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The Pliocene period is the most recent time when the Earth was globally significantly (∼3 °C) warmer than
today. However, the existing pCO2 data for the Pliocene are sparse and there is little agreement between the
various techniques used to reconstruct palaeo-pCO2. This disagreement, coupled with the general low
temporal resolution of the published records, does not allow a robust assessment of the role of declining
pCO2 in the intensification of the Northern Hemisphere Glaciation (INHG) and a direct comparison to other
proxy records are lacking. For the first time, we use a combination of foraminiferal (δ11B) and organic
biomarker (alkenone-derived carbon isotopes) proxies to determine the concentration of atmospheric CO2

over the past 5 Ma. Both proxy records show that during the warm Pliocene pCO2 was between 330 and
400 ppm, i.e. similar to today. The decrease to values similar to pre-industrial times (275–285 ppm) occurred
between 3.2 Ma and 2.8 Ma — coincident with the INHG and affirming the link between global climate, the
cryosphere and pCO2.
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1. Introduction

The current increase in the atmospheric concentration of the
greenhouse gas carbon dioxide, from 275 to 285 ppm in pre-industrial
times to N380 ppm today, is unprecedented in recent Earth history
(Solomon et al., 2007), with present levels exceeding the natural
range of at least the last 800 kyr (Siegenthaler et al., 2005b; Lüthi et
al., 2008). Understanding the relationship between pCO2 and climate
is therefore central for the accurate prediction of future climate
change (Solomon et al., 2007). Past responses to pCO2 change are
important components in resolving these relationships, and the most
informative palaeoclimate analogues will be in the recent geological
past, when geographical configurations, ocean currents and marine
and terrestrial ecosystems were similar to today. The Pliocene (5.3 to
2.6 Ma), the most recent potential analogue, is characterised by mean
global temperatures ∼3 °C warmer than today, comparable to those
predicted for the second half of the 21st century (Haywood et al.,
2002; Dowsett, 2007). This interval immediately preceded the Late
Pliocene intensification of Northern Hemisphere Glaciation (3.2 to
2.7 Ma) and, as a result, Pliocene sea levels were 15 to 25 m higher,
indicating smaller continental ice sheets than today (Shackleton et al.,
1995).

Our understanding of Pliocene climate depends on the accuracy
and resolution of reconstructed pre-Pleistocene (pre-ice core record)
pCO2. It has been suggested that a pCO2 decline during the Late
Pliocene is the most likely cause for global cooling and the
intensification of continental glaciation in the Northern Hemisphere
(Raymo et al., 1988; Maslin et al., 1998; Lunt et al., 2008). However,
current Pliocene pCO2 estimates are inadequate to examine such
fundamental issues. These records suggest that Pliocene pCO2 was
between 200 and 400 ppm, based on a few, very low resolution
studies of leaf stomatal density (Kürschner et al., 1996), low
resolution boron isotope measurements (Pearson and Palmer, 2000)
and sedimentary bulk organic matter δ13C values (Raymo et al., 1996).
Developments of all of these proxies do challenge these initial
estimates; for example, previous calculations of pCO2 from δ11B in
part utilised undetermined mixed planktic species, which could have
biased the record given the different δ11B recorded by different
species (Ni et al., 2007; Foster, 2008). Recent isotopic analyses of
alkenones (Pagani et al., 2010) have effectively confirmed the higher
end pCO2 estimates of Raymo et al. (1996) while better constraining
potential biases in phytoplankton ecology, but a direct comparison to
other proxy records at a single site is lacking. Crucially, only this most
recent record, unverified by other proxies, has the temporal resolution
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and accuracy to allow us to assess the changes in pCO2 associated with
the Pliocene warmth and the Late Pliocene growth of the Northern
Hemisphere ice sheets. Here we use amultiproxy approach using both
sedimentary alkenones and the δ11B of foraminifera, both informed by
methodological advances over the past decade, to determine
atmospheric pCO2 from the Early Pliocene to the Pleistocene.

2. Methods

2.1. Material and sample selection

We developed continuous, relatively high temporal resolution
(∼100 kyr/sample) records of alkenone-based εp values and planktic
foraminiferal δ11B values and B/Ca ratios (for Globigerinoides saccu-
lifer, 300–355 μm, and G. ruber, 300–355 μm), for the last 5.3 Myr from
ODP Leg 165, Site 999 Holes A and B, in the Caribbean Sea (12°44.639′
N, 78°44.360′W, 2838 m water depth). Today, the region is close to
being in equilibriumwith the atmosphere (Takahashi et al., 2009) and
has been so during much of the last glacial–interglacial cycle (Foster,
2008) providing the necessary boundary conditions for our study. We
made no attempt to restrict sampling to particular portions of orbital
cycles, thereby sampling both glacials and interglacials, although the
100 kyr resolution led to a preference of interglacial values. The
sediments at Site 999 are dominated by clay-bearing foraminiferal-
nannofossil oozes (Shipboard Scientific Party, 1997). The age model
used for this Site is a combination of a δ18O based orbital solution for 0
to 465 kyr (Schmidt et al., 2006) and 1.7 to 7.5 Ma (Haug and
Tiedemann, 1998), and the biostratigraphic models of Chaisson and
D'Hondt (2000) and Kameo and Bralower (2000a) for 0.465 to 1.7 Ma.
The lack of an astronomically tuned age model, and hence larger error
on the absolute age between 0.46 and 1.7 Ma, prohibited a more
directed sampling strategy or an interpretation of glacial–interglacial
variability.

The sedimentary record at Site 999 does not show any significant
changes in sedimentation rate, or carbonate accumulation rates
indicated throughout the Pliocene (Shipboard Scientific Party,
1997). There is also no temperature change recorded in surface
water dwelling (G. ruber) or deeper dwelling foraminifers species (N.
dutertrei) in the critical time intervals (Steph et al., in press),
indicating a stable thermocline and hence productivity conditions
during the Late Pliocene. However, as described previously by Haug
and Tiedemann (1998), sample preservation improved significantly
following the closure of the Isthmus of Panama, such that the older
carbonates are characterised by a large amount of semi-lithified
aggregates in the coarse fraction indicative of post-depositional
alteration.

