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spike in εp values and reconstructed pCO2 is evident in the Middle Oligocene (approx.
29.5 Ma, figure 2d), representing about 10–30% increase in CO2 from the background level. The
magnitude of present-day equatorial upwelling, however, is represented by a seawater CO2
enrichment in the western equatorial Atlantic by approximately 30 ppm—about 9% deviation
from atmosphere–seawater equilibrium [58]. This potentially implies that equatorial upwelling
only partially contributed to the Middle Oligocene pCO2 spike recorded in Site 925, or that
upwelling intensity was higher and/or upper water-column stratification was less intense during
the Oligocene.

(ii) The Late Oligocene to Early Miocene

Climatic behaviour during the Late Oligocene/Early Miocene interval is particularly difficult
to explain given existing CO2 records. After a period of gradual cooling following the onset of
glaciation on Antarctica near the Eocene–Oligocene climate transition at approximately 34 Ma,
an approximately 0.8� decrease in benthic δ18O values (ODP 1218, eastern equatorial Pacific
[75]) suggests a period of substantial warming and/or deglaciation during the latest Oligocene
(approx. 27–23 Ma; figure 5). However, our corresponding CO2 records indicate a long-term
decrease in atmospheric carbon dioxide through the Late Oligocene (figure 5). Isotopic evidence
for warming and/or partial deglaciation at the end of the Oligocene is not simply an artefact
of stacked benthic δ18O records from different marine sites [72,75] given that the δ18O record
from ODP Site 1218 spans the entire Oligocene and unambiguously supports the presence of a
negative oxygen isotope excursion during this time [75]. Thus, the cause for this negative δ18O
trend remains unresolved in relation to our new CO2 record.

Another apparent decoupling between CO2 and climate occurs near the Oligocene–Miocene
boundary (approx. 23 Ma), represented by a transient, positive benthic foraminiferal δ18O
excursion (greater than 1�) interpreted as a period of substantial glaciation (known as the
Mi-1 event) [76]. Our records suggest invariant CO2 concentrations during this apparent
glaciation/deglaciation, defying our current understanding of the necessary forcing required to
drive Antarctic ice sheet variability.

Assuming approximately 2◦C of cooling in the deep sea [77], approximately 0.5� of the 1�
δ18O shift at Mi-1 must have been driven by an increase in ice volume. If continental ice on
Antarctica had an average isotopic composition of −40�, as indicated by isotopic modelling [71],
then more than 22 × 106 km3 of ice—roughly equivalent to the entire present-day East Antarctic
Ice Sheet (EAIS)—must have accumulated within 400 000 years. However, CO2 levels during the
Oligocene appear low enough to have already maintained a fully glaciated Antarctica according
to ice sheet simulations [78]. Moreover, the recovery phase of Mi-1 is even more enigmatic because
models require substantially higher CO2 levels—at least two times higher than the formation
threshold of the EAIS (approx. 1500 ppm) to cause substantial ice sheet retreat [71,78]. Coupled
climate–ice sheet simulations show that orbital forcing alone cannot cause Antarctic deglaciation
once the ice sheet expands over the continent [73], and requires increases in greenhouse gas
concentrations to more than four times pre-industrial levels to cause substantial ice retreat [78].
It is possible that the resolution of our new CO2 record is too low to resolve large fluctuations
within the body of the Mi-1 event. Still, exiting the glacial period would require substantially
higher CO2 levels that are not detected in our record. Alternatively, polar climate sensitivity to
CO2 might have been much higher than simulated in climate models, or our understanding of
Antarctic ice physics is incomplete and ice sheet stability, potentially reflected by the ‘Oi’ and
‘Mi’ events (e.g. [75]), is far more sensitive and dynamic than indicated in modelling studies.
Another possibility is that the assumption that benthic δ18O variability is representative of global
temperature/ice volume is flawed. For example, Nd isotope records suggest alternating deep
water sources during the Palaeogene [79,80], with the potential to alter the temperature, salinity
and δ18O value of deep waters. Different deep water sources during the Late Oligocene and the
Mi-1 event could have played a role in the magnitude of the observed benthic δ18O fluctuations.
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Apparent discrepancies between proxy records of ice volume and CO2 could also result if
alkenone–CO2 estimates are simply incorrect or biased for some time intervals. Various theoretical
and empirical exercises have been performed to assess non-CO2 factors that impact algal carbon
isotope fractionation and uncertainties in alkenone–pCO2 estimations [50,52]. For example, higher
ambient CO2 levels during the earlier part of the Cenozoic could have contributed to a reduction
in bicarbonate uptake via β-carboxylation, resulting in εf values greater than 25� [21], as well
as inhibiting CCMs. The isotopic impact of CCM upregulation during low CO2 would arguably
minimize εp and reconstructed CO2 variability, which is discussed in greater detail in §5c.

