in
sediments from core tops.

Dudley and
Nelson 1989

<38 µm Quaternary Tasman Sea Species-specific vital effects
from culture can correct for
changing coccolith assem-
blages, but correction is
mostly a constant offset

Stoll and
Ziveri 2002

<12 µm, in
subfractions

Recent
(core top)

Atlantic, In-
dian, Pacific

δ18O and δ13C offsets among
different species are relatively
constant in different sites and
in agreement with cultures
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Steinmetz 1983). This discrepancy could not be attributed to changing nannofossil
assemblages since Gephyrocapsa was the dominant coccolith carbonate contribu-
tor throughout. The authors attributed to discrepancy to attenuation of the planktic
foraminiferal signal due to stronger dissolution of the planktic foraminifera during
interglacials. However, variation of the magnitude of the coccolith vital effect
during Pleistocene environmental variations could also have caused or contributed
to this discrepancy.

Comparable results from foraminiferal and coccolith fine fraction isotope
measurements are encouraging for the prospect of using coccolith stable isotopes
for traditional paleoceanographic applications in cores where changes in nanno-
fossil assemblages are relatively minor. However, this approach may not be as
ideal over major paleoceanographic events where there is significant change in the
nannofossil assemblage, like the Cretaceous/Tertiary boundary or terminal Paleo-
cene Event (Bralower 2002). The most reliable paleoceanographic application of
coccolith stable isotopes for records of past variations in temperature and the iso-
topic ratio of seawater is thus dependent on:
1. Establishing the range of carbon and oxygen isotope vital effects in modern

coccolithophorid species by growing them in laboratory culture, and establish-
ing whether the vital effects for a given species are constant under variable en-
vironmental conditions. The development of a constant “species-specific cor-
rection factor” for each species might allow calculation of equilibrium isotopic
composition in sediments if the changing nannofossil assemblages were quanti-
fied (e.g. Dudley and Goodney 1989).

2. For older sediments where it is not possible to culture extinct species, establish
relationships in modern culture studies that allow for some prediction of spe-
cies-specific vital effects in extinct species, or develop methods to separate
monospecific fractions from sediments.

Culture study of stable isotopic vital effects in modern
coccolithophores

A large range of oxygen isotope vital effects in coccoliths of different species was
first identified in cultures of coccolithophores by Dudley and Goodney (1979) and
Dudley et al. (1980, 1986) (Table 3). Culture of eight different species of cocco-
lithophores at different temperatures showed that for a given temperature, some
species had oxygen isotopic ratios which were higher (isotopically “heavier”) than
the equilibrium temperature relation predicted for calcite, while others had oxygen
isotopic ratios lower than equilibrium (isotopically “lighter”; Fig. 6). Replicate
batch and continuous (chemostat) cultures of the same species in different labora-
tories generally yielded comparable results suggesting that these vital effects were
not artifacts of the culturing technique but species-specific “vital effects”. Similar
ranges of “vital effects” are hypothesized for planktic foraminifera but the exact
magnitudes of foraminiferal vital effects for individual species have been harder to
constrain because changing depth habitats may contribute to apparent disequilib-
rium in the open ocean and only a few species of foraminifera have been cultured
in the laboratory for stable isotope analysis (e.g. Bijma et al. 1991).
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 Table 3. Species-specific offsets from equilibrium (vital effects) in permil at 17ºC. Equi-
librium oxygen isotopic composition calculated from equation of O’Neil et al. (1969). For
carbon isotopes, difference is with respect to calculated equilibrium between calcite and bi-
carbonate, which is 0.23 permil at 17ºC. For Coccolithus pelagicus, both the heterococco-
lith (HET) and holococcolith (HOL) stage coccoliths were measured (for discussion of het-
erococcolith and holococcolith production, see Billard and Inouye, this volume).