As a complementary dataset, we also determined alkenone-based
εp values for sediments from ODP Leg 202, Site 1241 (5°51′N, 86°27′
W, 2027 m water depth) in the eastern equatorial Pacific, spanning a
similar time range and with a similar sampling frequency as for ODP
999. No foraminiferal boron data were determined from Site 1241,
due to the suboptimal foraminiferal preservation in large parts of the
record. Today, Site 1241 is located north of the eastern equatorial
upwelling, while in the Pliocene the plate tectonic reconstructions
suggest a location slightly nearer to the upwelling area (Shipboard
Scientific Party, 2003a). This is corroborated by a the predominance of
nannofossil oozes and foraminifer-nannofossil oozes in the shallower
sediments but a significant proportion of diatoms in the section
between 41 and 79.9 mbsf (Shipboard Scientific Party, 2003b). The
age model for Site 1241 was derived from a combination of an
astronomical age model based on orbital tuning for the time interval
between 6 and 2.5 Ma (Tiedemann et al., 2007) and the combined
foraminiferal and nannofossil biostratigraphy from 0 to 2.5 Ma
(Shipboard Scientific Party, 2003b) updated with a new nannofossil
biostratigraphy for the time interval 0 to 2.5 Ma (Flores et al., 2006).
All of the biostratigraphic ages were adjusted to the 2004 timescale
(Lourens, 2004). New surface temperature reconstructions (Steph et
al., in press) throughout the Pliocene suggest little or no change in
temperature, thermocline structure and hence upwelling at Site 1241.

2.2. Alkenone-based estimates of [CO2(aq)]

2.2.1. Lipid biomarker analyses
Lipid biomarkers, including alkenones, were extracted from

homogenized dry sediments by ultrasonication (10 min) using,
sequentially, methanol (MeOH), dichloromethane (DCM)/MeOH
(2:1 v/v) and DCM. The extracts were saponified with 0.3 M KOH/
MeOH, and neutral components were isolated by extraction with
hexane/DCM (10:1 v/v). The alkenone fraction was further separated
from other fractions (aliphatic hydrocarbons, aromatic hydrocarbons
and alcohols) using silica gel flash column chromatography (200–
400 mesh; deactivated with 1% distilled water). Alkenones were
quantified using gas chromatography (GC): an HP5890 GC equipped
with an on-column injector, CPSIL-5CB fused silica capillary column
(50 m×0.32 mm inner diameter, film thickness of 0.25 μm) and flame
ionization detector. The GC oven temperature was programmed from
50 °C to 120 °C at 30 °C/min and then 120 °C to 310 °C at 5 °C/min.
Alkenone distributions (the UK′

37 index, Brassell, 1993) were used to
estimate mixed layer temperatures using a calibration with a slope
that is sensitive to high SSTs N24 °C (Sonzogni et al., 1997). δ13C
values of the C37 di-unsaturated alkenone were determined with a
GC–isotope ratio mass spectrometer (GC–IRMS) consisting of a HP
6890 GC connected to a Finnigan MAT DeltaPlus via a combustion
interface. The GC was fitted with a HP-5MS fused silica capillary
column (30 m×0.32 mm i.d.) with an on-column injector, and the
oven programme was 50–120 °C at 30 °C min−1, then 120–310 °C at
5 °C min−1. An internal standard (C36 n-alkane) was added to the
alkenone subfractions before isotopic analysis, and its carbon isotopic
composition was measured to ensure instrument stability. Values are
reported in standard δ-notation relative to the Vienna Pee Dee
Belemnite (VPDB)-scale, and the reproducibility of the measure-
ments, based on laboratory standards, is better than ±0.3‰.

2.2.2. Foraminiferal carbon isotope analyses
Ten to fifteen specimens of the planktic foraminifer G. sacculifer

were picked from the 300 to 355 μm fraction for carbon isotope
analysis. The stable carbon and oxygen isotopic composition was
determined with a Finnigan MAT 251 mass spectrometer in
conjunction with an automatic carbonate preparation device at the
Alfred Wegener Institute for Polar and Marine Research, Bremerha-
ven. The foraminiferal isotopic values are reported in δ-notation as
described above. For calibration to the VPDB scale the international
standard NBS19 was used. The reproducibility of the measurements,
as referred to a laboratory standard, is better than ±0.06‰ for δ13C
and ±0.08‰ for δ18O over a one-year period.

2.2.3. Calculation of εp37:2 values
The carbon isotope fractionation by haptophyte algae during

photosynthesis (εp37:2), is calculated from the δ13C values of di-
unsaturated alkenone and the calcite tests of planktic foraminifers
using the following equation:

εp37:2 = δCO2 aqð Þ + 1000
� �

= δorg + 1000
� �

−1
h i

⁎1000 ð1Þ

where δCO2(aq) and δorg are the δ13C values of CO2(aq) and haptophyte
biomass, respectively. The former is determined from the carbon
isotopic composition of G. sacculifer, the temperature-dependent
relationship between δCO2(aq) and δCaCO3 (Mook et al., 1974;
Romanek et al., 1992) and mixed layer temperatures estimated
from the UK′

37 index (Table 1 in Appendix A; Sonzogni et al., 1997). δorg
is derived from the δ13C values of di-unsaturated alkenones and
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corrected for the 4.2‰ depletion of alkenones relative to biomass
(Bidigare et al., 1997).