(iii) The Mid- to Late Miocene

Very low Miocene pCO2 concentrations that characterize published alkenone (figure 3) [19,20] and
boron isotope [81] CO2 records have puzzled the palaeoclimate community for nearly a decade.
If atmospheric CO2 was a key parameter forcing cryosphere expansion during the Neogene, then
major Northern Hemisphere glaciation should have arguably occurred some 20 million years
earlier than the accepted age of approximately 2.7 Ma (figure 3) [71,82,83]. Low pCO2 levels are
also difficult to reconcile with the well-documented warmth of the Middle and Late Miocene,
which was characterized by SSTs significantly higher than today [84]. For example, subtropical
east Pacific (ODP 1010) and northeast Pacific (ODP 1021) have been found to be at least 12◦C
warmer at 12 Ma relative to today, and 5◦C warmer relative to the Early Pliocene [84]. Prior
alkenone and boron isotope reconstructions have both indicated that the global warmth of the
Middle Miocene climate optimum (MMCO, approx. 17–14 Ma) and the subsequent expansion
and stabilization of Antarctic ice sheets (Middle Miocene climate transition (MMCT) approx.
14 Ma) were associated with relatively invariant pCO2 [20,81] and slightly higher pCO2 during
ice expansion (figure 3) [20]. Not surprisingly, climate models applying published alkenone and
boron isotope-based CO2 records [85,86] cannot simulate Middle Miocene climate signals as
determined by proxy records [19,81].

Intriguingly, our new record implicates a more important role for pCO2 in the climatic
variability of the Early to Middle Miocene. The partial pressure of carbon dioxide rises to 400–
500 ppm during the climatic optimum of the Middle Miocene followed by an approximately
100 ppm decline during MMCT (figure 5), which better agrees with recent stomatal index [6]
and boron isotope estimates (figure 4) [15]. Comparing the Site 925 record with the earlier
alkenone–pCO2 record from DSDP Site 588 [19,20], we found that the isotopic fractionation εp37:2
is larger (15� versus 10�) and the SST estimate is higher by 6–8◦C, both of which could have
contributed to higher Miocene CO2 levels in the new assessment. Although we cannot rule
out the possibility that CO2 air–sea disequilibrium at Site 925 contributed to higher local CO2
estimates, three independent methods agree that pCO2 during the MMCO was higher, and then
declined during the MMCT cooling, implying that CO2 was closely linked to major Miocene
climate events. Importantly, Miocene CO2 levels now appear higher than Pliocene and Pleistocene
concentrations, consistent with the appearance of Northern Hemisphere glaciation during the
Pliocene (figures 3 and 5).

(c) Assessing the effect of bicarbonate–CO2 conversion
The capacity for active carbon transport is common among marine and fresh water algae
[48,49,51]. This is because ribulose-1,5-bisphosphate carboxylase/oxygenase, the primary
carboxylase, has a relatively low affinity for CO2 and, for most algal species, is less than half
saturated under current CO2 levels [51]. CCMs increase carbon availability and reduce rates of
photorespiration that impact rates of carbon fixation [51].

Whether or not CCMs were an important aspect of ancient alkenone producers remains
speculative. Whereas some organisms, such as diatoms, show highly efficient and active CCMs
[48,87], CCMs in modern E. huxleyi and other coccolithophores appear weakly expressed [53,88].
Physiological parameters of extinct alkenone-producing species are unknown. Since CCMs
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Figure 6. Comparison between the spontaneous bicarbonate–CO2(aq) conversion (green symbols) and the CCM potential of
alkenone producers (orange bands) for the past 45 Ma. HCO−

3 −CO2(aq) conversion (r/rk) based on the model of Riebesell
et al. [90] and Wolf-Gladrow et al. [91], using seawater pH and SST data provided by boron isotope studies [13,15,16,18],
and a constant radius of 2.67μm for alkenone-producing haptophyte algae. Computation of CCM potential is based on the
model of [44,50], using previously published cell size [21,37,89,92] and existing palaeo-CO2 estimates [18,21,28]. CCM potential
([(μ/Ce)/(P/C)]100 − 100) represents an arbitrary, qualitative scale of CCM activity.

are energetically expensive, ancient haptophytes probably lacked operational CCMs under the
significantly higher CO2 levels of the past [89]. However, the presence of CCMs could have
become more pronounced during the Neogene due to the considerable decline in atmospheric
CO2 (figures 3–6). If this perspective is valid, then quantitative CO2 reconstructions could be
compromised during periods of relatively low pCO2 levels.