Species Oxygen
isotope off-
set

Carbon
isotope
offset

Study

Algirosphaera robusta 2.2 Ziveri et al. 2003

Calcidiscus leptoporus -2.4 Dudley et al. 1986

Calcidiscus leptoporus -0.2 -1.6 Ziveri et al. 2003

Coccolithus pelagicus pel. (HET) 1.7 -2.1 Ziveri et al. 2003

Coccolithus pelagicus hyal. (HOL) -1.1 Ziveri et al. 2003

Emiliania huxleyi 2.8 Dudley et al. 1986

Emiliania huxleyi 3.1 3.2 Ziveri et al. 2003

Gephyrocapsa oceanica 2.0 Dudley et al. 1986

Gephyrocapsa oceanica 2.5 Ziveri et al. 2003

Helicosphaera carteri -0.1 Ziveri et al. 2003

Oolithotus fragilis -0.9 Ziveri et al. 2003

Pleurochrysis carterae -1.5 Dudley et al. 1986

Reticulofenestra sessilis 2.0 Dudley et al. 1986

Syracosphaera pulchra -2.2 Dudley et al. 1986

Umbilicosphaera hulburtiana -1.9 Dudley et al. 1986

Umbilicosphaera sibogae -1.5 Dudley et al. 1986

Umbilicosphaera sibogae foliosa -0.5 -1.7 Ziveri et al. 2003

Umbilicosphaera sibogae sibogae -0.3 -1.9 Ziveri et al. 2003

Dudley et al. (1986) calculated the paleotemperature equations for each of these
cultured coccolithophorid species (Fig. 6). For oxygen isotopes, this study pro-
vided “species-specific correction factors” for the major coccoliths in recent sedi-
ments which allowed Dudley and Goodney (1989) to correct polyspecific cocco-
lith oxygen isotopic records to equilibrium isotopic variations. It did not provide
similar factors for carbon isotopes or test whether the species-specific factors were
constant.
Recent culture experiments of eight species of coccolithophores (as well as het-
erococcoliths and holococcoliths from different life stages) under identical envi-
ronmental conditions (nutrients, temperature, light) confirm the large range of in-
terspecific oxygen isotope vital effects and reveal a comparably large range in
carbon isotopic vital effects. Oxygen isotopes showed a 5 permil range in epsilon
ε18O (~ 5 permil range in δ18Ocalcite - δ

18Omedia), with values both above and below
the expected equilibrium ε18O for precipitation from seawater at 17°C.
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Fig. 6. Disequilibrium factor ε18O vs. temperature for coccoliths grown in culture. (E. h. =
Emiliania huxleyi; G. o. = Gephyrocapsa oceanica; P.c. = Pleurochrysis carterae; U. s. =
Umbilicosphaera sibogae; U. h. = Umbilicosphaera hulburtiana; S. p. = Syracosphaera
pulchra; C. l. = Calcidiscus leptoporus) All results from Dudley et al. (1986) except G.
oceanica (diamonds) and H. carteri (squares) from Ziveri et al. 2003. Bold black line
shows equilibrium paleothermometry relation of O'Neil et al. (1969): 1000 * lnε = (2.78 *
106 * T-1) – 2.89, where temperature (T) is in degree Kelvin.

Carbon isotopes also showed a 5 permil range in ε13C (~δ13Ccalcite - δ
13C media DIC).

ε13C values fall both above and below the expected equilibrium ε13C for precipi-
tation from seawater bicarbonate at 17°C. This array of species shows a more
continuous distribution of oxygen isotopic compositions than in the Dudley et al.
(1986) study in which coccolith oxygen isotopic fractionation fell into two distinct
groups. The species-specific offsets from equilibrium from all culture experiments
are summarized in Table 3.
These interspecific differences in stable isotope fractionation do not appear to cor-
relate with major phylogenetic divisions of the coccolithophores or biogeography
but did correlate with several physiological variables from the culture experi-
ments. The interspecific differences in ε18O were not correlated to different rates
of calcite precipitation in different species, nor to different rates of organic carbon
fixation in different species. Interspecific differences were highly correlated with
different maximum growth rates of the different species under light saturated and
nutrient replete conditions and were moderately correlated with the size of the cell
and the cell's surface area/volume ratio (Fig. 7).
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Fig. 7. Oxygen isotopic fractionation in coccolith calcite at 17°C. a) Oxygen isotope frac-
tionation vs. calcification rate. b) Oxygen isotopic fractionation vs. cell division rate
(day-1). The solid line is the least squares fit. c) Oxygen isotopic fractionation vs. cell di-
ameter. Polynomial fit excludes data from C. pelagicus. d) Oxygen isotopic fractionation
vs. cell surface area/volume ratio. Data from Ziveri et al. 2003 (a-d); data from Dudley et
al. (1986) included in c) and d). Additional species from Dudley et al. (1986) are: Syra-
cosphaera pulchra (x), Umbilicosphaera hulburtiana (+), Reticulofenestra sessilis (-). The
open bar indicates estimated equilibrium fractionation between carbonate and water at
17°C.

