
Available online at www.sciencedirect.com
www.elsevier.com/locate/gca

ScienceDirect

Geochimica et Cosmochimica Acta 257 (2019) 373–392
History of carbonate ion concentration over the last 100
million years II: Revised calculations and new data

Richard E. Zeebe a,⇑, Toby Tyrrell b

aSchool of Ocean and Earth Science and Technology, University of Hawaii at Manoa, 1000 Pope Road, MSB 629, Honolulu, HI 96822, USA
bOcean and Earth Science, University of Southampton, European Way, Southampton SO14 3ZH, UK

Received 26 September 2018; accepted in revised form 27 February 2019; available online 9 March 2019
Abstract

In an earlier contribution to this journal, we provided a reconstruction of seawater carbonate ion concentration over the
last 100 million years (Tyrrell and Zeebe, 2004; TZ04 hereafter). Since then, multiple new and more robust data sets on past
ocean carbonate chemistry, atmospheric CO2, and major ion seawater composition have emerged, which prompt new CO2

system reconstructions. In addition, we have gained new insight into the effects of past major ion seawater composition on
equilibrium constants affecting CO2 system calculations — most notably due to sulfate. Here we present new reconstructions
of past ocean carbonate chemistry and atmospheric CO2 based on new data and revised calculations, including error analysis.
We also provide simple corrections for past equilibrium constants, supported by experimental data and well-suited for numer-
ical models and observational studies on multi-million year time scales. Our updated result for just the seawater carbonate ion
concentration (�2.3 to 4-fold lower 100 Myr ago) is similar to TZ04, indicating that our core approach is robust. However, all
revised reconstructions using new alkenone and boron data now suggest that long-term ocean inventories of total dissolved
inorganic carbon (DIC) and total alkalinity (TA) were similar to modern over the Cenozoic. This result contrasts strongly
with one of TZ04’s scenarios, which featured high Paleocene-Eocene DIC/TA inventories and was based on boron-derived
pH values that have recently been revised. Because the carbonate system has two degrees of freedom, consistency checks
can be made when three or more parameters are determined. Overall, our estimated long-term trends in CO2 system param-
eters across the Cenozoic appear consistent, regardless of whether we combine our carbonate ion concentration with
alkenone-derived pCO2 or boron-derived pH. Our results suggest convergence towards a consistent picture of Cenozoic atmo-
spheric CO2 and seawater chemistry. Finally, we identify changes in past seawater sulfate as a conceptual and practical prob-
lem for seawater pH reconstructions.
� 2019 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Reconstructing past atmospheric CO2 concentrations
and ocean carbonate chemistry is critical for understanding
carbon cycle-climate feedbacks, climate sensitivity, ocean
acidification and more (for recent reviews, see Kump
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et al., 2009; Hönisch et al., 2012; Zeebe, 2012a; Rohling
et al., 2012). Tyrrell and Zeebe (2004) (TZ04) reconstructed

the ocean’s carbonate ion concentration ([CO2�
3 ]) based on

a simple but effective idea using the CaCO3 saturation state
(X) of seawater:

X ¼ Ca2þ
� �

CO2�
3

� �
K�

sp

; ð1Þ

where [Ca2+] is the dissolved calcium concentration and K�
sp

is the solubility product of calcite or aragonite; square
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Fig. 1. (a) Past changes in [Ca2+], [Mg2+], and SO2�
4

� �
based on

fluid inclusion data. Diamonds: Horita et al. (2002), triangles:
Lowenstein et al. (2003), circles: Timofeeff et al. (2006), squares:
Brennan et al. (2013). These studies assumed constant, modern
Ca2þ
� �� SO2�

4

� �
over time to derive [Ca2+] and SO2�

4

� �
as shown,

to which our estimated standard error envelopes apply (shaded
areas). For errors from different Ca2þ

� �� SO2�
4

� �
values, see

Section 5.3.2. Concentrations were converted from mmol kg�1-
H2O to mmol kg�1-solution using S ¼ 35. Solid lines are exponen-
tial fits (standard fits hereafter) to obtain differentiable (smooth)
curves over 100 Myr (see text). (b) Independent estimates of past
seawater Mg/Ca ratios from echinoderms (Dickson, 2002), CaCO3

veins (Coggon et al., 2010; Rausch et al., 2013), and fossil corals
(Gothmann et al., 2015). The purple line and envelope show
seawater Mg/Ca and propagated errors from fit to fluid inclusions
in (a). Standard envelopes assume zero errors at present (known
modern values) and gradually increasing errors in the past. Given
the long residence times of Ca2+ and Mg2+, rapid swings that might
be inferred from some of the data in (a) and (b) are implausible.
(For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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brackets denote stoichiometric concentrations. Briefly,
given information on past [Ca2+], K�

sp, and X, Eq. (1) can

be solved for [CO2�
3 ] — an approach that has been widely

cited and applied since (e.g., Locklair and Lerman, 2005;
Pearson et al, 2009; Seki et al., 2010; Bartoli et al., 2011;
Gillis and Coogan, 2011; Raven and Crawfurd, 2012;
Boudreau and Luo, 2017; Sosdian et al., 2018). Prior to
TZ04, attempts to reconstruct surface ocean carbonate
chemistry considered calcite saturation as well but usually
assumed constant seawater [Ca2+] in the past (e.g.
Sundquist, 1986; Caldeira and Berner, 1999; Sundquist,
1999). TZ04 also pointed out that corrections for past equi-
librium constants due to changes in major ion seawater
composition are warranted, which has subsequently been
considered in other applications, including numerical mod-
els (e.g., Zeebe et al., 2009; Ridgwell and Schmidt, 2010;
Zeebe, 2012b).

Combining [CO2�
3 ] with a second carbonate chemistry

parameter allows full CO2 system reconstructions as two
parameters are required to determine the system (plus tem-
perature and salinity estimates) (e.g., Zeebe and Wolf-
Gladrow, 2001). As the second parameter, TZ04 used
GEOCARB pCO2 (Berner and Kothavala, 2001) and a sin-

gle d11B-based pH record available at the time (Pearson and
Palmer, 2000), the latter of which has recently been revised
(Anagnostou et al., 2016). Since then, multiple new and
more robust data sets on past ocean carbonate chemistry,
atmospheric CO2, and major ion seawater composition
have been published. This has prompted us to perform
new CO2 system reconstructions over the last 100 Myr,
including error analysis. We also provide simple, updated
corrections for past equilibrium constants that are sup-
ported by experimental data and can easily be used in
numerical models and observational studies on multi-
million year time scales.

2. PAST MAJOR ION SEAWATER COMPOSITION

As in TZ04, we use fluid inclusion data in this study to
estimate past changes in major ion composition (Fig. 1a)
(Horita et al., 2002; Lowenstein et al., 2003; Timofeeff
et al., 2006; Brennan et al., 2013). While such estimates
come with uncertainties (see original references for details),
the general trends are consistent with other independent
evidence for the seawater Mg/Ca ratio (Fig. 1b) such as
the chemical compositions of calcifier fossils, inorganic cal-
cite veins, etc. (see e.g., Stanley and Hardie, 1998; Dickson,
2002; Montañez, 2002; Tyrrell and Zeebe, 2004; Coggon
et al., 2010; Evans and Müller, 2012; Rausch et al., 2013;
Gothmann et al., 2015, and references therein). Our stan-
dard error envelopes (Fig. 1) assume zero errors at present
(known modern values) and gradually increasing errors in
the past. Note that given the long residence times of Ca2+

and Mg2+, rapid swings that could be inferred from some
of the data in Fig. 1a and b are implausible. For uncertain-
ties in fluid inclusion reconstructions resulting from the

value used for the product of Ca2þ
� �� SO2�

4

� �
, see Sec-

tion 5.3.2. Recent efforts to reconstruct seawater [Ca2+]
based on foraminiferal Na/Ca ratios also yield trends
broadly consistent with those from fluid inclusions
(Hauzer et al., 2018; Zhou et al., 2018).

Past major ion changes (Fig. 1) have important implica-
tions for our reconstructions. First, given Eq. (1), one key
consequence of higher [Ca2+] in the past (Fig. 1) is that

[CO2�
3 ] must have been lower (everything else being equal).

It turns out that this overriding consideration dominates
despite past changes in X and K�

sp (see Sections 4 and 5).