Various theoretical models have been developed to understand the factors that would drive
upregulation of CCMs [47,50,90,91]. One model assumes that active transport occurs when
diffusive flux achieves a minimum threshold of intracellular CO2 necessary for adequate growth.
Minimum diffusive flux estimates depend on ambient [CO2(aq)] and constraints imposed by cell
size. Assuming spherical geometry, minimum [CO2(aq)] can be defined as [47,90,91]

[CO2]min = Fin

4πrDT(1 + r/rk)
, (5.1)

where Fin is the diffusive influx of CO2(aq), DT is the diffusion coefficient of CO2, r is the
‘surface area equivalent’ spherical cell radius [91], rk is the reacto-diffusive length (i.e. length
of the boundary layer where HCO−

3 has the opportunity to convert to CO2(aq)), and the term
(1 + r/rk) represents the contribution of extracellular, uncatalysed and spontaneous HCO−

3 −CO2
conversion to the total supply of CO2 [47,90].

The term rk is calculated by

rk =
√

DT

k′ (5.2)

where k′ is the rate constant for conversion of HCO−
3 and H2CO3 to CO2(aq). An approximation

for the temperature dependence of DT is given by [93]

DT = 5.019 × 10−6e−(Ed/RTK), (5.3)
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with activation energy Ed = 19 510 J mol−1, gas constant R = 8.3143 J K−1 mol−1 and TK is
temperature in kelvin. For the rate constant k′, Gavis & Ferguson [94] demonstrated that

k′ = k1[OH−] + k2, (5.4)

where k1 and k2 are the rate constants of formation of CO2 from HCO−
3 and H2CO3, respectively,

and [OH−] is the hydroxyl ion concentration. At 25◦C, k1 = 8500 m3 mol−1 s−1 and k2 = 3 ×
10−5 s−1 [94].

Given the equilibrium constant for seawater Kw = [H+][OH−], [OH−] can be calculated if
seawater pH is known. At atmospheric pressure [95],

ln K∗
w = 148.96502 − 13847 × 26

TK
− 23.6521 ln TK

+
[

118.67
TK

− 5.977 + 1.0495 ln TK

]
S1/2 − 0.01615S. (5.5)

Therefore, the portion of fixed CO2 contributed by the conversion of bicarbonates in the geological
past can be calculated if seawater temperature (TK), pH, salinity (S) and the cell size (r) of ancient
alkenone producers are constrained.

Ocean pH estimates and SST reconstructions are available for the Eocene–Oligocene climate
transition [16], Middle Miocene [15], Pliocene [18] and the Pleistocene [13], and ancient cell
sizes for assumed alkenone producers (e.g. Reticulofenestra, Dictyococcites and Cyclicargolithus) can
be estimated using coccolith size measurements [21,37,89,92]. However, the available coccolith
length data and boron-based pH estimates are not derived from the same marine sites. Cell sizes
of assumed alkenone producers show large spatial variability. For example, Pagani et al. [21]
demonstrated that Reticulofenestrid coccoliths from the Southern Ocean sites (e.g. ODP 1090) were
two times as large as those in the tropical Atlantic (ODP 925, 929) during the Eocene–Oligocene
transition. This apparent cell size variability of alkenone producers hampers the application of
available coccolith data to the HCO−

3 −CO2 conversion evaluation of the Cenozoic. Therefore,
given that cell size data for the past 40 million years are not available for Site 925, we assume a
constant cell radius of 2.67 μm, which is the average value estimated from coccolith dimensions
for the Cenozoic [21,37,89].

Boron isotope-derived seawater pH and coeval Mg/Ca-based SST, with the assumption of
a constant salinity of 35 and 2.67 μm cell radius of alkenone producers, enables an assessment
of the impact of bicarbonate–CO2 conversion on alkenone–pCO2 estimates during the Cenozoic.
Temporal patterns in the ratio r/rk indicate that the percentage of fixed carbon derived from
bicarbonate conversion is generally low, of the order of 1.4–2.3% (figure 6), with a trend of
elevated bicarbonate contribution by the Pleistocene (approx. 40% more relative to the Late
Eocene; figure 6). Since we assume constant cell size, this increase is primarily due to an
approximately 0.5 pH drop from approximately 7.7 during the latest Eocene [16] to 8.2 today.
Alternatively, CCMs could have become increasingly important [50,96] to counter low CO2.
However, accurate quantitative correction for the effect of HCO−

3 −CO2 conversion on alkenone–
pCO2 estimates will require more detailed site-specific data on cell size of the alkenone producers
and pH history of the region.