Carbon isotopic fractionation was not significantly correlated to different rates of
organic carbon fixation in different species nor to different rates of calcite pre-
cipitation in different species but was strongly correlated with both the different
maximum growth rates of the different species and the cell size and surface
area/volume ratio (Fig. 8). However, at growth rates slower than 1 per day, there
was no further depletion in ε13C. The vital effects in carbon and oxygen isotopes
were moderately correlated with each other but also show a break point where
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Fig. 8. Carbon isotopic fractionation in coccoliths at of 17°C. a) Carbon isotopic fractiona-
tion vs. cell division rate (day-1). b) Carbon isotopic composition vs. cell diameter. c) Car-
bon isotopic fractionation vs. cell surface area/volume ratio. The isotopic composition of
the coccoliths are reported as ε13C (~ δ13Ccalcite - δ

13C media DIC). d) Comparison of coccolith
ε18O and ε13C data. The open bar indicates estimated equilibrium fractionation between car-
bonate and water at 17°C. All data from Ziveri et al. 2003.

oxygen isotope ratios continue to vary but carbon isotope ratios are relatively con-
stant (Fig. 8d).

If the strong relationship between oxygen and carbon isotope fractionation and
cell growth rates observed among different species were also operative at different
growth rates in a single species, then the “species-specific vital effects” might not
be constant. However, further experiments, using different light intensity to
change the growth rates of Calcidiscus leptoporus and Gephyrocapsa oceanica at
constant temperature showed that a comparable growth rate effect is not operative
within a given species (Ziveri et al. 2003). In these experiments, ε18O values for G.
oceanica varied by less than 1 permil even as growth rates varied from 1.9–0.5
day-1. (Fig. 9). Likewise, for C. leptoporus, decreasing irradiance reduced growth
rates from 0.7–0.2 day-1, yet ε18O varied only 1.5 permil. (Fig. 9). Temperature-
induced variations in growth also do not affect ε18O in these cultures. In cultures
of G. oceanica growth rate increased from 1.1–2.0 day-1 as temperatures increased
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from 17º to 30ºC, yet the slope of the relationship of ε18O with temperature is

Fig. 9.  ε18O of G. oceanica (solid circle) and C. leptoporus (solid square) under variable
irradiance and growth rate compared with the growth rate effect among different species at
constant irradiance as shown in Fig. 7b (open diamonds). All experiments at 17ºC.

indistinguishable from that measured for equilibrium precipitation (O'Neil et al.
1969). If increasing growth rate caused ε18O in G. oceanica to increase at the
same rate it does among different species, the growth rate effect would compen-
sate for the ε18O decrease with temperature for all except the hottest experiment
and there would be no correlation between ε18O and temperature.

Why are there stable isotopic vital effects in coccoliths?

Interspecific variations in ε18O are most highly correlated with growth rate. How-
ever, the lack of comparable ε18O variations with either light or temperature-
modulated growth rate variations in a single species suggests that instantaneous
growth rate is not the ultimate control over vital effects in coccoliths. The data
from multiple growth rates for a single species also indicate that there is nothing
unique about the slope of the growth rate vs. ε18O relationship in species grown at
17ºC (Fig. 7b). There is a greater range of growth rates among the small, fastest-
growing, species so with reduced irradiance the same variation in ε18O would oc-
cur over a smaller range of growth rates, causing a steeper slope.

These vital effects must reflect some other physiological adaptation correlated
with growth rate differences among species. The vital effects were moderately to
strongly correlated with cell size or surface area/volume ratio, which varies among
species but which would not change significantly (i.e. by more than 20%) in a sin-
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gle species across a broad range of culture conditions. The correlation between
cell size and growth rate may reflect cell growth limited by the cell’s rate of ac-
quisition of nutrients or C across cell membranes (Popp et al. 1998; Rost and Rie-
besell this volume), whereby larger cells with lowest surface area/volume ratios
may grow more slowly.

The fact that there are consistent relationships between the vital effects and cell
size and growth rate across different species suggests that vital effects may arise
from a consistent type of mechanism in all species. If coccolith vital effects re-
sulted from a random array of different processes in different organisms it is un-
likely that there would be a systematic, first order relationship with cell size and
growth rate. For coccolithophores, which calcify intracellularly in specialized
vesicles (see Billard and Inouye this volume), the challenge lies in ascertaining
how kinetic and thermodynamic processes of isotopic fractionation are linked to
cellular carbon acquisition and carbonate precipitation. This is a daunting chal-
lenge since studies have not conclusively distinguished whether C is taken up only
as CO2 by passive diffusion or also by active transport of CO2 or HCO3

- (e.g.
McConnaughey et al. 1997; Keller and Morel 1999; Brownlee and Taylor this
volume; Rost and Riebesell this volume). In reality, the patterns of stable isotopic
variations in coccoliths may provide more constraints for unraveling the cellular C
and acquisition methods than vice versa.