The two- to threefold decline in [Ca2+] over the past

100 Ma forced a compensating large increase in [CO2�
3 ].



Fig. 2. (a) Past seawater [Na+] derived from fits to fluid inclusion
data (Fig. 1a) and charge balance (see text). The envelope
represents standard errors propagated from Fig. 1a. Dashed lines
estimate errors due to different Ca2þ

� �� SO2�
4

� �
values by doubling

the standard errors for [Ca2+] and SO2�
4

� �
, see Section 5.3.2. (b)

Inferred Na+ influx based on Eq. (3). Note that the steady-state
flux (/eq) corresponds to time teq where [Na+] is at maximum
(d Naþ½ �=dt ¼ 0), not to t ¼ 0. The ratio /=/eq ¼ 1 occurs at teq,
which varies for each scenario (arrows) and in turn give different
flux estimates at t ¼ 0.
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Second, chemical equilibrium constants (K�’s) used to cal-
culate ocean carbonate chemistry depend on the major con-
stituents of seawater, which have varied in the past. Hence
K�’s require corrections over time, which we provide below
(see Section 3).

Exponential functions were fit over 100 Myr to the esti-
mated concentrations from fluid inclusions for [Ca2+],

[Mg2+], and SO2�
4

� �
; xj’s for short, where j ¼ 1; 2; 3 (see

Fig. 1a, Table 1):

x tð Þ ¼ x0 � x00ð Þ e� t�t1ð Þ=s þ x00; ð2Þ
where x0, x00, t1, and s are constants (see Table 1). Note that
there is no mechanistic reason for an exponential fit. In fact,
between 37 and 100 Ma, the fit is unconstrained and one
could select a linear fit as the parsimonious model. We only
use exponentials here to obtain differentiable (smooth)
curves over 100 Myr. Below, we will discuss flux estimates
based on derivatives, which would produce artificial flux
spikes for non-smooth curves.

One critical requirement for past reconstructions of sea-
water chemistry is that charge balance must be maintained.
That is, the sum of all positive charges must equal the sum
of all negative charges at all times. It turns out that the esti-
mated changes in xj’s alone (standard fits, Fig. 1a) would

produce a charge imbalance of up to +30 mmol kg�1 in

the past (the SO2�
4

� �
decline remains essentially unbal-

anced), although the magnitude of the imbalance depends

on the product of Ca2þ
� �� SO2�

4

� �
assumed in the fluid

inclusion studies, see Section 5.3.2. If correct, the imbalance
is significant and was unlikely compensated for by minor
constituents. Rather, other major ions would have to make
up for the imbalance such as Cl�, Na+, and K+. Cl� has a
very long residence time and [K+] probably changed very
little over the Phanerozoic (Horita et al., 2002). This leaves
changes in [Na+] to maintain charge balance. In fact, this
assumption has been made to reconstruct [Na+] in the past
(e.g., Timofeeff et al., 2006; Brennan et al., 2013). If the
same assumption is made here, it would lead to �30

mmol kg�1 lower [Na+] at 100 Ma for the standard sce-
nario (Fig. 2). Do such changes in Na+ inventory and flux
appear feasible, given sodium’s residence time in the ocean?

The change in Na+ influx (/) required to produce the
estimated past change in the ocean’s [Na+] inventory
(Fig. 2) may be estimated from:

dMNaþ

dt
¼ /� 1=sNaþð Þ �MNaþ ; ð3Þ
Table 1
Fit parameters for Eq. (2).

x0 x00 t1 s

Ca2+ a 10.280 19.000 0 40:000
Ca2+ b 15.542 11.478 37 �47:011
Mg2+ c 52.820 35.000 0 12:000
SO2�

4
c 28.240 11.000 0 32:000

a t ¼ 0 37½ �.
b t ¼ 37 100½ �.
c t ¼ 0 100½ � Ma.
where MNaþ is the Na+ inventory and sNaþ is the residence
time of Na+. Given MNaþ over time (Fig. 2), its derivative
can be calculated. Using sNaþ ’ 50 Myr (Berner and
Berner, 2012; Lécuyer, 2016), Eq. (3) can then be solved
for /. As a result, the Na+ influx would have to change
by less than �20% over the past 100 Myr to explain the sea-
water Na+ concentrations as implied by fluid inclusions
(Fig. 2). However, note that these estimates have large
uncertainties beyond those suggested by the error envel-
opes, including intrinsic errors in individual fluid inclusion
reconstructions (e.g., Section 5.3.2), assumptions about
constant [Cl�] and [K+], Na+ residence time, neglecting
changes in minor constituents, etc. Note also that it is not
clear what would have caused the relatively rapid decrease
in Na+ flux over the past 10–15 Myr (Fig. 2). Finally,
changes in [Na+] of the indicated magnitude have a small
effect on our overall results. For example, calculated sensi-
tivity parameters for past K� corrections (see Section 3.2)
show modest changes with [Na+] (Tables 2 and D.1) and
our carbonate chemistry reconstructions are not overly sen-
sitive to changes in K�’s (see Section 5.3).

2.1. Artificial paleo-seawater

Regardless of uncertainties in past major ion changes, it
may be desirable to prepare artificial seawater with major
ion composition different from modern, e.g., for geochemi-
cal or biological purposes (e.g., Mucci and Morse, 1984;
Ries, 2004; Haynes et al., 2017; Zeebe and Tyrrell, 2018).
If such artificial seawater were to resemble major ion
changes as discussed here, including [Ca2+], [Mg2+], and
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SO2�
4

� �
, one option is to vary the salt concentrations of

NaCl, CaCl2, MgCl2, and Na2SO4. However, note that this
is only one option and does not necessarily reflect actual
paleo-seawater changes.

If the goal is, for instance, to maintain charge balance by
adjusting [Na+] at constant [Cl�], then mole-by-mole differ-
ences in salt additions/reductions (D’s) may be obtained
from DNaCl ¼ nDMA2, where M = Ca or Mg, A = Cl,
and n ¼ �2. That is, for example, a rise in [Ca2+] by x (in
appropriate units) is compensated for by a 2x-drop in

[Na+]. Changes in SO2�
4

� �
may be achieved by simply

adjusting the amount of Na2SO4 added. If the goal is to
maintain constant ionic strength (I) by adjusting NaCl,
then n ¼ �3 for the above recipe; furthermore
DNaCl ¼ nDNa2SO4. The factor 3 arises from the fact that
the ions of the salt with one doubly charged ion (say MA2

or Na2SO4) contribute 3 units to

DI ¼ P
z2i xi=2 ¼ 22xþ 12 � 2x� �

=2 ¼ 3x, whereas NaCl con-

tributes only one unit: 12xþ 12x
� �

=2 ¼ 1x. For this con-

stant ionic strength scenario, of course both total [Na+]
and [Cl�] change, with their net change being given by
the sum of the individual additions/reductions of the salts

that contain them. For example, raising SO2�
4

� �
by x via

Na2SO4 addition requires NaCl reduction by 3x, hence a
net [Na+] change by 2x� 3x ¼ �x. The charge balance
and constant ionic strength scenarios appear relevant to a
variety of problems and have been applied in chemical
and physiological studies. Indeed, charge and ionic strength
are likely critical for a variety of geochemical and biological
processes given their nature of ionic interactions, rather
than, for instance, total salt content (mass). We will there-
fore provide corrections for stoichiometric equilibrium con-
stants for the charge balance and constant ionic strength
scenarios below (Section 3.2, Appendix D).

3. EFFECTS OF [CA2+], [MG2+], AND SO2�
4

� �
ON

STOICHIOMETRIC EQUILIBRIUM CONSTANTS

As detailed in Section 2, there is compelling evidence for
large changes in major ion seawater composition over the
last 100 Myr. Among the major ions, changes in [Ca2+],

[Mg2+], and SO2�
4

� �
are most critical for our carbonate

chemistry reconstructions through their effect on [CO2�
3 ]

(for [Ca2+], see Eq. (1)) and stoichiometric equilibrium con-
stants. The concentrations of Na+, Cl�, and K+ appear to
have varied only slightly over the last 100 Myr (see Sec-
tion 2). In Appendix B, we examine the effects of changes

in [Ca2+], [Mg2+], and SO2�
4

� �
on the dissociation constants

of carbonic acid (K�
1 and K�

2) and calcite solubility (K�
spc).