An alternative model to estimate CCM activity [44,50] considers both diffusion and active
uptake of inorganic carbon to describe the nonlinear culture results of P. tricornutum:

εp = εf + εt − ε−t −
(

1
1 + CeP/μC(1 + β)

) (
εf − ε−t

β + 1

)
. (5.6)

Here, β is a constant equivalent to the ratio of CO2 loss (leakage by diffusion) to carbon
fixation, P is membrane permeability, C is cell carbon content and ε−t is the isotopic fractionation
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associated with the inorganic carbon diffusion back from the cell to the surrounding seawater. As
detailed in Laws et al. [50], the value of εp becomes insensitive to μ/[CO2(aq)] when

μ

Ce
≥ P

C(1 + β)
. (5.7)

Empirical relationships between P and C show its dependence on the cell radius: P/C = 0.285 r−1.
Minimum [CO2(aq)] that would trigger active transport occurs when the term (1 + β) approaches
unity, or leakage is zero. Laws et al. [50] calculate that εp for E. huxleyi would become a nonlinear
function of μ/[CO2(aq)] as photoperiod growth rate exceeds 1.1 d−1 for a cell radius of 2.6 μm,
comparable with the culture results of E. huxleyi [42].

Growth rates in the natural environment for E. huxleyi and other alkenone-producing
haptophytes are generally low, below 1 d−1, ranging from 0.1 to 1 d−1 [53,97]. Cell dimensions of
alkenone-producing algae since Middle Eocene [18,21,37,89] used in conjunction with estimates of
pCO2 provide a means to identify geologic intervals when upregulation of CCMs was potentially
necessary. For example, cell radii for alkenone producers range from approximately 4 to 2.4 μm
during the Eocene–Oligocene transition [21], and cell radii were about 50% smaller during the
Early Miocene [37]. Knowledge of cell radius allows calculation of the ratio P/C [50] and the
ratio μ/[CO2(aq)] can be estimated from alkenone-based CO2 reconstructions and a range of
modern haptophyte growth rates, assuming alkenone-based CO2 estimates are valid even if
CCMs were active. Using pCO2 data from earlier results [19,20,28], figure 6 shows that for low
to moderate growth rates, the operation of CCMs is expected during the Miocene, particularly
during the climatic optimum of the late Early Miocene, suggesting that the alkenone–CO2
estimates may be compromised during this time interval. Obviously, this result is speculative
given the necessary assumptions. For example, CO2 concentrations used in this exercise derive
from alkenone measurements and if CCMs were active, then these CO2 values would appear
artificially lower than actual concentrations and further exaggerate the potential influence
of CCMs.

6. Conclusions
An alkenone-based pCO2 record spanning the past 40 million years is presented for ODP
Site 925—representing the first long-term Cenozoic pCO2 record constructed from a single site.
Facilitated by improved methodology and careful consideration of assumptions, this record
provides refined pCO2 estimates from a site that is characterized by limited long-term variability
in oceanographic conditions. This record, therefore, reflects our most up-to-date effort to better
constrain the Cenozoic history of atmospheric CO2. This new record confirms predictions from
climate models regarding the role of CO2 in the cryosphere evolution in both hemispheres at
several key time intervals (e.g. Eocene–Oligocene transition, MMCT, Plio-Pleistocene). This record
also suggests that Miocene CO2 levels were higher than earlier estimates, which better reconciles
a long-standing data–model discrepancy for the Miocene. However, outstanding issues remain
which include the presumed warming or deglaciation in the Late Oligocene and the abrupt and
transient oxygen isotope excursion at Mi-1, both of which challenge our understanding of CO2
climate and ice sheet sensitivity.

We also evaluate spontaneous HCO−
3 −CO2(aq) conversion, which is one variable that could

impact CO2 estimates from the alkenone–pCO2 method. We conclude that the contribution from
HCO−

3 −CO2 conversion to the carbon fixed by alkenone-producing algae is minor, although this
potential has increased by 40% from Late Eocene to the Quaternary. Finally, an exercise to evaluate
potential CCM activity in haptophyte algae suggests that low pCO2 levels in the Neogene are
more likely to trigger CCMs.
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