Three potential effects: 1) kinetic fractionation during calcite precipitation, 2)
fractionation of the intracellular C pool during photosynthesis, and 3) pH-
dependent fractionation, may contribute to the isotopic variations observed in
coccoliths.

1) Kinetic effects on isotopic fractionation during carbonate precipitation are
the most widely invoked mechanism for vital effects in biogenic carbonates
(McConnaughey 1989). If the precipitation of carbonate is faster than the hy-
droxylation of carbon dioxide (CO2 + OH-  HCO3

-), then the faster hydroxyla-
tion of 12C- and 16O-bearing CO2 produces covarying depletions in both 18O and
13C of the carbonate compared to equilibrium. The most rapidly precipitated car-
bonate is isotopically lighter for both oxygen and carbon. Kinetic effects are not
likely to be important where carbonic anhydrase catalyzes equilibrium between
carbonate species and water. While carbonic anhydrase has been identified in coc-
colithophores, its location relative to the calcifying reactions may be important
(see Brownlee and Taylor this volume). If it is localized at the site of one reaction
but not another, kinetic effects may still play a role in coccolith carbonate. How-
ever, kinetic vital effects cannot produce carbonates which are isotopically en-
riched in 13C or 18O with respect to equilibrium calcite, as is observed for cocco-
liths of some species (Dudley et al. 1986; Ziveri et al. 2003).

2) If there were significant exchange between the carbon pools used for photo-
synthesis and calcification, the strong kinetic isotopic fractionation during photo-
synthesis could influence the carbon isotopic composition of coccoliths (McCon-
naughey et al. 1997). The residual carbon dioxide not fixed through photosynthe-
sis would be isotopically heavier in carbon, since 12C is preferentially fixed in
organic carbon. Conversely, respired CO2 would be isotopically lighter than CO2

diffused across the cell membrane. Addition of residual C from photosynthesis
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could explain the δ13C values higher than equilibrium calcite, although they could
not explain enriched δ18O values.

3) For some biogenic carbonates which calcify extracellularly like foraminifera
or corals, the different equilibrium fractionations among different carbonate spe-
cies with respect to water may also give rise to important variations in the isotopic
compositions of carbonates (e.g. Zeebe 1999; Adkins et al. 2003). The oxygen
isotopic composition of HCO3

- is heavier than that of CO3
2- and the relative abun-

dance of these species depends on the pH. If the precipitating carbonate uses
HCO3

- and CO3
2- in their relative abundance in the calcifying fluid, and all of the

dissolved inorganic carbon is precipitated, then ε18O is set by the pH. However, to
explain the 5 permil range of ε18O observed among different coccolith species ex-
clusively through this mechanism would require a pH variation of nearly four pH
units, unrealistically large. A small pH effect on ε18O might be superimposed on
other sources of isotopic variation, perhaps explaining the higher than equilibrium
ε18O by lower pH in the smaller species.

Integration of these three potential sources of stable isotopic variations in
coccolith calcites will require numerical models of stable isotopic fractionation
with cell growth similar to those which have been developed to simulate carbon
isotope fractionation in algal organic matter (e.g. Keller and Morel 1999). Such
models may be able to account for the likely dependence of kinetic fractionation
on the surface area/volume ratio which sets the diffusive CO2 influx/outflux and
hence the proportion of available C fixed by the cell, as well as other effects.

Paleoceanographic application of coccolith stable isotopes

The constancy (to within 1‰) of species-specific oxygen isotopic vital effects
among multiple strains of the same species isolated from a wide range of oceano-
graphic settings and even over large changes in cell division rates and calcification
rates suggests that in downcore records, vital effects of a given species can be as-
sumed to vary by much less than the interspecific range of vital effects. However,
some variations in vital effects might still arise from changes in cell biochemistry
with changes in seawater pH or nutrients and should be investigated in future
studies.

Recent culture results provide the first species-specific correction factors for
carbon isotopic vital effects in coccoliths (Ziveri et al. 2003), although further ex-
periments are needed to confirm that these effects are constant for each species.
To date, the constancy of carbon vital effects has been examined only for E. hux-
leyi. In light-regulated cultures of E. huxleyi spanning an array of growth rates, the
carbon isotopic fractionation between coccoliths and DIC varied by less than 2‰
and in most cases by less than 1‰, and variation was not correlated with growth
or calcification rate (Rosenthal et al. 1999). Much more variable carbon isotopic
fractionation was inferred for E. huxleyi coccoliths in another set of light-regulated
growth experiments (Rost et al. 2002). However, this variability may in part re-
flect analytical uncertainties since in the latter experiment coccolith isotopic com-
position was not measured directly but estimated from measurements of isotopic
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fractionation in total particulate carbon and particulate organic carbon (Rost et al.
2002).