We restrict our discussion to these constants for three rea-
sons. First, K�

1, K
�
2, and K�

spc are by far the most important

constants entering our calculations. Second, the effect of
changes in the remaining constants (e.g., K0;Kw; . . .) are
dwarfed by uncertainties in other parameters, including
the reconstruction of the major ion seawater composition
itself. Third, it turns out that our results are not overly sen-
sitive to changes in K�’s (see Section 5.3).
We compare all inferred major effects of [Ca2+], [Mg2+],

and SO2�
4

� �
on K�

1, K
�
2, and K�

spc to actual experimental data

when deriving our K� corrections. Reviewing the experi-
mental data requires some work (Appendix B) but provides
the only rigorous check on chemical seawater models (see
note below). Given the various uncertainties and limited
available experimental data, we focus on data at 25 �C to
derive corrections for the K�’s.

In this paper, we denote thermodynamic and stoichio-
metric constants by K and K�, respectively. Curly and
square brackets denote activities (also ai’s) and stoichiomet-
ric concentrations, respectively. The equilibrium constants
for the dissociation of carbonic acid and calcite solubility
may be written as:

K1 ¼
HCO�

3

� �
Hþf g

CO2f gaH2O

; K�
1 ¼

HCO�
3

� �
Hþ½ �

CO2½ � ð4Þ

K2 ¼
CO2�

3

� �
Hþf g

HCO�
3

� � ; K�
2 ¼

CO2�
3

� �
Hþ½ �

HCO�
3

� � ð5Þ

Kspc ¼ Ca2þ
� �

sat
CO2�

3

� �
sat
; K�

spc ¼ Ca2þ
� �

sat
CO2�

3

� �
sat
; ð6Þ

where ‘sat’ signifies saturation; for aH2O, see Appendix A.
Introducing the total activity coefficient ci of species i, with
if g ¼ ci i½ �, we can express the stoichiometric constants by

total activity coefficients and thermodynamic K’s, which
are constants at given temperature and pressure (i.e., do
not depend on salinity, composition, etc.):

K�
1 ¼ K1

cCO2

cHCO�
3
cHþ

aH2O ð7Þ

K�
2 ¼ K2

cHCO�
3

cCO2�
3
cHþ

ð8Þ

K�
spc ¼ Kspc

1

cCa2þcCO2�
3

; ð9Þ

for cCO2
, see Appendix A. The above relationships are useful

when illustrating the effects of different major ion concentra-
tions on stoichiometric equilibrium constants (Appendix B).
Furthermore, for the free activity coefficient we have
if g ¼ cFi i½ �F , and hence ci=c

F
i ¼ i½ �F = i½ �, where i½ � is the total

concentration (free + complexed). Note that the K’s and
K�’s in Eqs. (7)–(9) should be expressed in the same units.
For example, K’s and K�’s are often reported in units of

mol kg�1-H2O (molality, concentration symbol mi) or

mol kg�1-solution (molamity, see Ramette, 2004), respec-
tively. The conversion factor from molality to molamity at
standard seawater composition is w2s’ 1� 0:001005�Sð Þ,
where S is salinity (e.g., Millero, 1995).

3.1. Note on chemical models for seawater

For the present study, Millero and Schreiber’s (1982)
chemical model for seawater (MS82 hereafter) turned out
to be helpful (see Appendix B). The model is based on
the idea of ion pairing and builds on the work of Garrels
and Thompson (1962) and others. However, we emphasize
that we do not advocate here the universal use of ion-
pairing models over, say, Pitzer models (though cf. Zeebe



Table 2
Sensitivity parameters sij � 103 (dimensionless) for Eq. (10) with
[Na+] adjustment to maintain charge balance.

K�
1 K�

2 K�
spc

Ca2+ 5 157 185
Mg2+ 17 420 518
SO2�

4 208 176 106
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and Tyrrell, 2018) or other theoretical approaches and do
not argue for or against the theoretical basis of one partic-
ular model (cf. May and Rowland, 2017). In this context, it
is noteworthy that Pitzer models for seawater actually
include explicit ion pairing for some dissolved species and
that more recent work on ion pairing in the carbonic acid
system (e.g. Stefánsson et al., 2013, 2014, 2017) is largely
consistent with earlier work that formed the basis for vari-
ous parameters used in Millero and Schreiber (1982).

Nevertheless, chemical models for seawater still have
large uncertainties and the data on which they are based
are in some cases insufficient, inconsistent, or lacking alto-
gether (discussed in Appendix B). To improve the situation
for studies such as the present one, we advocate the exper-
imental determination of stoichiometric equilibrium con-
stants for the particular major ion compositions of past
oceans, i.e., at minimum including variations of the concen-

trations of Ca2+, Mg2+, and SO2�
4 over relevant ranges

(e.g., Horita et al., 2002). The currently available data for
K�

1, K
�
2, and K�

spc are examined in Appendix B.

3.2. Summary: equilibrium constants

As described in Appendix B, the trends expected from
Eqs. (7)–(9) for the effects of calcium, magnesium, and sul-
fate on stoichiometric equilibrium constants and activity
coefficients are consistent with data from various labora-
tory measurements. Also, for the present purpose, the
trends predicted by the ion-pairing model (IPM, based on
Millero and Schreiber, 1982) are sufficiently close to the
observed trends (Figs. B.1–B.3, B.5). Importantly, absolute
values predicted by the IPM are secondary for our
approach. As in Tyrrell and Zeebe (2004), we use estab-
lished standard stoichiometric K�’s below (experimentally
determined using modern seawater media as standard
states) and only apply relative changes to K�’s as functions
of [Ca2+], [Mg2+], and SO2�

4

� �
(xj’s for short, where

j ¼ 1; 2; 3). In the following, we will use the IPM trends
to correct K�’s for past changes in seawater composition.
Our calculations also include changes in [Na+] and I, which
affects free activity coefficients of ionic species, cCO2

, aH2O,

etc. (see Appendix A).
For relevant ranges of xj changes in the past (see Sec-

tion 2), the relative changes in K�’s (or K� ratios) predicted
by the IPM are virtually linear when xj’s vary individually
(Fig. 3). Even when xj’s vary simultaneously, K� ratios
remain very close to linear (see Appendix C), allowing a
simple linear parameterization to a very good approxima-
tion (Ben-Yaakov and Goldhaber, 1973; Tyrrell and
Zeebe, 2004), although with new sensitivity parameters sij:

K�
i =K

�
i;m ¼ 1þ

X3

j¼1

sij xj=xj;m � 1
� � ð10Þ

where m ¼ modern; i ¼ 1; 2; spc, and xj refers to [Ca2+],

[Mg2+], and SO2�
4

� �
. The sij were obtained from linear fits

to the IPM results shown in Fig. 3 for maintaining charge
balance via [Na+] adjustment (see Table 2). Parameters
for constant ionic strength are given in Appendix D. The
computational effort for our approach is minimal and
well-suited for easy K�-corrections in numerical models as
well as observational studies, at an accuracy appropriate
for seawater carbonate chemistry and CO2 reconstructions
on multi-million year time scales.

Given past changes in major ion composition (Fig. 1a)

and the effects of [Ca2+], [Mg2+], and SO2�
4

� �
on K�’s as esti-

mated above (Fig. 3), corrections for past stoichiometric
equilibrium constants can then be calculated (Eq. (10),
Fig. 4). These K� ratios will be used below to calculate car-
bonate chemistry parameters over time.

4. LONG-TERM TRENDS IN OCEAN CARBONATE

CHEMISTRY OVER THE LAST 100 MYR

From the history of [Ca2+] (Fig. 1a) and seawater calcite
saturation state (Tyrrell and Zeebe, 2004), we estimate the

long-term evolution of surface [CO2�
3 ] over the last 100

Myr (Fig. 5a). It turns out that our new surface [CO2�
3 ] is

very similar to that published 14 years ago (Tyrrell and
Zeebe, 2004), except being slightly higher at 100 Ma. The
reason for the similarity is that changes due to updates in

equilibrium constants (raising past [CO2�
3 ]) are partly com-

pensated for by higher reconstructed [Ca2+] (lowering past

[CO2�
3 ]). Combining [CO2�

3 ] with one other carbonate
chemistry parameter (plus T ; S estimates) allows computa-
tion of the remaining carbonate chemistry parameters.

We emphasize that our reconstructions based on [CO2�
3 ]

are inherently long-term trend estimates over J 10-Myr
intervals. We do not resolve events and aberrations such
as the MECO, the hyperthermals (PETM, ELMO, . . .),
etc. Likewise, changes in trends on time scales K 10 Myr
are not resolved, including those during the early Paleo-
gene, which warrant a more detailed analysis (e.g.,
Komar et al., 2013). One exception is the Middle Miocene
Climatic Optimum (MMCO, �17–15 Ma), which we briefly
discuss below in the context of boron isotope data.

4.1. Long-term trends from [CO2�
3 ] and atmospheric CO2

In this section we use independent pCO2 estimates either
from GEOCARB modeling or from alkenones as the sec-
ond parameter (Fig. 5). Estimates for T and S used for
the GEOCARB scenario were unchanged from Tyrrell
and Zeebe (2004), while T information for the alkenone sce-
nario were directly taken from each of the published alke-
none data sets without smoothing; S was assumed
constant (cf. also www.p-co2.org and Rae (2018)). The

modern surface [CO2�
3 ] was set to 200 lmol kg�1 for the

GEOCARB scenario, corresponding to preindustrial values
of pCO2 = 280 latm and pH = 8.18 on the total scale

http://www.p-co2.org


Fig. 3. Changes in K� ratios relative to modern (rK� ¼ K�=K�
m) predicted by the ion-paring model (IPM) based on Millero and Schreiber

(1982). Results are for standard seawater composition, except for changes in [Ca2+], [Mg2+], and SO2�
4

� �
as shown and in [Na+] to maintain

charge balance. Calculations also include changes in I, which affects free c’s of ions, cCO2
, aH2O, etc. (see Appendix A).

Fig. 4. Past changes in K�’s (or K� ratios, Eq. (10)) estimated from
reconstructed changes in [Ca2+], [Mg2+], and SO2�

4

� �
(Fig. 1a) and

effects on K�’s (Fig. 3). [Na+] was adjusted to maintain charge
balance.
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(Zeebe and Wolf-Gladrow, 2001) at a global mean sea sur-
face temperature of T ’ 15 �C. For the alkenone scenario,

modern surface [CO2�
3 ] was set to 250 lmol kg�1, more rep-

resentative for modern sea surface temperatures of
T J 20 �C at the latitudinal site distribution of the alkenone
studies included here (Fig. 5a).

Using our [CO2�
3 ] and the pCO2 reconstructions, surface

ocean DIC (total dissolved inorganic carbon), TA (total
alkalinity), and pH can be calculated (Fig. 5). At present,
no independent reliable proxies exist for DIC and TA.
However, we can use surface ocean pH estimates from

stable boron isotope records (d11B) as an independent check

on the [CO2�
3 ] + pCO2 combination (Fig. 5e). Again, note

that the GEOCARB time step is of order 10 Myr and hence
does not resolve events (MECO, PETM, ELMO, etc.) and
changes in trends K 10 Myr, say, during the early Paleo-
gene (e.g., Komar et al., 2013). Overall, the trends in CO2

system parameters across the Cenozoic appear consistent.
For example, consistency for pH may be quantified by
calculating the difference (DpH) between pH values derived

from the [CO2�
3 ] + alkenone pCO2 combination vs. pH val-

ues derived from boron (Fig. 5e). Using a series of 1-Myr
bins in which the two data sets overlap (N ¼ 16), the aver-
age absolute DpH over the last 45 Myr is �0.07 pH units
(much larger, i.e., �0.12 pH units if we assumed constant,

modern [CO2�
3 ]). For comparison, the reported errors on

boron-based pH for records younger than �20 Ma, are typ-
ically 0.02–0.07 units (Seki et al., 2010; Bartoli et al., 2011;
Martı́nez-Botı́ et al., 2015) and 0.05–0.07 units for the
Eocene records (Pearson et al, 2009; Anagnostou et al.,

2016) but can be larger if uncertainties in seawater d11B
are fully propagated. Importantly, however, DpH can be
caused not only by errors but also by natural short-term
and/or spatial environmental variability, e.g., when
combination-pH and/or boron-pH values are not from
exactly the same times or cores. To illustrate this point,
we have also calculated the average standard deviation
(r) of independent boron-pH values in the same 1-Myr
bin, for bins containing more than one value (N ¼ 12),
which yields r ’ 0:04 pH units.

Pagani et al. (2011) and Zhang et al. (2013) both
reported one rather high alkenone-pCO2 value >2500 latm
at �36 Ma (Fig. 5b) from the same core interval at ODP
Site 925, only Zhang et al. used a different age model and
parameters to calculate pCO2. Hence, only one value
should be displayed in compilations, not both. The reason
for the unusually high value remains unclear but is unlikely
to be a measurement error.

When comparing CO2 system parameters, one needs to
be careful in selecting truly independent variables to avoid

circularity. For example, the pCO2 obtained from d11B
records is a derived variable because it is based on pH,
which requires one additional parameter and is therefore
not an independent quantity in the context of carbonate
chemistry. In fact, most boron-based studies make assump-

tions about past DIC, TA, or [CO2�
3 ] to derive pCO2. Hence

if one were to use d11B-derived pCO2 as the second param-

eter, one would essentially recover DIC, TA, or [CO2�
3 ] val-

ues as assumed in the first place, which is circular. However,

we may use our [CO2�
3 ] plus d11B-pH to derive pCO2 and



Fig. 5. Estimates of carbonate chemistry parameters from (a)
surface ocean [CO2�

3 ] (this study & TZ04) and (b) pCO2. Indepen-
dent pCO2 estimates are from GEOCARB-III and GEOCARB-
SULF (dashed) (Berner and Kothavala, 2001; Berner, 2006, 2008)
and alkenones (e.g., Pagani et al., 2005, 2011; Zhang et al., 2013;
Super et al., 2018). Bars: ranges from mineral-phase equilibria
(Nahcolite/Trona) (Lowenstein, 2006). The GEOCARB and
alkenone scenarios use [CO2�

3 ] corresponding to global modern
mean T ’ 15 �C and T J 20 �C (see (a)). The results for pH (blue
line, olive diamonds in (e)) may be compared to independent
boron-based pH estimates (see legend) (e.g., Pearson et al, 2009;
Seki et al., 2010; Bartoli et al., 2011; Foster et al., 2012; Martı́nez-
Botı́ et al., 2015; Anagnostou et al., 2016; Sosdian et al., 2018),
cf. also www.p-co2.org and Rae (2018). Our results are available at
www.soest.hawaii.edu/oceanography/faculty/zeebe_files/ZT19.html.
(For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Fig. 6. Estimates of carbonate chemistry parameters from (a)
surface ocean [CO2�

3 ] (this study) and (b) independent pH estimates
from boron-based studies (symbols, cf. also www.p-co2.org and
Rae (2018)). The pH scenarios use surface [CO2�

3 ] corresponding to
T J 25 �C (see (a)). In (e), GEOCARB-SV: GEOCARBSULF
model including volcanic rock weathering. For references, see
Fig. 5. Dashed line in (b) shows pH from our [CO2�

3 ] and
GEOCARB-pCO2 for comparison. Our results are available at
www.soest.hawaii.edu/oceanography/faculty/zeebe_files/ZT19.html.
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compare our results to independent pCO2 estimates
(Section 4.2).

4.2. Long-term trends from [CO2�
3 ] and pH

In this section we use our [CO2�
3 ] together with indepen-

dent pH estimates from d11B records as the second param-
eter (Fig. 6). Temperature estimates for the pH scenarios

were taken from the published d11B data sets. For the pH

scenario, modern surface [CO2�
3 ] was set to 280 lmol

kg�1, more representative for modern sea surface tempera-
tures of T J 25 �C at the latitudinal site distribution of the
boron studies included here (Fig. 6a). As explained in Sec-
tion 3, compared to the effects of seawater composition on
K�

1, K�
2, K�

sp, and various other uncertainties, effects of

changes in the boric acid dissociation constant K�
B are small.

Moreover, for our parameter combinations, K�
B only affects

TA estimates. For instance, changing K�
B by 20%, yields

DTA ’ 10 lmol kg�1. The Cenozoic long-term evolution
of boron-derived pH appears consistent with pH from our

[CO2�
3 ] and GEOCARB pCO2 (dashed line, Fig. 6b),

http://www.p-co2.org
http://www.soest.hawaii.edu/oceanography/faculty/zeebe_files/ZT19.html
http://www.p-co2.org
http://www.soest.hawaii.edu/oceanography/faculty/zeebe_files/ZT19.html


Fig. 7. Effect of (a) calcite compensation depth (CCD) on (b)
[CO2�

3 ] via saturation state X (see text). Default calculations use
changes in global CCD after TZ04 (blue lines). Red lines illustrate
the effect on [CO2�

3 ] if reconstructions for the equatorial Pacific
CCD were used instead (Pälike et al., 2012). We emphasize,
however, that the equatorial Pacific CCD is not a substitute for the
global CCD. Because our [CO2�

3 ] proxy is inherently long-term (see
text), a smoothed curve (thick red line in (a)) was used. To allow
comparison with the global CCD record (blue curve in (a)), the red
curve was set constant between 50 and 100 Ma. (For interpretation
of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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although boron-pH is generally lower in the past, particu-
larly during intervals such as the Middle Miocene Climatic
Optimum (MMCO, �17–15 Ma) and the Eocene-Oligocene
Transition (EOT), which are not resolved in GEOCARB.

Correspondingly, pCO2 derived from our [CO2�
3 ] and

d11B-pH is generally higher than the GEOCARB estimates
(Fig. 6e).

However, note that our reconstructions for intervals
such as the MMCO should be taken with caution because

they combine one inherent long-term (our [CO2�
3 ]) and

one short-term parameter (boron-pH) during relatively fast

Earth system changes. Short-term variations in [CO2�
3 ] dur-

ing the MMCO are of course possible, if not likely, and
because they are not resolved, bias our reconstructions
(potentially overestimating pCO2 for the low-pH data).
Also note that Sosdian et al. (2018) provided various addi-
tional pH scenarios for ODP Site 761 (cf. Foster et al.,
2012). Thus we have included one ‘‘high-pH” MMCO sce-
nario (Foster et al., 2012) and one of the ‘‘low-pH” scenar-
io, labeled ‘‘Sosdian18 L02” (Figs. 5e and 6b), which uses

Lemarchand et al. (2002)’s seawater d11B (Sosdian et al.,
2018).

5. DISCUSSION

5.1. Past DIC and TA inventories

Our reconstructions suggest that long-term DIC and TA
were similar to modern values across the past 100 Myr,
regardless of whether pCO2 or pH is used as the second

parameter with our [CO2�
3 ] (Figs. 5 and 6). This may appear

surprising, given that Cenozoic pCO2 was mostly higher
than modern, which, everything else being the same,
would suggest elevated DIC (see Zeebe and Wolf-
Gladrow, 2001). However, the relatively low DIC despite
high pCO2 is a direct consequence of higher [Ca2+] in the

past, which leads to lower [CO2�
3 ], given moderate changes

in carbonate saturation (Fig. 5a). Briefly, the effect of ele-
vated past CO2 levels on DIC was largely compensated

for by lower [CO2�
3 ].

5.2. CCD records

As discussed in detail in TZ04, records of the calcite
compensation depth (CCD) indicate that the ocean’s calcite
saturation state (X) has not varied dramatically over the
past 100 Myr. Nevertheless, to account for changes in
whole-ocean saturation, TZ04 used a smoothed global
CCD curve (Fig. 7), which should reflect changes in X. In
turn, changes in X affect [CO2�

3 ] via Eq. (1) (see Appendix
E), but to what extent? The effect of CCD changes on our

calculated [CO2�
3 ] may be illustrated by replacing the global

CCD curve by reconstructions for the equatorial Pacific
CCD (Pälike et al., 2012). This test merely serves as an illus-
tration; we emphasize that the equatorial Pacific CCD is
not a substitute for the global CCD. Nevertheless, the effect

is small (Fig. 7), suggesting that our [CO2�
3 ] reconstruction

is insensitive to details of X/CCD changes across the
Cenozoic.
5.3. Error propagation

Uncertainties in our reconstructions may be evaluated
by assigning errors to important parameters and propagat-
ing those through the calculations. Important parameters
that affect our results include changes in temperature (T),
salinity (S), major ion concentrations, sensitivity parame-
ters for K� corrections (sij), and the ocean’s calcite satura-
tion state (X), as inferred from CCD changes. Additional
parameters enter the calculations but not all are critical.
For instance, the total boron concentration in seawater

makes no difference for pH, when calculated from [CO2�
3 ]

and [CO2], although it does affect TA (Zeebe and Wolf-
Gladrow, 2001). In the following, we focus on the parame-
ters listed above, which are most critical for our recon-
structed pH and pCO2. Importantly, our error
propagation provides uncertainty estimates for our results
based on given, assigned parameter errors. The assigned
errors themselves are somewhat arbitrary and mostly cho-
sen rather generously. For example, an assigned maximum
temperature error of 	5 K at 100 Ma (see below) is most
likely at the upper end of realistic values. Hence our empha-
sis is on providing what-if scenarios, rather than precise
parameter errors.

5.3.1. Individual error propagation

To illustrate the effect of uncertainties in individual
parameters on our results, in this section we propagate
errors separately for two scenarios. First, we calculate pH

from our [CO2�
3 ] (including errors) and GEOCARB pCO2
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(Fig. 8, middle column). Second, we calculate pCO2 from

our [CO2�
3 ] (including errors) and the standard pH result

of the first (GEOCARB) scenario (Fig. 8, right column).
This allows for easy inspection of pH and pCO2 uncertain-
ties for related scenarios. The emphasis here is on estimat-
ing maximum uncertainties from individual parameters and
will involve some non-standard assumptions about errors.

Errors in T ; S, and CCD were assumed to grow linearly
with time in the past so that the maximum error was
assigned at 100 Ma (variables with subscript label ‘100’ in
Fig. 8). T and S affect the various equilibrium constants,
with an opposite net effect on our calculated pCO2. Hence
we combined an increase in T with a drop in S and vice
versa (Fig. 8, 1st row). The major ion concentrations

([Ca2+], [Mg2+], SO2�
4

� �
) were varied within their estimated

standard error envelopes (see Fig. 1a); for uncertainties
Fig. 8. Individual error propagation of critical parameters for [CO2�
3 ] (col

blue: standard scenarios, light blue: upper and lower uncertainty bounds
(3rd row): cF

CO2�
3

in IPM changed from 0.2 (default) to 0.3 (cf. Section B.1)
the reader is referred to the web version of this article.)
resulting from the value used for Ca2þ
� �� SO2�

4

� �
, see Sec-

tion 5.3.2. Sensitivity parameters for K� corrections (sij)
were assigned a constant error of 	100%, while X was var-
ied corresponding to an assigned maximum CCD error of
	1 km at 100 Ma.

The propagated uncertainty for [CO2�
3 ] and pH is mod-

erate; for pCO2 it is more significant (ca. 	300 latm). How-
ever, note that the assigned maximum parameter errors at
100 Ma of T 	 5 K and S 
 3 are rather large. Varying

[Ca2+], [Mg2+], and SO2�
4

� �
within their estimated error

envelopes (Fig. 1a) has a small effect on [CO2�
3 ] and pH,

and a slightly larger impact on pCO2, ca. 	250 latm
(Fig. 8, 2nd row). Large changes in sensitivity parameters
sij for K� corrections by 	100% (factor 0 and 2) only have
a moderate effect throughout (Fig. 8, 3rd row). As a result,
using no corrections at all (0� sij means modern K�’s)
umn 1), pH (column 2), and pCO2 (column 3) reconstructions. Dark
for assigned parameter errors (see text for details). Red dashed line
. (For interpretation of the references to colour in this figure legend,
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would result in pCO2 values � 250 latm too low at 100 Ma
for the example shown (and � 100 latm too low at 50 Ma).
Changing cF

CO2�
3

from 0.2 (default) to 0.3 in the IPM has vir-

tually no effect on the results (cf. Section B.1). Variations in

X (via CCD) have a noticeable effect on [CO2�
3 ] and pCO2

(ca. 	300 latm at 100 Ma), although the assigned maxi-
mum CCD error of 	1 km at 100 Ma is probably quite
large (Fig. 8, 4th row).

5.3.2. Errors from assumed Ca2þ
� �� SO2�

4

� �
value

The standard values for [Ca2+] and SO2�
4

� �
vs. time com-

piled in Fig. 1a were derived by the fluid inclusion studies

assuming constant, modern Ca2þ
� �� SO2�

4

� �
in the past.

Additional Ca2+ and SO2�
4 concentrations were provided

by these studies for different values of Ca2þ
� �� SO2�

4

� �
.

For example, using 1.0, 0.5, and 1.5 times the modern

Ca2þ
� �� SO2�

4

� �
value results in [Ca2+] and SO2�

4

� �
of

16þ4
�5 and 19þ4

�5 mmol kg�1-H2O in the Eocene at �37 Ma

(Horita et al., 2002) and 26þ2
�6 and 14þ2

�6 mmol kg�1-H2O
in the Cretaceous at �100 Ma (Timofeeff et al., 2006).
These uncertainty ranges are similar to the assigned param-

eter errors for [Ca2+] and SO2�
4

� �
in our Monte Carlo sim-

ulations (	5 mmol kg�1, see Table 3 below) and are hence
covered by our Monte Carlo error propagation (Sec-
tion 5.3.3). Such parameter errors affect the equilibrium
constants via xj’s (Eq. (10)) but not the sensitivity parame-
ters sij, which are derived taking into account charge bal-
ance via [Na+] adjustment (Table 2) or constant ionic
strength (Appendix D) for each combination of the xj’s
within their relevant ranges (Fig. C.1). Larger errors in

[Ca2+] and SO2�
4

� �
do increase the uncertainties in the

reconstructed Na+ concentration and flux based on charge
balance (Fig. 2). Finally, we note that the Mg/Ca ratio of
seawater, (Mg/Ca)sw, as derived by fluid inclusion studies

based on modern Ca2þ
� �� SO2�

4

� �
is consistent with inde-

pendent estimates of (Mg/Ca)sw (see Fig. 1b and discussion
in Horita et al. (2002)). Alternatively, instead of constant

Ca2þ
� �� SO2�

4

� �
, perhaps one could assume that past

changes in [Ca2+] were accompanied by equivalent changes

in SO2�
4

� �
to maintain charge balance. However, this would

lead to different (Mg/Ca)sw ratios in the past and leave
changes in [Mg2+] essentially unbalanced (Fig. 1).

5.3.3. Monte Carlo error propagation

In this section, we follow standard practice and assume
that all errors are random and normally distributed (Cen-
tral Limit Theorem), but note that in reality systematic
Table 3
Assigned parameter errors (2r) for the Monte Carlo simulation.

[Ca2+]a [Mg2+]a SO2�
4

� �
a

mmol kg�1 mmol kg�1 mmol kg�1

5 8 5

a Independent of age.
b Maximum error at 100 Ma.
errors are also possible. The effect of the allocated errors
on the uncertainty of the results was determined using a
Monte Carlo approach in which the entire calculation pro-
cedure was executed 1,000 times with randomly different
errors (Fig. 9, Table 3). The uncertainties of the results
are reported as 	2r (twice the standard deviation of
1,000 results).

For [Ca2+], [Mg2+], and SO2�
4

� �
we added normally dis-

tributed errors to the data with standard deviation equal to
half of the distance to the envelope (95% of values in a nor-
mal distribution are within 	2r of the mean). Errors in

[Ca2+], [Mg2+], and SO2�
4

� �
were applied regardless of age

(Table 3), after which an exponential function was fit to
data + errors. This leads to larger variations in the fit func-
tion in the past because its value is fixed to the modern con-
centration at t ¼ 0 Ma (Fig. 9). To account for possible

changes in the surface-to-deep [CO2�
3 ] gradient in the past

(actually ratio), we randomly varied the ratio f =f m, with

CO2�
3

� �
s
¼ f CO2�

3

� �
d
and indices s; d, and m refer to sur-

face, deep, and modern. For details and a comprehensive
discussion of the surface-to-deep ratio, see Appendix of
TZ04. As above, errors in CCD, temperature, salinity,
and f =f m were assumed to grow linearly with time in the
past. Variations in major ion composition, temperature,
and salinity then lead to variations in the stoichiometric
equilibrium constants K�, which depend on these parame-
ters (Fig. 9). Finally, the propagated uncertainty in

[CO2�
3 ] from the combined errors of all parameters can be

calculated (Fig. 9). For example, at 100 Ma, 2r ’ 18 lmol

kg�1 and hence we estimate that [CO2�
3 ] was about 2.3 to 4-

fold lower at 100 Ma (� 68	 18 lmol kg�1 for a modern
value of 200 lmol kg�1).

5.3.4. Summary: error propagation

Despite relatively large assumed parameter errors, the
propagated uncertainties in our results are moderate, sug-
gesting that our reconstruction method is robust. However,
the degree of accuracy to which our results reflect reality
most critically depends on the reconstructed major ion
composition of seawater, particularly [Ca2+], for which
we have to rely on literature values (Fig. 1).

5.4. Paleo-pH scale

Proper pH scales commonly used for modern seawater
are the total scale and the seawater scale, which include
[HSO�

4 ] (Eq. (B.7)) and [HSO�
4 ] + [HF] in their ionic med-

ium standard state, respectively (e.g., Hansson, 1973;
Dickson, 1990; Millero, 1995; Zeebe and Wolf-Gladrow,
f =f m
b CCDb SSTb SSSb

� m �C �
0.2 500 2.5 1.5



Fig. 9. Results of Monte Carlo simulation. Parameter variations were applied at 5–10 Myr time steps, see text. Each dot represents the result
of a single run at that time step. Sea surface temperature (SST) after TZ04. Salinity from GEOCARB-III was used here for direct comparison
with TZ04 but may be replaced by more recent estimates (the effect is small).
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2001). We will focus here on the total scale as the concen-
tration of fluoride in seawater is small and essentially

unknown in the past. The fact that SO2�
4

� �
was lower in

the past (Fig. 1a) represents a conceptual and practical
problem when comparing paleo-pH and modern ocean
pH. For instance, envision two hypothetical seawater sam-
ples of modern and, e.g., Paleocene age with otherwise iden-
tical composition but different sulfate concentrations, say

modern and half of modern SO2�
4

� �
. The two samples

would give a different pH reading relative to a modern ref-

erence standard due to differences in SO2�
4

� �
. The utility of

the total pH scale in modern seawater implicitly relies on
the constancy of the major components: ‘‘Sea water is an
ionic medium [. . .] with practically constant composition
of the major constituents” (Hansson, 1973); ‘‘The total con-
centrations of conservative constituents, such as borate, sul-
fate, and fluoride, can be estimated from salinity” (Dickson
et al., 2007). None of the above, of course, holds for paleo-
seawater over time scales of millions of years. Hence label-
ing reconstructed pH values ‘‘pHT” (e.g., derived from

Cenozoic d11B), where the subscript T refers to the modern
concept of the total pH scale makes little sense in light of
sulfate changes and should be avoided.

To illustrate the effect of SO2�
4

� �
on [H+], consider Eq.

(B.7) and Fig. B.3. The ratio of free to total hydrogen ion
concentration may be estimated from:

Hþ½ �F = Hþ½ �T ’ 1= 1þ SO2�
4

� �
=0:1

� �
: ð11Þ



Fig. A.1. CO2 activity coefficient ratio for c0CO2
¼ cCO2

I ¼ 0:7ð Þ.
Black line (MS82 SW): seawater (Millero and Schreiber, 1982).
Parameters for other components are from He and Morse (1993).
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For further illustration, assume Hþ½ �T to be constant.

Then at half of modern SO2�
4

� �
, Eq. (11) would give a

�12% higher free hydrogen ion concentration, or a �0.05

units lower pHF, relative to modern SO2�
4

� �
. While this

example is oversimplified compared to actual past seawater

changes, it illustrates the effect of SO2�
4

� �
on pH, which, in

turn affects speciation, including the B OHð Þ3
� �

/ B OHð Þ�4
� �

fraction, a primary control on their 11B/10B ratio, which is

critical for the pH proxy. As a result, changes in SO2�
4

� �
by themselves would affect pH reconstructions, even if all
other conditions were the same. The bottom line is that

the change in past SO2�
4

� �
(Fig. 1a) represents a conceptual

and practical problem for determining paleo-seawater pH.

The issue should be worked out properly for, e.g., d11B-
derived pH but is beyond the scope of this paper.

6. CONCLUSIONS

In this study, we have presented new reconstructions of
past ocean carbonate chemistry and atmospheric CO2

based on recent data and revised calculations. We also pro-
vide simple corrections for past equilibrium constants, sup-
ported by experimental data and well-suited for numerical
models and observational studies on multi-million year
time scales. Our updated result for just the seawater car-
bonate ion concentration (�2.3 to 4-fold lower 100 Myr
ago) is similar to our earlier work (Tyrrell and Zeebe,
2004). This holds despite higher [Ca2+] from fluid inclusions
>50 Ma (compared to TZ04), new chemistry routines,

incorporation of SO2�
4

� �
effects, alternative CCD records,

and extensive parameter variations, which suggests that
our core approach is robust. However, all revised recon-
structions using new alkenone and boron data now suggest
similar to modern long-term ocean inventories of DIC and
TA over the Cenozoic. This result contrasts with one of our
earlier scenarios, which featured high Paleocene-Eocene
DIC/TA inventories and was based on a now outdated
boron record. Overall, our estimated long-term trends in
CO2 system parameters across the Cenozoic appear consis-
tent, regardless of whether we combine our carbonate ion
concentration with alkenone-derived pCO2 or boron-
derived pH. Our error analysis shows that despite relatively
large assumed parameter errors, the propagated uncertain-
ties in our results are moderate, lending confidence to our
reconstruction method. However, the degree of accuracy
to which our results reflect reality depends primarily on
the fidelity of proxies for past major ion concentrations in
seawater, particularly [Ca2+], which is independent of our
work (Fig. 1). Finally, we have identified changes in past
seawater sulfate as a conceptual and practical problem for
determining paleo-seawater pH, which should be sorted
out properly for the boron-pH proxy.

ELECTRONIC ANNEX

Our results displayed in Figs. 5,6 are electronically avail-
able at http://www.soest.hawaii.edu/oceanography/faculty/
zeebe_files/ZT19.html.
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APPENDIX A. aH2O AND cCO2

Changes in the activity of water (aH2O) and the activity
coefficient of dissolved CO2 (cCO2

) for solution composi-

tions as reconstructed here are small. Moreover, for our
approach only K� ratios (past/modern) matter, hence the
effect on the K�

1 ratio (see Eqs. (7) and (10)) is minor. The
activity of water in seawater was estimated as a function
of ionic strength, or salinity S (Millero and Leung, 1976;
Lund et al., 2003):

aH2O ¼ 1� 5:0901� 10�4 S � 6:9567� 10�7 S2: ðA:1Þ
For example, a salinity change from 35 to 33 (I from

0.72 to 0.68) would give a aH2O ratio of 1.001.
The CO2 activity coefficient (cCO2

) for solutions of vari-

ous seawater salts may described by:

log cCO2
¼ k I ; ðA:2Þ

where k > 0 (so-called salting out) depends on the type of
salt. For the major seawater components, variations in k

are moderate and have a minor effect on the ratio

cCO2
=c0CO2

for c0CO2
¼ cCO2

I ¼ 0:7ð Þ (Fig. A.1). Hence we

used Eq. (A.2) and adopted k ¼ 0:0946 from the original
IPM to calculate cCO2

(Millero and Schreiber, 1982).

http://www.soest.hawaii.edu/oceanography/faculty/zeebe_files/ZT19.html
http://www.soest.hawaii.edu/oceanography/faculty/zeebe_files/ZT19.html
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APPENDIX B. [CA2+], [MG2+], SO2�
4

� �
EFFECTS ON

K�’S: DATA

B.1. [Ca2+]

Calcium ions in seawater directly interact with major
ions such as sulfate, as well as the dissolved carbonate spe-

cies, including HCO�
3 and CO2�

3 . Hence changes in the sea-
water calcium concentration affect the activity of these ions
and therefore the stoichiometric equilibrium constants. For
example, with rising [Ca2+], the concentration of, e.g.,

CaHCOþ
3 rises, reducing cHCO�

3
. As a result, K�

1 should

increase with [Ca2+] (see Eq. (7)). Importantly, this K�
1-

[Ca2+] relationship is confirmed by actual data (Fig. B.1)
and is independent of any assumptions about activity coef-

ficients (Eq. (7)), or the stability of CaHCOþ
3 , or any other

assumptions about ionic interactions.
Pytkowicz and Hawley (1974) and Rushdi and Chen-

Tung (1995) (PH74 and RC95 for short) determined
changes in apparent dissociation constants such as K 0

1

(Fig. B.1):

K 0
1 ¼

aH HCO�
3

� �
CO2½ � ; ðB:3Þ

where aH is the hydrogen ion activity defined in the NBS
buffer scale (Mehrbach et al., 1973). Substituting activity
coefficients as above and using aH ¼ k Hþf g, yields:

K 0
1 ¼ K1 k

cCO2

cHCO�
3

aH2O; ðB:4Þ

where k is a correction resulting from pH measurements in
concentrated solutions (Hawley and Pytkowicz, 1973). Eq.
(B.4) is equivalent to PH74’s Eq. (1) and shows that ratios
of K 0

1, say at different [Ca2+], do not depend on cHþ ,
whereas ratios of K�

1 do (see Eq. (7)). If the solution is
sulfate- and fluoride-free (as in PH74), cHþ should be essen-
tially constant (see also Section B.3) and hence ratios of K 0

1

and K�
1 should be the same (cf. Eqs. (B.4) and (7)).
Fig. B.1. Measured (symbols) changes in (a) apparent K 0
1 and (b) K 0

1K
0
2 as

both at constant ionic strength via adjusting [NaCl] at 25 �C (Pytkowi
calculated for PH74’s NaCl solutions using their k; cCO2

, and aH2O, and an
changing cF

CO2�
3

from 0.2 to 0.3 has virtually no effect on our final results
However, RC95’s artificial seawater (ASW) contained sul-
fate and fluoride (Kester et al., 1967). Thus, an increase

in their ASW [Ca2+] would slightly lower free SO2�
4

� �
via

Ca2+-SO2�
4 interactions and hence increase free [H+] and

cHþ (see Section B.3). As a result, the increase in K�
1 with

[Ca2+] in ASW should be smaller than shown in Fig. B.1,
which shows RC95’s reported changes in apparent K 0

1.
PH74 and RC95 experimentally determined K 0

1 and

K 0
1K

0
2 ¼ k2K1K2cCO2

=cCO2�
3
, which both increase with

[Ca2+] (Fig. B.1). The experimental trends are roughly cap-
tured by MS82’s ion paring model (IPM, see note Sec-
tion 3.1 though). However, with standard parameters, the
IPM underestimates K 0

1 and overestimates absolute K 0
1K

0
2

values. This is not critical because our K� corrections (see
below) are based on trends, not absolute values. Neverthe-
less, one could attempt to reduce the data-model mismatch
by changing model parameters such as the model’s free
activity coefficient of HCO�

3 (cFHCO�
3
) in NaCl solutions from

�0.67 to �0.65 and CO2�
3 (cF

CO2�
3

) from 0.2 to 0.3 (Fig. B.1).

However, such changes in, e.g., cF
CO2�

3

have virtually no

effect on our final results (see Section 5.3).
While we do not recommend such parameter changes

(for one, the IPM was designed for full seawater,
not simplified solutions such as in PH74), one can
ask if the cF

CO2�
3

value of 0.3, for instance, would be

within a range of values obtained from PH74’s analysis.
From PH74’s data one may estimate cF

CO2�
3

from

cF
CO2�

3

¼ k2 K1 K2=K 00
1K

00
2, where k ¼ 1:134 and K 00

1K
00
2 ¼

0:4866� 10�16 were both determined experimentally
(Hawley and Pytkowicz, 1973; Hawley, 1973). Using values
for K1 and K2 at 25 �C (Harned et al., 1941; Harned and
Davis, 1943), gives cF

CO2�
3

’ 0:55 in NaCl solutions at

I ¼ 0:72. This is significantly higher than estimates for
cF
CO2�

3

in seawater at similar ionic strength and points to

some inconsistency in PH74’s data and/or analysis. One
a function of [Ca2+] in NaCl solutions and artificial seawater (ASW)
cz and Hawley, 1974; Rushdi and Chen-Tung, 1995). Lines were
ion-pairing model based on Millero and Schreiber (1982). Note that
(see Section 5.3).
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possibility (speculation) is that PH74’s analysis underesti-
mated K 00

1K
00
2 and overestimated the stoichiometric associa-

tion constant of NaCO�
3 (Butler and Hutson, 1970;

Millero and Schreiber, 1982; Millero and Thurmond,
1983). The above merely illustrates some of the uncertain-
ties involved in both models and data of even seemingly
simple NaCl-Ca2+-HCO�

3 solutions. Note that seawater
solutions are substantially more complex and that changing
parameters to fit one particular data set may cause inconsis-
tencies with another (e.g., for cCO2�

3
, see Section B.4).

B.2. [Mg2+]

Similar to Ca2+, Mg2+ interacts with various ions in sea-

water, including HCO�
3 and CO2�

3 and reduces their activ-
ity, which should increase stoichiometric (or apparent)
constants with rising [Mg2+] (see Eqs. (7)–(9)). This behav-
ior is confirmed by experimental studies in both NaCl solu-
tions and ASW (Fig. B.2). The steeper slope indicated by
Millero and Thurmond (1983)’s data (K�’s) is likely due
to the varying ionic strength of their Na-Mg-Cl solutions,
which increased along with [Mg2+] (I ¼ 0:56 1:11½ �). Again,
the IPM (Millero and Schreiber, 1982) reproduces the val-
ues and trend for K 0

1 reasonably well but overestimates
K 0

1K
0
2 (see discussion above). Importantly, the details of

Mg-effects on dissociation constants for concentrations

higher than modern ( Mg2þ
� �

> 53 mmol kg�1) are not crit-

ical for the present study because seawater [Mg2+] was
likely lower than modern during much of the last 100
Myr (see Section 2).

Relevant data on K�
1 and K�

2 were also provided by He
and Morse (1993). Unfortunately, measurements including

changes in [Ca2+], [Mg2+], and SO2�
4

� �
were conducted at

different I’s and at 0, 50, 75, and 90 �C but not at 25 �C.
In addition, possible interpolation to 25 �C is hindered by
the fact that some of the data appear inconsistent. For
Fig. B.2. Measured (symbols) changes in (a) apparent K 0
1 and (b) K 0

1K
0
2

(ASW) both at constant ionic strength via adjusting [NaCl] at 25 �C (Pytk
strength of Millero and Thurmond (1983)’s Na-Mg-Cl solutions (trian
shown). Lines were calculated for PH74’s NaCl solutions using an ion
Pytkowicz and Hawley (1974)’s and Rushdi and Chen-Tung (1995)’s dat
(�9.7 mmol kg�1), respectively. Note that changing cF

CO2�
3

from 0.2 to 0.3
example, the value for pK�
1 at mSO2�

4
¼ 1 mmol kg�1 and

50 �C seems significantly too low compared to other tem-
peratures (see their Table 2).

B.3. SO2�
4

� �

In seawater, SO2�
4 interacts with Mg2+, Ca2+, Na+, etc.

In addition, a significant fraction of hydrogen ion is bound
to sulfate in the form of bisulfate ion:

HSO�
4 � Hþ þ SO2�

4 ; ðB:5Þ
with dissociation constant

K 0
HSO�

4
¼ Hþ½ �F SO2�

4

� �

HSO�
4

� � : ðB:6Þ

Note that K 0
HSO�

4
is given in terms of the free (not total)

hydrogen ion concentration; hence the prime instead of an
asterisk. Thus, changes in total seawater sulfate,

ST ¼ SO2�
4

� �þ HSO�
4

� �
, cause changes in the free concen-

tration of hydrogen ions. In fact, the bisulfate dissociation
in seawater (Eq. (B.5)) represents the very basis for the total
pH scale in seawater, where the total hydrogen ion concen-
tration is given by (e.g., Hansson, 1973; Dickson, 1990):

Hþ½ �T ¼ Hþ½ �F þ HSO�
4

� �

¼ Hþ½ �F 1þ ST=K 0
HSO�

4

� 	
: ðB:7Þ

The effect of sulfate on, e.g., K�
1 and K�

2 may be illus-
trated by means of Eqs. (7) and (8). Assume for the moment

that the activities of CO2, HCO�
3 , and CO2�

3 remain con-

stant. Then an increase in ST would reduce Hþ½ �F (Eq.
(B.5)) and hence cHþ . As a result, K�

1 and K�
2 would increase

with the total sulfate concentration in seawater (Eqs. (7)
and (8)). It turns out that changes in sulfate have a minor

effect on the overall activities of CO2, HCO�
3 , and CO2�

3 ,
as a function of [Mg2+] in NaCl solutions and artificial seawater
owicz and Hawley, 1974; Rushdi and Chen-Tung, 1995). The ionic
gles) increased along with [Mg2+], I ¼ 0:56 1:11½ � (higher I’s not
-pairing model based on Millero and Schreiber (1982). Note that
a shown are for NaCl solutions without Ca2+ and ASW with Ca2+

has virtually no effect on our final results (see Section 5.3).
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which do not directly interact with SO2�
4 (though the direct

effect on Ca2+ and hence calcite solubility is significant, see
Fig. 3). Thus, given a value for K 0

HSO�
4
, the effect of changing

total seawater sulfate on K�
1 and K�

2 may be estimated.
Data for K 0

HSO�
4
have been obtained from galvanic cell

measurements from which also the ratio cT
Hþ=cFHþ as a func-

tion of ST can be calculated (e.g., Khoo et al., 1977;
Dickson, 1990) (Fig. B.3). For example, Khoo et al.
(1977) determined HCl activity coefficients in ASW with
and without sulfate. Rearranging their Eq. (3) yields an
expression for the mean activity coefficient of HCl,
c	(HCl), which can be evaluated using the data given in
their Tables I and IV. The ratio cT

Hþ=cFHþ at different ST

may then be estimated using the rule c	 ¼ cþ c�
� �1=2

(Robinson and Stokes, 1959):

cTHþ=cFHþ ¼ c02	 HClð Þ=c2	 HClð Þ ðB:8Þ
where primed and unprimed c’s refer to a given ST and

ST ¼ 0 (ASW with and without SO2�
4 ), respectively. Note

that SO2�
4 effects on cCl� should be small and hence cCl�

and c0Cl� cancel.
For Khoo et al. (1977)’s experimental conditions, Eq.

(B.8) indicates a �25% drop in cT
Hþ=cFHþ ¼ Hþ½ �F = Hþ½ �T as

ST rises from 0 mmol kg�1 to seawater values of �28

mmol kg�1 (ST scaled linearly with salinity S) (Fig. B.3).

A similar trend is obtained for Hþ½ �F = Hþ½ �T ratios estimated
from Eq. (B.7) with a constant K 0

HSO�
4
¼ 0:1 taken from

Dickson (1990) (Fig. B.3). The latter graph is shown merely
to visualize Eq. (B.7), which uses ST and is plotted for con-
stant K 0

HSO�
4
. Eq. (B.7) is not supposed to fit Khoo et al.
Fig. B.3. Effect of total sulfate on the ratio of hydrogen ion activity
coefficients cT

Hþ=cFHþ ¼ Hþ½ �F = Hþ½ �T at 25 �C. Diamonds: based on
Khoo et al. (1977)’s Eq. (3), data in their Tables I and IV ([HCl] =
0.01 mol kg�1), and Eq. (B.8). Dashed black line: Hþ½ �F = Hþ½ �T
from Eq. (B.7) using ST and a constant K 0

HSO�
4
¼ 0:1 taken from

Dickson (1990) (T c ¼ 25 �C, S ¼ 35). Solid black line:
1= 1þ SO2�

4

� �
=K 0

HSO�
4

� 	
using SO2�

4

� �
and Khoo et al. (1977)’s

K 0
HSO�

4
, including its variation with ionic strength I. Blue line: ion-

pairing model (Millero and Schreiber, 1982) using Khoo et al.
(1977)’s solution compositions, K 0

HSO�
4
, and their effective (real)

ionic strength. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this
article.)
(1977)’s data which were obtained at low pH (requiring

consideration of SO2�
4

� �
instead of ST ) and varying salin-

ity/ionic strength (I). Rather, the data should fit the expres-

sion Hþ½ �F ¼ Hþ½ �T= 1þ SO2�
4

� �
=K 0

HSO�
4

� 	
, where K 0

HSO�
4

varies with I. Using K 0
HSO�

4
from Khoo et al. (1977), this

is indeed the case (Fig. B.3) and is unsurprising because
K 0

HSO�
4
was actually derived by a data fit of a similar kind

(Khoo et al., 1977). In summary, the free hydrogen ion con-
centration decreases, and hence K�

1 and K�
2 increase, with

the total sulfate concentration in seawater (Eqs. (7) and
(8)).

The magnitude of the predicted change in K�
1 and K�

2

with sulfate depends on K 0
HSO�

4
in seawater, which is chal-

lenging to determine analytically. At T c ