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Abstract—Instead of having been more or less constant, as once assumed, it is now apparent that the major
ion chemistry of the oceans has varied substantially over time. For instance, independent lines of evidence
suggest that calcium concentration ([Ca2�]) has approximately halved and magnesium concentration
([Mg2�]) approximately doubled over the last 100 million years. On the other hand, the calcite compensation
depth, and hence the CaCO3 saturation, has varied little over the last 100 My as documented in deep sea
sediments. We combine these pieces of evidence to develop a proxy for seawater carbonate ion concentration
([CO3

2�]) over this period of time. From the calcite saturation state (which is proportional to the product of
[Ca2�] times [CO3

2�], but also affected by [Mg2�]), we can calculate seawater [CO3
2�]. Our results show that

[CO3
2�] has nearly quadrupled since the Cretaceous. Furthermore, by combining our [CO3

2�] proxy with other
carbonate system proxies, we provide calculations of the entire seawater carbonate system and atmospheric
CO2. Based on this, reconstructed atmospheric CO2 is relatively low in the Miocene but high in the Eocene.
Finally, we make a strong case that seawater pH has increased over the last 100 My.Copyright © 2004

Elsevier Ltd
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1. INTRODUCTION

1.1. Climate, Atmospheric pCO2, and Ocean Carbonate
Chemistry

The Earth’s carbon cycle is currently being subjected
severe perturbation in the form of burning of long-buried fo
fuels. Understanding the functioning of the historical car
cycle may help us understand the implications of our pre
perturbations to it.

There are still many open questions: for instance, alth
carbon dioxide is strongly suspected to play a major ro
controlling climate, there is still much uncertainty, with e
dence of warm climates at times of suspected low atmosp
CO2 (Flower, 1999; Pagani, 1999). The ice core record
atmospheric CO2 concentrations exists only over the l
400,000 yr or so. We do not have any direct evidence to te
whether the very warm Cretaceous period (135–65 Mya)
caused by high atmospheric CO2. While it is suspected that th
slow deterioration in Earth climate since the Cretaceous
trend towards an icehouse Earth;Zachos et al., 2001) has bee
caused by declining atmospheric CO2, lack of data prevents
definitive interpretation. More indirect approaches are, th
fore, required to reconstruct the long-term history of at
spheric CO2. One possible approach is by reconstructing
history of carbonate chemistry ([CO2(aq)], [HCO3

2�], [CO3
2�])

of seawater over time. The atmosphere and the surface
reach carbon equilibrium within about a year, and signifi
imbalances cannot be maintained for longer than this. I
history of surface ocean carbonate chemistry can be calcu
then so too can the history of atmospheric CO2.
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1.2. Long Timescale Variations in Ca and Mg
Concentrations

In the absence of evidence to the contrary, it was previo
assumed that the concentrations of the major ions makin
the dissolved salt in seawater (Cl�, Na�, SO4

2�, Ca2�, Mg2�,
and K�) were more or less constant over geological timesc
(Holland, 1978; Holland, 1984), and more rapid variations a
precluded by residence times measured in millions of y
(Berner and Berner, 1996). However, recent evidence sho
that ocean composition has been far from constant. In
paper, the concern is primarily with calcium and magnes
concentrations. The lines of evidence for slow oscillation
seawater [Ca2�], [Mg2�], and therefore, (Mg/Ca) are as f
lows:

1. The mineralogy of inorganic (nonskeletal) carbonate
ments and ooids has varied over time in the geolo
record, with predominance of aragonite forms at some t
and calcite forms at other times(Sandberg, 1983). Labora
tory experiments (e.g.,Morse et al., 1997) show that eithe
calcite or aragonite precipitates out first from a solu
dependent on its temperature and also on its chem
particularly its Mg/Ca ratio. The variation in the form
inorganically precipitated calcium carbonate through
led Sandberg to suggest an alternation in seawater ch
try: between “calcite seas” and “aragonite seas.”

2. Hardie (1996)noted that temporal changes in the mine
ogy of potash evaporites in the geological record also
Sandberg’s curve, with potash deposits characterise
MgSO4 salts more common during aragonite seas, and
ash deposits characterised by KCl salts more common
ing calcite seas.

3. A wide array of evidence(Stanley and Hardie, 1998)sug-
gests that the variation in the nature of biologically pre
itated (skeletal) carbonate rocks obeys a similar variatio

that of the inorganic cements and ooids. Among fossilised
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‘hypercalcifying’ organisms (corals, sponges, coralline al-
gae, etc.), aragonitic species were more common during
Sandberg’s aragonite seas, whereas calcitic species were
more common during Sandberg’s calcite seas.