Confirmation of a large range of interspecific vital effects in both carbon and
oxygen isotopes implies that the effects of changing species compositions are sig-
nificant. For Pleistocene coccolith-dominated bulk or polyspecific coccolith re-
cords, the relative carbonate contribution of each species could be balanced by a
species-specific correction factor, as demonstrated by Dudley et al (1989), as long
as the contribution of non-coccolith material were also constrained.

The inability to determine species-specific vital effects in extinct species has
been the largest challenge to paleoceanographic application of coccolith stable
isotopes in older sediments. For example, Bralower (2002) suggested that the δ13C
shift in coccolith-dominated bulk carbonate at the onset of the Paleocene/Eocene
event could be largely a response to a shift in nannoplankton assemblages rather
than a shift in surface water δ13C as interpreted by Bains et al. (1999). The rela-
tionship between coccolith isotopic vital effects and cell size (and cell surface
area/volume) may provide a crude basis for estimating the vital effects in extinct
species. For many time intervals, whole coccospheres (cell plus its surrounding
covering of coccoliths) are preserved, although rare. It would be possible to esti-
mate the cell diameter from measurements on coccospheres. At present, this ap-
proach would give only approximate (+/- 1‰ for ε18O and +/- 0.5‰ for ε13C) es-
timates of vital effects due to scatter in the cell size/growth rate relationship. The
diameter of coccoliths constrains the minimum cells size, since cells are typically
larger than the coccoliths surrounding them. While still crude, over times of large
species turnover and large isotopic shifts (K/T boundary, Paleocene/Eocene event
and other methane hydrate liberation events) this approach may provide a way to
constrain the extent to which changes in bulk or fine fraction δ13C or δ18O could be
attributed to nannoplankton assemblage changes.

New decanting, density stratified columns and microfiltering techniques (Mi-
noletti et al. 2001; Stoll and Ziveri 2002) have permitted separation of more re-
stricted (in cases nearly monospecific) coccolith fractions from sediments. Al-
though the methods are time-consuming, they remove the necessity for correcting
isotopic records for changing nannofossil assemblages and may be the best ap-
proach for older sediments where species-specific vital effects cannot be deter-
mined in culture. The potential to separate monospecific coccolith fractions from
sediments also offers, for the first time, the possibility of using the organic and in-
organic C phase of the same organism (G. oceanica) to calibrate temperature
proxies, based on alkenone undersaturation ratios and species-specific δ18O of
coccolith calcite. Also, if the constancy of carbon isotopic fractionation with
growth rate can be confirmed, then estimates of past carbon isotopic fractionation
during photosynthesis (εp or εalkenone) might be more reliably obtained from the
isotopic difference between alkenone biomarkers and the coccoliths of the
alkenone producers (E. huxleyi and G. oceanica) rather than from fractionation
between biomarkers and the carbonate of foraminifera as is current practice (e.g.
Jasper et al. 1994). Finally, if models show that coccolith stable isotope fractiona-
tion constrains mechanisms of carbon acquisition and calcification in coccolitho-
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phores, measurements of coccolith stable isotopes in the past might elucidate how
these mechanisms have changed in the past.

Concluding remarks

The chemistry of organic biomarkers and inorganic calcite produced by cocco-
lithophores offer the potential to extract information about past environmental and
biological conditions, including: sea surface temperatures (alkenone undersatura-
tion U37

K, coccolith oxygen isotopic ratios, and possibly coccolith Mg/Ca), dis-
solved and atmospheric CO2 concentrations (carbon isotopic fractionation in bio-
markers or εalkenone), coccolithophorid productivity (coccolith Sr/Ca), and carbon
cycling within the ocean and between other carbon reservoirs (coccolith carbon
isotopes). Combined study of the stable isotopic fractionation of coccoliths in
culture may also elucidate mechanisms of carbon acquisition. One of the greatest
assets of coccolithophorid-based proxies is the potential synergy of paleocean-
ographic studies using multiple indicators all derived from the same organism. As
is the case for all paleoceanographic proxies, continued calibration studies are re-
quired to further improve our understanding of coccolithophorid-based proxy
systems and increase confidence in their paleoceanographic application.
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