Field and experimental work both indicate that the relationship
between εp and related factors can be expressed as:

εp = εf−b= CO2aq

h i
ð2Þ

where εf is the isotope fractionation associatedwith carbon fixation by
the ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) en-
zyme (25‰, Bidigare et al., 1997). Thus, εp37:2 values can be used to
directly calculate [CO2(aq)], from which pCO2 can be determined
assuming air–sea equilibrium. The εp values of marine algae are also
governed by growth rate (Bidigare et al., 1997) and cell geometry
(Popp et al., 1998), and consideration of those effects on εp values is
required. This is represented in Eq. (2) by the term b, which is a
summary of physiological factors— including growth rate, membrane
permeability and cell geometry— that affect carbon discrimination by
regulating flux of CO2 into and out of the cell. For alkenone-derived εp
values, and thus for the limited range of organisms synthesizing such
compounds and for which cell geometry effects are thought to be
minimal, field data reveal a significant correlation between the term b
and [PO4

3−] (Bidigare et al., 1997; Pagani et al., 2005):

b = 118:52 ⁎ PO3−
4

h i
+ 84:07 r2 = 0:78

� �
: ð3Þ

Thus, here we derive pCO2 estimates by both 1) assuming constant
phosphate concentrations representing the modern range at sites
1241 and 999 and 2) estimating potential past changes as discussed in
the Results (Table 1 in Appendix A).

Recently, Henderiks and Pagani (2007) showed that variations in
haptophyte cell geometry, if significant, can also affect εp values. There
is evidence that coccolith geometry has changed in the Caribbean over
the past 10 Myr, specifically at ODP Site 999 (Kameo and Bralower,
2000b). We cannot correct for this directly, as we do not have
coccolith size data from our specific ODP Site 999 samples, but
nonetheless it is crucial to explore the potential impact this has on our
pCO2 estimates by using a new geometry-corrected term (Henderiks
and Pagani, 2007):

b′ = b V : SAfossil = V : SAEhux½ � ð4Þ

where V:SAfossil is the haptophyte cell volume to surface area
estimated from coccolith morphology and V:SAEhux is a constant
value (0.9±0.1 μm: Popp et al., 1998) reflecting cell dimensions of the
modern haptophyte Emiliania huxleyi. For the ancient alkenone
producer, Reticulofenestra spp., the relationship between cell diameter
(Dcell) and coccolith size (Lcoccolith=length) can be estimated from the
following equation: Dcell=0.55+0.88Lcoccolith (Henderiks and Pagani,
2007). We acknowledge that this may not be relevant for Pliocene
alkenone-producers, and these calculations are used only to constrain
potential limitations of pCO2 estimates. Importantly these, and past
changes in phosphate concentration, have not been considered in
previous alkenone-based pCO2 studies of this time period (e.g. Pagani
et al., 2010).

2.3. Boron-based pCO2 estimates

2.3.1. Choice of foraminiferal species and the influence of variable
preservation

In order to reconstruct pCO2 using the boron-based proxies mixed
layer dwelling foraminiferal species G. sacculifer and G. ruber were
analysed (Table 2 in Appendix A). Hönisch and Hemming (2004) and
Ni et al. (2007) note that the δ11B values and B/Ca ratios of Holocene
specimens of G. sacculifer can be modified by partial dissolution, while
the δ11B and B/Ca ratio of G. ruber would not be altered (Ni et al.,
2007). The analytical precision of that study was poor compared to
that achieved here and consequently we re-examine the extent of
alteration of δ11B and B/Ca of G. ruber and G. sacculifer upon partial
dissolution. We examined a depth profile (2964 to 4369 m) from ODP
Leg 154 from the Sierra Rise in the western equatorial Atlantic
(Table 3 in Appendix A). All the samples are Holocene in age (Bickert
et al., 1997, Table 2 in Appendix A) and CaCO3 saturation states
calculated using CO2sys.xls (Pelletier et al., 2005) and nearby GLODAP
data (Key et al., 2004) range from 1.47 to 0.98 (Table 2 in Appendix A).

2.3.2. Foraminiferal boron isotopic and concentration measurements
All boron isotopic measurements were performed on a Thermo

Fisher Scientific NEPTUNE at the University of Bristol closely following
the methodology of Foster (2008). Samples were cleaned using
standard trace element cleaning techniques (Barker et al., 2003) and
between 100 and 120 tests of G. ruber (300–355 μm) and 100 tests of
G. sacculifer (300–355 μm), in both cases 1–2 mg of CaCO3, were
dissolved in 0.5 M HNO3. A small aliquot (∼5%) of this solution was
run against matrix matched standards for trace element concentra-
tions using a Thermo Fisher Scientific Element 2 to ensure adequate
clay removal and to provide paired B/Ca ratios (Foster, 2008). Based
on repeat measurements of our consistency standard over the
duration of this study we assume a conservative uncertainty in B/Ca
of ±5% (95% confidence).

Replicates of a deep sea coral standard (20–30 ng of boron)
analysed over the course of this study give a δ11B=23.93±0.19‰
(2sd; n=14). Total procedural blanks were consistently in the range
of 40–70 pg with an isotope ratio of 0 to +10‰. A blank correction
was not required for the majority of samples. Where it was necessary,
this correction was small and typically between +0.20 and +0.25‰
(see Table 2 in Appendix A).

2.3.3. Boron-based estimates of pH, [CO3
2−] and pCO2

For an introduction to the theory underlying the boron isotope
proxy see Foster (2008). For the planktic foraminifer species G. ruber
and G. sacculifer used here, the following equation can be used to
calculate pH values out of boron isotopes taking into account slight
offsets (ω) due to the photosynthetic activity of their symbionts and
foraminiferal respiration:

pH = pK*b− log −
δ11BSW− δ11Bruber−ω

� �

δ11BSW− 1:0272 × δ11Bruber−ω
� �� �

−27:2

2
4

3
5 ð5Þ

where pKb
⁎ is the pK⁎ value for boric acid at the in situ temperature

and salinity (from UK′
37 temperature and assumed to be 36 psu,

respectively), δ11Bsw is the isotopic composition of seawater
(δ11B=39.5‰ with a 14–20 Ma residence time Lemarchand et al.,
2002) and δ11Bforam is the measured isotopic composition of G. ruber
or G. sacculifer. Foster (2008) showed that for G. ruber (300–355 μm)
and G. sacculifer (500–600 μm) ω=+0.8. Since the δ11B of
G. sacculifer varies with test size (Hönisch and Hemming 2004; Ni et
al., 2007), we used our core top G. sacculifer (300–355 μm) at Site
999A and the δ11B of B(OH)4− at the habitat depth (19.57‰; Foster,
2008) for this species to calculate an ω=−0.4 for G. sacculifer (300–
355 μm). The uncertainty in pH is±0.02 pH units and is dominated by
the uncertainty in the δ11B measurement. Due to their different
habitats (Hemleben et al., 1989), G. ruber will record mixed layer
values while G. sacculiferwill record lowermixed layer values andwill
be influenced by sub-surface changes in pH. Thus, it is not expected
that both species will exhibit identical records.

Ocean pH is only one variable of the ocean carbonate system, and to
determine [CO2(aq)], another variable is required. Due to the nature of
the system, only two of the six variables (pH, [CO2(aq)], [CO3

2−], [HCO3
−],

total dissolved inorganic carbon [DIC] and total alkalinity [TA]) are
required to determine it entirely (see Foster, 2008 and discussion



Fig. 1. εp and δ13C values of C37:2 alkenones (εp37:2) from ODP Sites 999A (blue diamonds)
and 1241A (red squares). εp37:2 (c) is calculated from the δ13C values of di-unsaturated
alkenones (a) and calcite of planktic foraminiferal tests (b) using the following equation :
εp37:2=[(δCO2(aq)+1000)/(δorg+1000)−1]⁎1000, where δCO2(aq) is δ13C of CO2(aq)

derived from mixed layer carbonates and δorg is δ13C of haptophyte organic matter,
enriched by 4.2‰ relative to alkenones.

Fig. 2. Paleo-pCO2 change estimated from εp37:2 values with modern range of b-values
(b=90–108 in ODP Site 999 and b=122–155 in Site 1241) together with pCO2 estimates
using the samemethodology inODP 588 during the lateMiocene (Pagani et al., 2005). Red
open circles and blue open squares are Site 999 and Site 1241, respectively.
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therein). It has been proposed that because the B/Ca partition
coefficient (KD) for G. ruber (300–355 μm) and G. sacculifer (500–
600 μm) is dependent on [CO3

2−] at the depth of habitat (Foster, 2008),
tandem B/Ca measurements can be used to estimate [CO3

2−] and hence
solve the entire system (Foster, 2008). However, this relationship has
proved to be controversial and it has been proposed that other variables
control KD (e.g. temperature and/or growth rate; Ni et al., 2007; Yu et
al., 2007). Until these issues are resolved, it is premature to use KD in
the fashion described by Foster (2008). In order to generate an estimate
of pCO2 using δ11B we follow two approaches. Firstly, we use the model
of Tyrrell and Zeebe (2004) which estimates surface [CO3

2−] change
based on the observed changes in calcium carbonate compensation
depth (CCD) and the [Ca] and [Mg] of seawater (Horita et al., 2002).
This model predicts a steady increase of [CO3

2−] by ∼8 μmol/kg per
million years over the last 5 Ma. Our second approach is based on an
assumption of total alkalinity. At a constant pH, variations in total
alkalinity have only a small influence on pCO2; for instance, at typical
modern ocean conditions, a 100 μmol increase in TA increases pCO2 by
∼4% (e.g. b15 ppm). As few independent reconstructions of total
alkalinity exist we assume that alkalinity remains at constant values
±5%. The range in total alkalinity we use (from ∼2200 to ∼2450 μmol/
kg) encompasses the range for the last 2Myrmodelled by Hönisch et al.
(2009) from variations in sea level.

Given a reconstruction of a second carbonate system parameter
and δ11B-derived pH it is possible to reconstruct the entire carbonate
system including [CO2(aq)] (see Foster, 2008 for details). In order to
reflect the uncertainties relating to each reconstruction, the analytical
uncertainty in δ11B, our assumption that salinity is constant at 36 psu,
and the uncertainties relating to the temperature reconstruction, we
apply a conservative estimate of uncertainty in the reconstructed
pCO2 of ±25 ppm. A comparison between the two approaches we
have followed to reconstruct the second parameter of the carbonate
system allows the significance of this parameter in generating our
observed pCO2 records to be assessed.

3. Results

3.1. Alkenone-based estimates of pCO2

δ13C values of di-unsaturated alkenone (Fig. 1a) and calcite tests of
planktic foraminifers (Fig. 1b and Table 1 in Appendix A) have been
used to calculate εp37:2 values (Fig. 1c). At Site 999 εp37:2 values ranged
from 10.3 to 13.0‰ over the past 5.3 Myr. In general, εp37:2 values are
highest in the Pliocene, and lowest in the Pleistocene, with a stepwise
decrease occurring at ca. 3 Ma. These changes are driven predomi-
nantly by shifts in alkenone δ13C values. Site 1241 in the Equatorial
East Pacific yields almost identical εp37:2 records (Fig. 1c).

The modern range of [PO4
3−] in the surface layer (0–100 m) of

the Caribbean Sea is 0.05–0.2 μmol/L (Garcia et al., 2006) and
concentrations in the equatorial east Pacific are higher (0.3–
0.6 μmol/L at 0–30 m depth). These concentrations correspond to
b-values of 90 to 108 in the modern Caribbean and b-values of ca.
120 to 155 in the modern Pacific. Atmospheric pCO2 were
calculated using these b-values and assuming air–sea equilibrium
using a salinity of 36, alkenone-derived SSTs and Henry's Law to
convert [CO2(aq)] to pCO2 (Weiss, 1974, Fig. 2). The pCO2 values at
Site 999 during the late Pleistocene (230 to 300 ppm) fall within
the range of pCO2 records in Antarctic ice cores (Siegenthaler et al.,
2005a; Lüthi et al., 2008), whereas the Early Pliocene values (280–
370 ppm) are generally consistent with previous estimates for the
Late Miocene using the same approach (189–365 ppm: Pagani et al.,
1999, Fig. 2) as well as the recently published records of Pagani
et al. (2010).

Comparable records are obtained for the Site 1241, although the
absolute pCO2 levels are higher due to the higher b-values (Fig. 2).
Moreover, the pCO2 estimates for the Pleistocene are higher than
those determined in ice cores; therefore, the elevated values at Site
1241 relative to Site 999 are likely due to a contribution of upwelled
deeper water with higher [CO2(aq)]. The trend in estimated pCO2

through time follows that in the Caribbean and those reported by
Pagani et al. (2010) for a range of other sites, giving us confidence that
both trends represent an atmospheric signal, even if absolute pCO2

estimates from the east Pacific are too high. The position of Site 1241
with respect to the upwelling cell of the eastern equatorial Pacific and
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the strength of this cell has changed during the Plio-Pleistocene
(Farrell et al., 1995). Therefore, the degree of atmosphere–ocean
disequilibrium could also have changed during the study interval, and
consequently pCO2 calculations from Site 1241 are not interpreted
further.

3.1.1. Growth rate-corrected pCO2 record
There is evidence that the nutrient concentration in the Caribbean

was somewhat higher before the formation of the Isthmus of Panama
than the present level due to intrusion of nutrient-rich Pacific waters
before the Central American Seaway closed; as explained above this
will affect b-values and calculated pCO2. Estimates of coastal
upwelling in the western Caribbean based on the mean annual
range of temperature (MART), determined from measurements of
seasonal fluctuations in the size of cupuladriid bryozoan zooids,
suggest that prior to 3.5 Ma, nutrient levels in the coastal Caribbean
(Fig. 3a) were similar to modern Pacific levels (O'Dea et al., 2007). The
benthic foraminiferal accumulation rate records of Jain and Collins
(2007), an indication of productivity, also show a change from
eutrophic to oligotrophic conditions at Site 999A between 4 and
3.2 Ma (Fig. 3d,e). In contrast, alkenone concentrations and mass
accumulation rates (MAR; Fig. 3b,c) exhibit a more subtle trend,
decreasing only slightly from 2.5 Ma to the present albeit with a
prominent maximum at ∼4 Ma. However, it is important to note that
all of these changes are subtle, and other productivity indicators (e.g.
organic carbon and mass accumulation rates) exhibit little change
(Shipboard Scientific Party, 1997).

Despite theminimal changes, it is still useful to examine the effect of
potential growth rate changes on our reconstructed pCO2 levels; to do
this, we used the MART and alkenone data to estimate past changes in
[PO4

3−], from which b-values could be calculated using Eq. (3). For
alkenone concentrations and MARs, a five-point moving average was
calculated, themost recent values were assigned a [PO4

3−] of 0.5 μmol/L,
and then [PO4

3−] for the entire record was determined by assuming a
Fig. 3. Palaeoproductivity estimates for the past 8.5 Ma based on a) Mean Annual
Temperature Range (MART) of O'Dea et al. (2007) as a proxy for upwelling, alkenone b)
concentrations and c) mass accumulation rates, d) benthic foraminifer accumulation rates
(BFAR) and e) benthic foraminiferal epifaunal to infaunal ratio from Jain and Collins (2007).
linear relationship between alkenone concentration orMARand [PO4
3−].

We note that this yields a conservative pCO2 estimate given that we
have used the lowest estimatedmodern [PO4

3−] as a baseline. O'Dea et al.
(2007) suggested that MART values could be used as a first order
approximation of nutrient concentration: [PO4

3−]=0.093MART−
0.2155. Regardless of how the data are treated to correct for potential
growth rate changes, all records showelevatedpCO2during the Pliocene
(Fig. 4a and b).

3.1.2. Geometry-corrected pCO2 record
We used the relationships determined by Henderiks and Pagani

(2007) and the running average of the 10% Gaussian-weightedmean of
Reticulofenestra coccolith size in ODP 999 (Kameo and Bralower, 2000b)
to determine b′-values and recalculate pCO2 between 1.8 and 5.3 Ma
(Table 1 in Appendix A). As noted by Henderiks and Pagani (2007), this
calculation yields lowerV:SA ratios than those of E. huxleyi (0.9), causing
b′-values to be lower throughout the record. Correspondingly, this
results in lower Early Pliocene pCO2 values (Fig. 5: 210 to 250 ppm)
compared to previous estimates for the Late Miocene (310–340 ppm,
Pagani, 2002; Pagani et al., 1999) and lower Pleistocene values (120–
150 ppm) compared to ice core pCO2 records (Siegenthaler et al., 2005b;
Lüthi et al., 2008). This illustrates the limitations for applying
relationship between Miocene Reticulofenestra coccolith and cell sizes
Fig. 4. (a) Changes in paleo b-values for Site 999 estimated from palaeoproductivity
estimates in the South Caribbean over the last 5 Ma and for constant low, high and
intermediate phosphate concentrations and (b) corresponding corrected pCO2.



Fig. 5. (a) Changes in coccolith size of reticulofenestrids in ODP 999 during the Pliocene
(Kameo and Bralower, 2000a,b), and cell geometry-corrected pCO2 inODP Site 999 during
the interval between 1.7 and 5.6 Ma. (b) Revised cell geometry-corrected pCO2 for ODP
Site 999; pre-1.8 Ma values have been tuned such that values from 1.7 to 2.0 Ma are
equivalent.

Fig. 6. δ11B (a), pH (b), B/Ca (c), [CO3
2−] modelled ([CO3

2−]MOD; red and blue dashed
lines; Tyrrell and Zeebe, 2004) and calculated assuming TA=2330 μmol/kg ([CO3

2−]TA;
symbols) (d) of G. ruber (blue diamonds) and G. sacculifer (red squares) from ODP Site
999A. Error bars in (a) and (c) are ±0.25‰ and ±5%, respectively and reflect the long-
term external uncertainty at the 95% confidence level. Error bars in (d) reflect the
uncertainty in the [CO3

2−] reconstruction caused by varying TA by ±5% only. In (b) and
(d) dashed horizontal lines mark the pre-industrial and post-industrial (modern) pH
and [CO3

2−] in surface water from a nearby GLODAP site (Key et al., 2004). Also shown
in (e) is the percentage of shell fragmentation at Site 999A which is an estimate of
preservation.
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to smaller Pliocene species (Young, 1990). To compensate for this, pCO2

estimates for the Pleistocene have not been size corrected, as there is no
evidence suggesting this is necessary, and Pliocene data which have
been size corrected, are adjusted tomatch the Pleistocene data (Fig. 5b).
We concede that this is not a rigorous correction, and future work
exploringhaptophyte cell size geometry changes is crucial; nonetheless,
in order to explore the full range of potential Pliocene pCO2 levels, this
exercise is necessary. Revised geometry-corrected estimates (Fig. 5b)
show high pCO2 (300–400 ppm) during the Pliocene warmth with a
dramatic decrease in pCO2 around 3 Ma.

3.1.3. Alkenone pCO2 summary
Regardless of the treatment of the alkenone isotope data, all of the

Site 999 records exhibit similar characteristics (Figs. 4 and 5). First,
uncorrected and growth rate-corrected pCO2 estimates are consistent
with Pleistocene ice-core records. Second, the low εp37:2 values
constrain the Pliocene pCO2 to ca. 300 to 400 ppm, indicating that
Pliocene pCO2 levels are higher, albeit only slightly, than those of the
Pleistocene. These values are generally consistent with previously
published pCO2 reconstructions for the Late Miocene (e.g., Pagani et
al., 1999; Pagani, 2002) and recent alkenone-derived pCO2 records for
the Pliocene (Pagani et al., 2010). Third, all of the growth rate-
adjusted and size-adjusted pCO2 records amplify the differences
between the Pliocene and Pleistocene. Crucially, however, the timing
and nature of the Pliocene to Pleistocene decrease in pCO2 differs
depending on our corrections. This highlights the importance of
constraining even subtle growth rate or size variations in alkenone-
based pCO2 reconstruction, and the limitations of this approach for
teasing out the subtle pCO2 variations that presumably occurred over
the past 15Ma (Pagani et al., 2005).

3.2. Boron-based estimates of pH and [CO3
2−]

G. ruber is only present in sufficient abundance for the last 3.5Myr
(Fig. 6a,b,c,d), while G. sacculifer is present throughout. The
reconstructed Plio-Pleistocene evolution of pH and [CO3

2−], the latter
from our assumptions of total alkalinity ([CO3

2−]TA), (Fig. 6b) is similar
for each species with only one instance where they diverge
significantly (at 2.11 Ma), and both pH and [CO3

2−]TA are near to
pre-industrial values for much of the Pleistocene (Fig. 6 and Table 2 in
Appendix A) but reached more acidic, lower [CO3

2−] values, typical of
modern post-industrial times, during the Late Pliocene.

3.2.1. Preservation of δ11B and B/Ca signals in G. ruber and G. sacculifer
For G. ruber, B/Ca ratios and δ11B values are not correlated with the

degree of CaCO3 saturation, and values from all depths agree within
analytical uncertainty (Fig. 7; Table 3 in Appendix A). In contrast, the
δ11B values of G. sacculifer decline by ∼0.7‰ (∼0.07 pH units) from
the shallowest to the deepest site (Fig. 7; Table 3 in Appendix A). The
B/Ca ratios show a similar decline by ∼10 μmol/mol from 86 μmol/mol
to 76 μmol/mol. This suggests that G. ruber is a much more robust
archive of δ11B and B/Ca than G. sacculifer; previous studies (Pearson
and Palmer, 2000; Wara et al., 2003) using G. sacculifer, may therefore
be partly compromised by partial dissolution (Hönisch and Hemming,
2004; Ni et al., 2007).

The shell fragmentation record for Site 999 indicates that the
degree of preservation at this Site has varied over the last 5 Myr
(Fig. 6e). This raises the potential that the difference between the two
boron-derived records of pH and [CO3

2−] could either reflect the
influence of variable partial dissolution on G. sacculifer or changes in



Fig. 7. δ11B (a) and B/Ca (b) of G. sacculifer (300–355 μm) and G. ruber (300–355 μm)
against bottomwater CaCO3 saturation (Ω) state at the depth of core recovery for a depth
profile at the Ceara Rise. Ωwas calculated using nearby measurements from the GLODAP
database (Key et al., 2004, see Table 3 in Appendix A).

Fig. 8. Plio-Pleistocene pCO2 evolution based on boron data from (a) G. ruber (300–
355 μm) and (b) G. sacculifer (300–355 μm). In each case, pCO2 calculated using δ11B
and [CO3

2−]MOD is shown as blue diamonds with an error bar equal to ±25 ppm, the red
circles are pCO2 calculated assuming TA=2330 μmol/kg (modern) and the error
envelope is due to varying TA by ±5% only. Horizontal green dashed line indicates the
pre-industrial (280 ppm) and modern (384 ppm) pCO2 (Keeling et al., 2009).
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the sub-surface pH. Given the potential for the δ11B and B/Ca of G.
sacculifer to be modified by partial dissolution, we caution against an
over interpretation of the G. sacculifer record presented here.
Nonetheless, the overall agreement between G. sacculifer with the
more robust G. ruber provides additional confidence in the generated
records.

3.2.2. Boron-based estimates of Plio-Pleistocene pCO2 evolution
As expected from the similar pH and [CO3

2−] reconstructions
(Fig. 6), both foraminiferal species yield a similar pCO2 evolution for
the Plio-Pleistocene (Fig. 8; Table 2 in Appendix A). The more robust
and higher temporal resolution G. ruber record indicates that pCO2

varied from around 340 to 450 ppm during the Late Pliocene and
rapidly decreased at ∼2.8 Ma, with values of around 260 to 300 ppm
characterising the Pleistocene. Where G. sacculifer pCO2 estimates
overlap with G. ruber, they are typically similar, providing confidence
in the G. sacculifer data for the Early Pliocene.

As well as reconstructing pCO2 from modelled [CO3
2−] (Tyrrell and

Zeebe, 2004) we also show pCO2 reconstructed assuming constant
(modern) TA ±5%. The records are similar (Fig. 8) providing
confidence that the pCO2 record is relatively insensitive to the second
carbonate system parameter and is largely dependent on the recorded
pH change as determined by δ11B values.

4. Discussion

4.1. Multiproxy Plio-Pleistocene pCO2 records

Although all of our proxy records show generally similar trends
and elevated Pliocene pCO2 levels, it is important to acknowledge that
all our records require the assumption that the atmosphere is in
equilibrium with surface seawater. This was probably not true for the
eastern equatorial Pacific (Site 1241), which is influenced by
upwelling throughout this time period. Near atmosphere–ocean
equilibrium does characterise the Caribbean today and through
much of the last 130 kyr (see Section 3.1.). However, prior to 4.2 Ma
it could have been influenced by upwelled, relatively nutrient-rich
eastern equatorial Pacific thermocline water flowing through the
Panama Seaway (Haug and Tiedemann, 1998). Consequently, we
cannot preclude elevated Caribbean [CO2(aq)] relative to modern
levels while pCO2 remained constant, such that pCO2 levels could be
overestimated. We deem this to be unlikely for three reasons. First,
the alkenone εp temporal evolution at Site 999 is similar to that
observed at Site 1241 and a range of other sites studied by Pagani et al.
(2010). Second, changes in palaeo-productivity towards more
oligotrophic conditions at Site 999 (Jain and Collins, 2007; O'Dea et
al., 2007, our alkenone data), whichwould be associatedwith changes
in CO2 disequilibria, are not coincident with the significant changes in
pCO2 documented here (3.2 Ma to 2.8 Ma), suggesting they played at
most a minor role in determining [CO2(aq)]. Third, our absolute values
are in very good agreement with previous data determined using
different methodologies from different sites (Fig. 9), e.g. 300–
400 ppm. These published estimates and our new data are, however,
clearly at odds with the existing δ11B based record of Pearson and
Palmer (2000; Fig. 9). Analytical issues (Foster, 2008), preservation
and their choice of species (G. sacculifer and mixed species) (Section
2.3.1.) may have played a role in generating this discrepancy.

All of our pCO2 records exhibit several key common characteristics.
Pleistocene pCO2 values range from 250 to 300 ppm and, where the
data overlap, they are broadly comparable to EPICA (Fig. 9). All our
records also suggest that pCO2 levels were higher during the Pliocene
than during the Pleistocene. The magnitude of the difference varies
somewhat between the different approaches, with pCO2 based solely
on alkenone εp values and no subsequent corrections yielding the
smallest difference of only ca. 60 ppm. On the basis of our earlier
arguments this change should be considered a minimum since it does
not account for growth rate and lith size changes. All other records
suggest a difference of 100 to 120 ppm such that Late Pliocene pCO2

ranged between 330 and 450 ppm. Thus, although the Pliocene warm



Fig. 9. Multiproxy Plio-Pleistocene pCO2 evolution. (a) Published estimates of Plio-Pleistocene pCO2 including the EPICA ice core record (green, Lüthi et al., 2008; Petit et al., 1999), pCO2

based on δ11B of G. sacculifer and mixed species from ODP Sites 871 and 872 in the equatorial Pacific (blue diamonds and error envelope, Pearson and Palmer, 2000), pCO2 based on the
stomatal density of fossil leafs (red circles and error envelope, Kürschner et al., 1996), pCO2 based on the δ13C of bulk organic material from ODP Site 806 (open diamonds, Raymo et al.,
1996) andon alkenones based pCO2 records fromtheODP Sites 925 (blue), 806 (green) and1208 (grey) (Pagani et al., 2010). (b)G. ruber boron-based pCO2 determinedusing δ11B derived
pH with [CO3

2−]MOD (blue diamonds with ±25 ppm error bar) or modern TA (red circles with uncertainty band relating to ±5% modern TA). (c) Alkenone-based pCO2 estimates
determined using εp37:2 values without secondary corrections (red band), with a size correction (red closed and open squares for b=90 and 108; respectively). (d) Benthic foraminiferal
δ18O isotope stack of Lisiecki and Raymo (2005). The grey band highlights the time of intensification of the Northern Hemisphere Glaciation which is associated withmajor ice growth as
reflected by the increase in oxygen isotopes (d). Horizontal green dashed line in (a–c) denotes modern pCO2 of 384 ppm (Keeling et al., 2009).
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period pCO2 was higher than pre-industrial levels, it was comparable
to current levels or to a level that will be reached in the near future
(next few decades).

However, depending on the approach, our records yield a range of
temporal trends. The precise nature of the decline from Pliocene to
Pleistocene pCO2 in the alkenone-based record ranges from a long-
term gradual decrease (uncorrected data and similar to uncorrected
data of Pagani et al., 2010) to a rapid decrease between 3.2 and
2.8 Ma; these differences arise, in part, from corrections using growth
rate records from other sites and lith size changes from non-identical
samples from Site 999 and should be interpreted with caution. The G.
ruber boron isotope record indicates that pCO2 declined substantially
from high Pliocene values over a relatively short period between
3.2 Ma and 2.8 Ma (Fig. 10). Although not free from complications, the
boron-based record has not been adjusted by data from other sites,
and hence, is probably the more temporally precise. Indeed, it
provides guidance in the interpretation of alkenone-derived records.
The most directly relevant growth rate correction is the mass
accumulation rate of alkenones, and that has little impact on the
pCO2 record over the past 4 Ma. In contrast, there is a dramatic change
in lith size, and correcting for that yields a pCO2 record that is
markedly similar to that of the boron-derived record. Thus, this work
potentially highlights the crucial importance of considering coccolith
cell size effects on these timescales. Hence we conclude that firstly,
pCO2 was higher during the Pliocene, and secondly guided by the
boron isotope record, we suggest that pCO2 decreased relatively
rapidly between 3.2 and 2.8 Ma.

4.2. pCO2 decline and the intensification ofNorthernHemisphereGlaciation

A number of hypotheses have been proposed to explain the INHG
at ∼3 Ma (Mudelsee and Raymo, 2005; Raymo et al., 2006). These
involve changes in pCO2 (Berger and Wefer, 1996; Crowley and Kim,
1996; Raymo, 1998) related to continental weathering (Raymo et al.,
1988), increased stratification in high latitudes (Driscoll and Haug,
1998), increased efficiency of the biological pump (Haug et al., 1999)
and/or changes in the thermal structure of the tropical ocean
(Philander and Fedorov, 2003). Other hypothesis include changes in
ice-sheet dynamics (Thiede et al., 1998), thermohaline circulation
(Billups et al., 1999) or ocean gateway closures (Keigwin, 1982; Haug
and Tiedemann, 1998; Cane andMolnar, 2001) resulting in changes of
oceanic heat and moisture transport or a combination of the above
factors (Ravelo et al., 2004). The first major increase in benthic δ18O
values related to Northern Hemisphere ice growth occurred during



Fig. 10. Multiproxy pCO2 record for the period 2.4 to 3.4 Ma. (a) G. ruber boron-based record (symbols as Fig. 9). (b) Alkenone-based record (symbols as Fig. 9). (c) Benthic
foraminiferal δ18O stack (green line) (Lisiecki and Raymo, 2005) and δ18O of C. wuellerstorfi from ODP Site 999A (green diamonds, Haug and Tiedemann, 1998). Marine Isotope Stage
G10 is labelled for reference. (d) July insolation (W/m2) at 65°N. (e) Ice rafted debris per gram of sediment from the North Atlantic (ODP Site 907) (Jansen et al., 2000 using the age
model of Lacasse and van den Bogaard, 2002).
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Marine Isotope Stage (MIS) G10 at 2.81 Ma (Lisiecki and Raymo,
2005) associated with an increasing magnitude of orbitally-driven
Northern Hemisphere insolation and a large increase in ice rafted
debris delivered to the Norwegian Greenland Sea (Jansen et al., 2000)
and on the Rockall Plateau (Shackleton et al., 1984). Given the timing,
the INHG is generally assumed to have been paced by orbital
variations but only triggered following a lowering of the threshold
for glacial inception (Maslin et al., 1998). Once significant glaciation
has been achieved during a high amplitude cold orbit phase,
intensification and sustained glaciation of the Northern Hemisphere
is reached through ice-sheet climate feedbacks (DeConto et al., 2008).

Late Pliocene pCO2 decline is the most likely candidate for
influencing Northern Hemisphere climate in such a way to favour
inception (DeConto et al., 2008; Lunt et al., 2008). Our new Plio-
Pleistocene pCO2 data are entirely consistent with these predictions,
indicating that pCO2 declined from its Pliocene high at around 3 to
3.2 Ma (Figs. 9 and 10) and was low enough and similar to the
∼280 ppm threshold of DeConto et al. (2008) to allow orbital forcing
to induce glaciation in the Northern Hemisphere by 2.81 Ma (MIS
G10). The lack of significant Northern Hemisphere ice growth prior to
3 to 3.2 Ma suggests that pCO2 above 330 and 400 ppm is associated
with warming sufficient to prevent significant Northern Hemisphere
ice-sheet growth even during cold orbital phases.

The potential speed of the documented decline in pCO2, as
suggested by the boron record, suggests a driver that is internal to
the ocean–atmosphere–biosphere systemwhere the carbon exchange
rates are sufficiently rapid (e. g. Sarmiento and Toggweiler, 1984;
Siegenthaler and Wenk, 1984; Sigman and Boyle, 2000). The deep
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ocean storesmore than 90% of the inorganic carbon in this system and,
following similar arguments to those made for the Late Quaternary
cycles, changes in deep ocean carbon storage likely dominate
exchange rates (Sigman and Boyle, 2000). A number of studies
suggest that intermediate and deepwater circulation patterns under-
went a reorganisation at this time (Billups et al., 1998), including a
long-term shoaling of both the tropical thermocline (Chaisson and
Ravelo, 1997; Ravelo et al., 2004; Wara et al., 2005) and lysocline in
the Equatorial Atlantic, and southern sourced deep water became
more nutrient rich (Hodell and Venz-Curtis, 2006). Importantly, the
nutrient concentration of southern sourced deepwater, and its
ventilation rate have been shown by a number of modelling studies
to influence atmospheric pCO2 (e.g., Brovkin et al., 2007). Although it
is likely that these changes played a role in generating the Late
Pliocene pCO2 decline we record, the overall trigger(s) that led to
these changes in oceanic carbon storage and pCO2 remain elusive.

5. Conclusions

We demonstrate here for the first time that alkenone δ13C and
boron-based pCO2 estimates agree well when carried out on the same
core material. The inherent uncertainties for both approaches are very
different and this agreement provides a high level of confidence in the
accuracy of the generated pCO2 records. Ourmulti proxy reconstruction
indicates that pCO2 was 50–120 ppm higher during the Pliocene
compared to pre-industrial (280 ppm) times but that it was similar to
today (∼384 ppm). Absolute values of our data are in good agreement
with the recent study of Pagani et al. (2010). However, based on our
boron isotope and size corrected alkenone records we found that the
decline from these values occurred relatively rapidly from 3.2 to 2.8 Ma
and was intimately associated with Northern Hemisphere ice growth.
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