4. These indirect suggestions of Mg/Ca oscillations have re-
cently been reinforced by more direct measurements, from
fluid inclusions in marine halites (e.g., Lowenstein et al.,
2001; Horita et al., 2002). These fluid inclusions (micro-
scopic globules trapped in salt crystals as they form in
evaporating seawater) contain evidence of the ocean chem-
istry at that time. The partially evaporated nature of the fluid
inclusions excludes a completely straightforward recon-
struction of past seawater composition, but much informa-
tion can still be derived. An immediate point of interest is
that the chemistry of the fluid inclusions is often very
different from that of any point along the evaporation path-
way of modern-day seawater, implying very different pre-
evaporation chemistries. It is not possible to evaporate mod-
ern day seawater to produce a brine resembling many of the
Phanerozoic fluid inclusions. Similarities in chemical com-
position of fluid inclusions in rocks of similar age, but
deposited in different parts of the world, argue for control by
swings in global seawater composition rather than by local
or regional processes (Lowenstein et al., 2001; Horita et al.,
2002). The concentrations of ions unlikely to precipitate out
until very late in the evaporation sequence, and with very
long residence times in seawater (e.g., Br�, �100 My;
(Holland, 1978)), can give an idea of the “degree of evap-
oration” of each inclusion. Two of the earliest salts to
precipitate out as seawater becomes progressively more
concentrated are calcium carbonate (CaCO3), then gypsum/
anhydrite (CaSO4); the presence of residual [Ca2�] but no
[SO4

2�] in samples from some times, in contrast to residual
[SO4

2�] but no [Ca2�] at other times, points to variations in
the initial [Ca2�] and [SO4

2�]. Through the use of these and
other techniques and assumptions, best-guess [Ca2�] and
[Mg2�] concentrations (Zimmermann, 2000; Horita et al.,
2002) and seawater (Mg/Ca) (Lowenstein et al., 2001;
Horita et al., 2002) have been calculated back through time
from the fluid inclusions, and they agree well with Sand-
berg’s calcite and aragonite seas.

5. Another recent record for past seawater (Mg/Ca) has been
obtained from the (Mg/Ca) of echinoderm skeletons (Dick-
son, 2002). Echinoderms incorporate Mg and Ca into their
shells in a variable ratio linked to that of the seawater they
grow in. Their fossilized skeletons have been analysed and
the inferred history of Mg/Ca broadly supports that from
fluid inclusions (Dickson, 2002).

6. Stanley et al. (2002) found in laboratory culture experiments
that, like echinoderms, the (Mg/Ca) of the calcite skeletons
of coralline algae reflects that of the seawater medium they
grow in. The predominance of low-Mg calcite fossils during
calcite seas (low seawater Mg/Ca), and of high-Mg calcite
fossils during aragonite seas, (high seawater Mg/Ca) (Stan-
ley and Hardie, 1998) therefore, also supports variable sea-
water (Mg/Ca) through time.

Considering only the last 100 My, the cause of the changes
is uncertain, but may involve long-term variations in midocean

ridge spreading rates (Hardie (1996); but see also Holland et al.
(1996) and Holland and Zimmermann (1998) for counterargu-
ments), or alternatively, a change in the mode of calcium
carbonate deposition (Volk, 1989). The timing of the beginning
of the most recent seawater calcium decline corresponds ap-
proximately with the laying down of the first massive coccolith
chalks in the Late Cretaceous (99–65 Mya) and the beginning
of significant calcium carbonate flux to deep ocean sediments
following the rise to abundance of the main planktonic calci-
fiers, coccolithophores and foraminifera (Volk, 1989; Hay,
1999). Most shelf sediments are eventually uplifted and the
calcium within them then returned by erosion to rivers and then
back to the sea; most deep-sea sediments, in contrast, are
eventually subducted at continental margins, taking calcium
down into the mantle. Increasing Ca2� loss from the oceans has
been accompanied by decreasing Mg2� loss, probably because
dolomitisation (formation of CaMg(CO3)2 rocks) is thought to
have only taken place in shallow environments (Holland and
Zimmerman, 2000).

Regardless of the cause, the point of interest for this paper is
that, taken as a whole, “ these studies develop an argument of
unprecedented strength for a chemically dynamic ocean over
the past half billion years of Earth history” (Montanez, 2002),
in particular for [Ca2�] and [Mg2�]. The combined evidence
(Fig. 1) suggests that [Ca2�] was more than 100% higher 100
Mya than it is today, whereas [Mg2�] was somewhere near half
of today’s value.

1.3. Implications for Dissolution of Calcium Carbonate in
Seawater

The long-term progressive fall in seawater calcium concen-
tration must have affected the ocean carbon system. Calcifica-
tion and dissolution in the ocean have been shown to be
sensitive to the calcite or aragonite saturation state of seawater
(�), which is defined as

� � �Ca2�� � �CO3
2��/Ksp (1)

where Ksp is the stoichiometric solubility product (different for
aragonite or calcite), which varies in present-day surface waters
primarily as a function of temperature and salinity (Mucci,
1983). The incorporation of some magnesium rather than cal-
cium ions into the crystal lattice affects the solubility of calcite,
and we account for this effect of [Mg2�] on Ksp (section 2.2).
Expressing the equation in terms of concentrations rather than
activities is acceptable for our purposes (section 2.3).

Taking [Ca2�] and [Mg2�] from Figure 1 and assuming all
else (including [CO3

2�]) at present-day values, then � at 100
Mya would have been �threefold higher than today. This
would produce a CCD at �10 km depth (Eqn. 4 of Jansen et al.
(2002)), that is to say, preventing any dissolution of CaCO3 in
the ocean. A 10 km deep CCD is unlikely given the process of
carbonate compensation which exerts negative feedback on a
timescale of �10,000 yr (Sundquist, 1990; Sigman et al.,
1998); in any case it is ruled out by the geological data.

1.4. Near-Constancy of Calcium Carbonate Saturation
State During the Last 100 Million Years

To our knowledge there are four sources of information
about the history of the calcium carbonate saturation state of

the ocean:
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(A) From the history of calcite compensation depth (CCD) in
the oceans (Fig. 2). The CCD defines the ‘snow line’
above which calcium carbonate accumulates on the sea-
floor, below which it dissolves. The deepest ocean sedi-
ments recovered by drilling are calcium carbonate-free at
all times during the last 100 My. The 0 to 100 Mya CCD
record derived from deep ocean cores (Fig. 2) suggests
that, although there has been variability (for instance, Hay,
1988; Lyle, 2003) and a long-term trend to deeper values,
nevertheless the ocean average CCD has not varied by
more than �1.5 kilometres from its current value of �4.8
km. The CCD data imply that � has been fairly constant
since the Cretaceous despite the concomitant decrease in
[Ca2�].

Fig. 1. Seawater composition over the last 160 million years: (a)
calcium ion concentration (mMol kg-1); (b) magnesium ion concentra-
tion (mMol kg-1); and (c) magnesium/calcium ratio (Mol/Mol). (■ , F,
Œ) from fluid inclusions in evaporites (Horita et al., 2002; Lowenstein
et al., 2001; and Zimmermann, 2000; respectively), with parent sea-
water calculated from the composition of partially evaporated brine
trapped in salt crystals. (�) (Mg/Ca) from fossil echinoderms (Dickson,
2002), or, in the case of [Ca2�], calculated from fluid inclusion [Mg2�]
divided by echinoderm (Mg/Ca); (E) (Mg/Ca) 49 Mya from benthic
foraminiferal calcite (Lear et al., 2002); (�) present-day composition
of seawater; (dotted line) history of seawater composition according to
a model (Spencer and Hardie, 1990; (dashed line) best estimate of past
seawater composition according to Horita et al. (2002); (thick line)
values used here (0–100 Mya), chosen to agree with best estimate of
Horita et al. (2002). A vertical line between two symbols indicates a
range of values.
(B) From the abundance of calcifying cyanobacteria (stroma-
tolites) in the fossil record (Arp et al., 2001). These require
surface water calcite saturation states �10 as a prerequisite
for their formation. The geological record contains fre-
quent occurrences of calcifying cyanobacteria throughout
most of the Phanerozoic, with the striking exception of the
last 100 My, from which time almost no fossilised calci-
fying cynaobacteria have been found (Arp et al., 2001).
One possible interpretation is generally high saturation
states through the Phanerozoic, falling to consistently
lower values during the last 100 My.

(C) From analysis of the paleolatitudinal ranges of shallow-
water biogenic carbonate (Fig. 7B) of Opdyke and Wilkin-
son (1993)).

(D) From analysis of the paleolatitudinal ranges of inorgani-
cally precipitated ooids and cements (Figs. 3 and 4 of
Opdyke and Wilkinson (1990)). Neither of these two
ranges show large contractions or expansions in the past,
such as might be expected to accompany any large shift in
average surface ocean �.

We take our lead in this paper from the CCD record because
of the large number of ocean cores that have been drilled and
because of the unmistakable appearance of a CCD shallowing
or deepening through a core location (colour change of the
core). We use a smoothed fit to the long-term trends in CCD
(Fig. 2), which averages out short-term CCD variations such as
during the last 20 My (e.g., Lyle, 2003), during temporary
episodes such as the Paleocene-Eocene Thermal Maximum
(PETM) (Thomas, 1998), and during glacial-interglacial cycles
(Barker and Elderfield, 2002). The CCD records deep ocean
saturation state. We assume that surface saturation state tracks
deep saturation state, but also explore sensitivity to this as-
sumption in the Appendix.

The partitioning of the CaCO3 flux between shallow and
deep seas can be an important control on ocean carbonate
chemistry, and therefore atmospheric pCO2 (Opdyke and
Wilkinson 1989; Kump and Arthur, 1997). In the GEOCARB
model (Berner, 1994; Berner and Kothavala, 2001), atmo-
spheric CO2 during the last 100 My was found to be quite
sensitive to this partitioning (Fig. 11 of Berner (1994)). Large-
scale CaCO3 deposition in shallow seas during the Late Cre-
taceous has been succeeded by increasing importance of deep-
sea CaCO3 deposition through the Cenozoic (Hay, 1999). This
study, however, is a reconstruction of [CO3

2�] and atmospheric
pCO2 from data. It is not a mechanistic model. The location and
processes of CaCO3 burial are, therefore, irrelevant to our
purpose except as possible explanations of the reconstructions
obtained.

Respiration of organic carbon in sediments can lead to a
partial decoupling between deep ocean chemistry and the CCD
(Archer and Maier-Reimer, 1994). However, this effect is
likely to be of minor importance to this study (see discussion in
section 4.5 of Zeebe and Westbroek (2003)). The near-con-
stancy of the differential between planktic and benthic �13C
(Broecker and Peng, 1998) suggests that the organic carbon
fluxes of today are similar to those of the past. The respiration
effect is not included in our calculations.
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2. METHODS

Given the evidence against a large decrease in � over time, we
reconstruct a best estimate of the evolution of [CO3

2�] over the last 100
My, by assuming nearly constant � (Fig. 2) in the face of the changes
to [Ca2�] (22 down to 10.6 mMol kg�1) and [Mg2�] (30 up to 55
mMol kg�1) shown in Figure 1.

2.1. Sensitivity to Past Temperature and Salinity

The effects on Ksp of possible past variations in temperature and
salinity were found to be of minor importance to our results. Past
salinity was estimated by forcing it from a reconstruction based on
evaporite abundance through time (Hay et al., 2001). This gave similar
results to an assumption of constant salinity.

Past global average surface seawater temperature was estimated
using the �18O record in benthic foraminiferal calcite (Zachos et al.,
2001). The record was extended back beyond 65 Mya (into the Creta-
ceous) using Figure 3 in Wilson et al. (2002) as a guide. A rough
correction for the presence of ice sheets was made by assuming that
only half of any �18O excess above 2‰ is attributable to a temperature
effect. Deep-sea temperature derived in this way from benthic foram
�18O is assumed to be representative of high latitudes where deep water
currently forms. Similar temperature changes are assumed to have
taken place in tropical waters but with a reduced amplitude of variation
(increasing only from 27.5 to 30°C over 100 My). Global average
surface temperature (current value 15°C) was then calculated using a
quadratic fit to the latitudinal temperature gradient. Due to uncertainties
in this and other reconstructions of past temperature, we examined
sensitivity of our [CO3

2�] reconstruction to different proposed temper-
ature histories. We used two alternative temperature reconstructions in
addition to that just described: (1) from �18O in calcitic and aragonitic
shells from the photic zone of tropical waters (Veizer et al., 2000), and
(2) calculated by pCO2 of the GEOCARB-III model (Berner and
Kothavala, 2001). The maximum difference at any time between
[CO3

2�] calculated using two different temperature reconstructions was
�1 �Mol kg�1. The effect on calculated pCO2 was larger (�10%).

2.2. Effect of Mg Concentration on Ksp and Dissociation
Constants

Calcite saturation state is affected by [Mg2�] as well as [Ca2�],

Fig. 2. History of calcite compensation depth (CCD) o
reconstructions from core data from the Indian Ocean (Pe
shows a fit to core data from the eastern central equatoria
global average CCD (data from all ocean basins) (van A
through Ksp. We used the relationship Ksp	t
 � Ksp	0
 � � �5.14
� x	t
� to calculate Ksp at various Mg concentrations, where Ksp(0) is
today’s solubility product of calcite, x(t) is the Mg/Ca ratio of seawater
over time, and � �3.655 � 10�8 (derived from Mucci and Morse
(1984)). As a result, Ksp increased by �35% when the seawater Mg/Ca
ratio rose (Fig. 1) from 1.4 (100 My) to 5.1 (today).

The effect of [Mg2�] and [Ca2�] on the first and second dissociation
constants of carbonic acid (required for calculating the whole carbonate
system from any two parameters), K1 and K2, was calculated using
published sensitivity parameters (Ben-Yaakov and Goldhaber, 1973).
For example, a twofold increase of Mg leads to an increase of K2 by
�28% (equivalent to a shift of pK2 by about �0.1 units).

2.3. Free Activities and Ion Pairing

Saturation state is properly calculated in terms of activities rather
than concentrations, but our use of concentrations is justifiable in this
context. Salinity has a fairly small effect on the activities of constant
concentrations of calcium and carbonate, for instance, the two activities
decrease by �1 and 4%, respectively, when salinity increases from 35
to 40 (Millero and Schreiber, 1982). Variations in the composition of
salinity can also potentially affect activities. Most carbonate ions in
seawater are complexed with Mg ions, and we include the effect of
varying Mg ion concentration on carbonate ion activity via its effect on
the solubility of calcite (section 2.2). Approximately 90% of calcium
ions in seawater today exist as free ions (Millero and Schreiber, 1982).
This percentage could have been higher in the past due to less abundant
SO4 (Horita et al., 2002), leading to a maximum effect of �10% on
calcium activity in the past. Again, this is small compared to changes
of 100% in calcium concentration over the last 100Ma.

3. RESULTS

3.1. Carbonate Ion Concentration ([CO3
2�])

Combining the ‘best-fit’ scenarios (Horita et al., 2002) for
[Ca2�] (22 down to 10.6 mMol kg�1) and [Mg2�] (30 up to 55
mMol kg�1) with near-constant calcite saturation state derived
from Figure 2 and Eqn. 4 of Jansen et al. (2002), we calculate
that surface ocean [CO3

2�] rose by approximately fourfold,
from �55 �Mol kg�1 at 100 Mya to its present-day value of

�1

last 100 million years. The solid and dotted lines show
nd Backman, 1990; Sclater et al., 1977). The dashed line
(Lyle, 2003). The stippled line shows an estimate of the

75). The bold line shows the CCD history used here.
ver the
terson a
l Pacific
�200 �Mol kg (Fig. 3a). The near-constant CCD docu-
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mented in marine sediments records deep-water saturation
state, but our reconstruction is of surface-water [CO3

2�]. There
is, therefore, a potential for our reconstruction to be inaccurate
if there have been significant changes over time in the differ-
ence between surface and deep water saturation state, for in-
stance, because of changes in the vertical gradients in alkalinity
or total dissolved inorganic carbon (DIC). The Appendix con-
tains a discussion of reasons why such gradients probably
remained more or less constant over time, but also calculations
of sensitivity of our results to possible changes in those gradi-
ents over time.

3.2. Atmospheric CO2 from [CO3
2�] and pH

We now use equations of seawater carbon chemistry (Zeebe
and Wolf-Gladrow, 2001) to estimate the implications of
changing surface ocean [CO3

2�] on the rest of the carbonate
system over the last 100 My. We use dissociation constants for

Fig. 3. Reconstruction of CO2 chemistry of surface seawater: (a)
carbonate ion concentration [CO3

2�] (�Mol kg�1), from [Ca2�] and
[Mg2�] of Figure 1 and saturation state � of Figure 2; (b) pH (total pH
scale) from the reconstruction of Pearson and Palmer (2000) (solid
line), and from constant pH of Lemarchand et al. (2000) (dot-dashed
line); (c) �CO2 (sum of all dissolved inorganic carbon, mMol kg�1);
(d) total alkalinity (mEquiv, kg�1); and (e) atmospheric pCO2 (calcu-
lated in equilibrium with surface seawater pCO2, �atm) from (1) vari-
able pH of Pearson and Palmer (2000) and [CO3

2�] (thin line), (2) con-
stant pH � 8.2 and [CO3

2�] (dot-dashed line), and (3) from the
GEOCARB-III model (Berner and Kothavala, 2001) (thick line). (c)-
(e) are calculated from (a) and (b).
seawater (Lueker et al., 2000) recommended by Prieto and
Millero (2002). The impact of varying [Mg2�] on the calcula-
tion of carbonate chemistry parameters is also taken into ac-
count (section 2.2).

Because the ocean carbonate system ([CO2(aq)], [HCO3
�],

[CO3
2�], �CO2, alkalinity, pCO2, and pH) has two degrees of

freedom, past atmospheric CO2 cannot be calculated directly
from past [CO3

2�]. The whole carbonate system can be calcu-
lated from any two parameters, but not from just one.

Past ocean pH has been estimated from the isotopic record of
boron assimilated into foraminifera shells (Pearson and Palmer,
1999; Pearson and Palmer, 2000). This was combined with an
assumption of constant �CO2 to reconstruct past atmospheric
pCO2 (Pearson and Palmer, 1999). Sundquist (1999) pointed
out that the assumption of constant past �CO2 was question-
able, and Caldeira and Berner (1999) suggested that pH should
be combined instead with an assumption of constant past
[CO3

2�], while recognising that this depended on [Ca2�] not
varying. In a later paper, atmospheric pCO2 was calculated
from combining pH with an assumption that [Ca2�] has re-

Fig. 4. Reconstruction of CO2 chemistry of surface seawater: (a)
carbonate ion concentration [CO3

2�] (�Mol kg�1), from [Ca2�] and
[Mg2�] of Figure 1 and saturation state � of Figure 2; (b) atmospheric
pCO2 from the GEOCARB-III model (Berner and Kothavala, 2001)
(�atm); (c) �CO2 (sum of all dissolved inorganic carbon, mMol kg�1);
(d) total alkalinity (mEquiv, kg�1); and (e) pH (total pH scale) calcu-
lated from pCO2 and [CO3

2�] (thick line), from the reconstruction of
Pearson and Palmer (2000) (thin line and symbols), and from constant
pH (Lemarchand et al., 2000) (dot-dashed line). (c)-(e) are calculated
from (a) and (b).
mained proportional to alkalinity (Pearson and Palmer, 2000).
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Here we take advantage of the recent work on [Ca2�] and
[Mg2�] to reconstruct atmospheric pCO2 from reconstructions
of [CO3

2�] and pH. It is now possible, for the first time, to
calculate atmospheric pCO2 from two independent evidence-
based reconstructions of separate carbonate system parameters
([CO3

2�] and pH), with the results shown in Figure 3. In section
4.1 we compare our results to a recent similar study (Demicco
et al., 2003).

Our calculation yields low pCO2 (�280 ppm, the interglacial
value) during almost all of the Miocene. In contrast, the cal-
culated pCO2 is very high during the Eocene, higher than from
some other pCO2 reconstructions (Royer et al., (2001) and
references therein), and higher than from the GEOCARB-III
model (Berner and Kothavala, 2001).

3.3. pH from [CO3
2�] and Atmospheric CO2

When the analysis is inverted and pH is calculated from
[CO3

2�] and pCO2 (from the GEOCARB-III model, Berner and
Kothavala, 2001), this yields a pH trend over the last 60 My
(Fig. 4) which is generally similar in sign to the �11B-estimated
pH, but in which the magnitude of the rise in pH over the whole
period is only about half as great (�0.5 U).

4. DISCUSSION

4.1. First Multimillion Year Reconstruction of Carbonate
Ion Concentration

Although foraminifera shell thickness has been developed as
a proxy for carbonate ion over relatively short timescales
(0–0.05 Mya; Barker and Elderfield, 2002), there are, however,
no previous reconstructions over timescales longer than a mil-
lion years. The Berner, Lasaga and Garrels (BLAG) model
contained variable [Ca2�], [Mg2�], and [HCO3

�] (Figs. 9 and
10 of Berner et al. (1983)); but it was not possible at that time
to constrain their time histories with data, and they do not
resemble those presented here. The development of [Ca2�] and
[Mg2�] histories now makes it possible, for the first time, to
generate a long-term (100 My) evidence-based reconstruction
of carbonate ion concentration (Fig. 3a).

Our reconstruction was developed independently of that of
Demicco et al. (2003). They also use calcium, magnesium, and
saturation state to reconstruct [CO3

2�] and thence atmospheric
CO2, but they make different, arbitrary, assumptions about the
history of calcite saturation state. They assume that the solu-
bility product [Ca2�][CO3

2�] was one-third or two-thirds lower
than the modern value during the period 40 to 60 Mya, but was
identical to present-day during the last 40 My. In contrast, we
derive our history of saturation state from the CCD record
shown in Figure 2. We calculate that [CO3

2�] was not less than
one-third of today’s value between 40 to 60 Mya, whereas
Demicco et al. (2003) calculate that it may have been as much
as sixfold lower.

We note that Demicco et al. (2003) derive surprisingly low
atmospheric CO2 concentrations between 40 to 52 Mya, includ-
ing as low as 100 ppm, much lower than preindustrial (�280
ppm) and glacial (�200 ppm) concentrations, and even lower
than their reconstructed Miocene values. This is in spite of
evidence suggesting warmer climates and the absence of large

ice sheets at that time (Zachos et al., 2001); also, other proxies
do not predict such low atmospheric CO2 concentrations at that
time (Royer et al., 2001). The period of Demicco et al.’s (2003)
surprisingly low atmospheric CO2 falls within the period dur-
ing which they make arbitrary assumptions about calcite satu-
ration state.

Although we use the same pH values, we derive atmospheric
CO2 concentrations that are generally higher (minimum values
between 40 to 52 Mya of �200 to 300 ppm). Their low values
are a direct consequence of their assumption that the solubility
product was only two times the equilibrium value for calcite
during that period of time. Moreover, between 52 to 60 Mya,
our pCO2 estimates are �1500 to 3000 ppm, while the recon-
struction of Demicco et al. (2003) includes values lower than
500 ppm. We believe that our [CO3

2�] reconstruction is to be
preferred because it is derived from the known history of the
CCD. Of course, neither the approach of Demicco et al. (2003)
nor our own approach, resolves uncertainties in the atmospheric
CO2 reconstruction that arise from the stable boron isotope
method of estimating pH.

Uncertainties in the precise values of [Ca2�], [Mg2�], and �
through time, in part because of sparse data, lead to uncertain-
ties in the details of our reconstruction of [CO3

2�]. However, we
are confident that the overall sign and the approximate magni-
tude of change in our reconstruction are correct. This recon-
struction of [CO3

2�] represents, we believe, a major contribu-
tion to efforts to reconstruct the history of the seawater
carbonate system and interlinked atmospheric pCO2 since the
mid Cretaceous. When a consensus view emerges as to the
evolution of the carbon cycle over the last 100 My, then we
suggest that it will have to include—as an essential predic-
tion—that surface [CO3

2�] underwent a slow rise from �55
�Mol kg�1 at 100 Mya to �200 �Mol kg�1 today.

Because all parameters of the carbonate system can be cal-
culated from any two, the development of proxies for multiple
parameters (e.g., [CO3

2�], pH, [CO2(aq)]/pCO2) allows check-
ing for consistency. By calculating a third parameter from two
independently estimated ones (e.g., sections 3.2 and 3.3), the
intercompatibility of different reconstructions can be tested. If,
at some time in the future, all reconstructed parameters are
consistent, then there can be more confidence that all are
accurate.

4.2. Possible Tests

The conclusions of this paper can be tested by further fluid
inclusion work, including planned analyses of inclusions of
unaltered seawater in marine carbonates (Horita et al., 2002).
The U/Ca ratio in fossil corals also holds promise as a test of
our projected [CO3

2�] and [Ca2�] history of seawater (pgs
311–313 of Broecker and Peng (1982)). Corals are thought to
faithfully incorporate uranium and calcium into their skeletons
at nearly the same ratio as they occur in seawater (with little
fractionation), and the uranium concentration of seawater may
be tied to the carbonate ion concentration (pgs. 311–313 of
Broecker and Peng (1982)). If fossil corals are good recorders
of seawater ([CO3

2�]/[Ca2�]) then we predict that (U/Ca) of
corals from 100 Mya will be found to be somewhere close to
13% [� 100% * (55/22)/(200/10.6)] of modern values; in other
words, an almost eightfold reduction in the ratio compared to

today.



3527100 My history of carbonate ion concentration
4.3. Mismatch Between Atmospheric CO2 and
Temperature during the Miocene Climatic
Optimum?

During the warm Miocene Climatic Optimum (�14.5–17
Mya), fossil floral and faunal evidence indicates climate to have
been up to 6°C warmer at this time than at present (Flower,
1999). However, atmospheric pCO2 similar or lower than today
has also been calculated for this time from isotopic fraction-
ation of C37:2 alkenones in marine sediments (Pagani et al.,
1999). This gives rise to the possibility of warmth without high
pCO2. Some other proxies also indicate pCO2 only slightly
higher than present (Royer et al., 2001).

When we combine our carbonate ion concentration (�130
�Mol kg�1 during this interval, Fig. 5a) with either constant
pH (Lemarchand et al., 2000) or variable pH (Pearson and
Palmer, 2000), lower-than-present atmospheric pCO2 results
for both cases (Fig. 5c). Our carbonate ion reconstruction,
therefore, supports low atmospheric pCO2 during this warm
period, unless surface ocean pH was lower than present, i.e.,
opposite in sign to the reconstruction of Pearson and Palmer
(2000).

4.4. Increasing pH Over the Last 100 My

The high Eocene pCO2’s are mainly driven by low pH’s
before 40 Mya (Fig. 3). The much lower ocean pH’s 40 to 60
Mya have been questioned by Lemarchand et al. (2000), who
came to the contrasting conclusion that pH was maintained “at
a roughly constant value on geological timescales.” In Figure
3e we have also plotted atmospheric pCO2 calculated from our
[CO3

2�] and from constant pH of 8.2. This leads to pCO2 of
�90 �atm at 60 Mya, in significant disagreement with other
atmospheric pCO2 reconstructions that all estimate higher-

Fig. 5. Carbon chemistry reconstruction during the Miocene only.
Shaded area is the Miocene Climatic Optimum (�14.5–17 Mya). Same
units and descriptions as in Figure 3, but note different axis scale for
pCO2. Dashed line in (c) shows the preindustrial (Holocene) atmo-
spheric pCO2, stippled line shows pCO2 calculated from [CO3

2�] and
constant pH of 8.2.
than-present pCO2 at 50 to 60 Mya (Royer et al., 2001). It,
therefore, seems highly unlikely that pH has been nearly con-
stant over the last 60 My. It is much more probable, we believe,
that surface ocean pH has increased over the last 100 My.

5. CONCLUSIONS

The first 100 million year-long reconstruction of carbonate
ion concentration is presented here, derived from fluid inclu-
sion evidence of variable major ion concentrations and from
ocean drilling evidence of saturation state. It gives new insight
into the evolution of the oceanic carbonate system over the last
100 My. It provides a strong constraint on the global carbon
cycle and atmospheric CO2 against which future data and
models can be tested.
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APPENDIX

In this appendix we consider the sensitivity of our results to uncer-
tainties about past vertical gradients in the ocean. If the difference
between surface and deep carbonate ion concentration (�[CO3

2�]) was
very different in the past compared to today, then it is possible that
while deep ocean saturation state stayed more or less constant (i.e.,
CCD between 3.5 and 5 km, as suggested by the data), at the same time
surface ocean saturation state could have varied. For instance, �[CO3

2�]
could have changed because of variability in the organic and/or inor-
ganic carbon pumps. In this study we assume near-constant surface
ocean saturation state even though the CCD is a direct constraint only
on deep saturation state. Some support for this assumption comes from
the evidence summarised in section 1.4 (points B, C and D), and also
from the long-term record of ��13C (the difference between the �13C
values recorded in planktic and benthic foraminifera). According to the
summary by Broecker and Peng (1998), the surface-to-deep gradient in
�13C has stayed rather constant over time. While this suggests that the
organic carbon pump strength has not varied greatly, it does not
constrain the past behaviour of the inorganic carbon pump.

Because of this uncertainty about past vertical gradients, we generate
results for a range of different values and then analyse the results to
determine: (i) which results agree with the ��13C record, and also (ii)
which results produce non-negative �[TA].

There are two degrees of freedom in both of the surface and the deep,
four in all. We already know [CO3

2�]d and either pHs or pCO2s,
depending on the run, leaving two degrees of freedom. It is not possible
to calculate unambiguously both the surface (subscript ‘s’ ) and deep
(subscript ‘d’ ) complete carbonate system chemistries by assuming
values for �[DIC] and �[TA]. Our approach, therefore, is to vary

Fig. 6. Illustration of the sensitivity study. Calculated results for (a)
surface-to-deep gradient of �13C of DIC (��13C) and (b) surface-to-
deep gradient in total alkalinity (�TA) for the standard run (solid lines,
�[DIC] � 250 �mol kg�1 and f � fm) and for �[DIC] � 200 �mol
kg�1 and f � fm � 1.25 (dot-dashed lines). For the latter run, �TA
becomes negative at �52 My and parameter variations larger than that

can be excluded (see text).
instead �[DIC] and [CO3
2�]s. As in most sensitivity analyses, this

choice is somewhat arbitrary. However, in the present case there is a
reason for it. First, �[DIC] is mainly controlled by the organic carbon
pump—recent estimates of the organic to carbonate rain ratio range
from 10:1 to 17:1 (Yamanaka and Tajika, 1996; Harvey, 2001; Sar-
miento et al., 2002). As a result, variations of �[DIC] in our sensitivity
analysis directly cause variations of ��13C that can be checked against
data. Second, varying [CO3

2�]s makes sense as it is directly related to
the CaCO3 saturation state which was assumed nearly constant in the
deep—as well as in the surface ocean. For the sensitivity analysis, we
use:

�DIC�d � �DIC�s � ��DIC� (2)

�CO3
2��s � f � �CO3

2��d (3)

where �[DIC] and f will be varied. The mathematical form of (2) is a
consequence of the nature of the organic pump which produces an
offset between surface and deep ocean. The form of (3)—which implies
a proportionality between surface and deep [CO3

2�]—is justified as
follows. The evidence summarised in section 1.4 argues against dra-
matic changes of the saturation state of both surface and deep ocean
over time. Using Eqn. 1, this requires that the ratio of [CO3

2�]s/[CO3
2�]d

must have been approximately constant from which Eqn. 3 follows.
Using the approach described above, [CO3

2�]s can then be calculated
from Eqn. 3, because [CO3

2�]d is known initially—allowing the whole
surface carbonate chemistry to be worked out, including [DIC]s. [DIC]d

is then calculated from Eqn. 2.
�[DIC] in the modern ocean is equal to �250 �mol kg�1 (deep

value of �2250 �mol kg�1, surface average value of �2000 �mol
kg�1; Takahashi, 1989), and modern f (�fm) to �2.2 (deep value of
[CO3

2�]�90 �mol kg�1, surface average value of �200 �mol kg�1).
The carbonate ion concentrations were calculated using DIC as given
above and TA � 2370 �mol kg�1, T � 4°C, S � 35, P � 300 atm
(deep), and at TA � 2300 �mol kg�1, T � 15°C, S � 35, P � 1 atm
(surface).

The values for ��13C were calculated according to (Broecker, 1982):

��13C � �	�photo
 � ��DIC�/�DIC�mean (4)

where �photo is a photosynthetic fractionation factor and [DIC]mean is
the mean DIC of the ocean. The effect of [CO2(aq)] on �photo was
taken into account by:

�photo � a � b/�CO2(aq)� (5)

using b � 117 � 10�6 (Pagani et al., 1999) and a � �29 to match the
modern ��13C of �2‰.

The sensitivity of the model results are now evaluated as follows.
Model calculations for the carbonate chemistry over the last 60 My (cf.

13

Table A.1.

Run
# f/fm

�[DIC]
(�mol kg�1)

pCO2
a

(�atm)
��13Cb

(‰)
�TAb

(�mol kg�1) Admissible

1 0.75 200 2470 0.3–3.0 �150 NOc

2 1.00 200 3290 1.0–2.5 �100 YES
3 1.25 200 4120 1.0–2.0 Negative NO
4 0.75 250 2470 0.3–2.5 200 NOc

5d 1.00 250 3290 1.5–3.0 �100–150 YES
6 1.25 250 4120 0.5–3.0 �100 NOc

7 0.75 300 2470 0.4–4.0 �200–250 NO
8 1.00 300 3290 1.5–3.5 �200 NOc

9 1.25 300 4120 2.0–3.0 �100–150 YES

YES � ��13C and �TA admissible; NO � ��13C or �TA not
admissible.

a Value at 60 Ma (compare figure 3).
b Values between 20 and 60 Ma.
c Limit. A further change of f/fm or �[DIC] is not admissible.
d Standard run, i.e. assuming modern f/fm and �[DIC] (Figure 3).
Fig. 3) are carried out, including calculations for �� C and �TA (Fig.
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6 and Table A.1). Model results for all combinations of �[DIC] �
{200, 250, 300} �mol kg�1 and f � fm � {0.75, 1.00, 1.25}, i.e., a total
of 3 � 3 � 9 runs were obtained. Figure 6 shows the results for the
standard run (solid lines, �[DIC] � 250 �mol kg�1 and f � fm) and for
�[DIC] � 200 �mol kg�1 and f � fm � 1.25 (dot-dashed lines). In
the latter simulation, �TA becomes negative at �52 My and hence this
solution is discarded because it would mean that the carbonate pump
must have worked in the opposite direction to reverse the alkalinity
gradient.

After we discard all solutions with negative �TA or ��13C values at
odds with the data (��13C � 1 or ��13C  3), then we are left with
model runs #2, #5, and #9 that yield reasonable results (Table A.1).
Run #5 is our standard run, i.e., assuming the modern relationship
between surface and deep [CO3

2�] (f/fm� 1) and �[DIC] � 250 �mol
kg�1 for the past (compare Fig. 3). Run #2 and #9 suggest that a further
change of parameters may still lead to reasonable results. For run #2, a
further decrease of �[DIC] is still possible but does not lead to a change
of pCO2 because surface pH and [CO3
2�] are already set by the data and

f/fm � 1. For run #9, a further parallel increase of the two parameters
appears reasonable up to f/fm � 1.5 and �[DIC] � 350 �mol kg�1.
This suggests an upper limit of pCO2 values of �4900 �atm at 60 My
for the reconstruction based on our [CO3

2�] and the pH values from
Pearson and Palmer (2000).

In summary, the sensitivity study shows that: (i) our initial assump-
tion of similar past and modern surface-to-deep gradients is reasonable
and neither violates observational constraints on ��13C nor leads to
unrealistic or negative �TA; and (ii) the limits obtained from our
analysis suggest an uncertainty of ca. �25% in calculated [CO3

2�]s

(being proportional to f/fm) and ca. �25% in pCO2 values due to
variations in surface-to-deep gradients. If both surface saturation state
([CO3

2�]s) and �[DIC] were larger in the past, then the upper limit of
uncertainty as suggested by our analysis is about �50% in pCO2. Note,
however, that large changes in [CO3

2�]s would conflict with the evi-
dence summarised in Section 1.4 (points B, C and D).
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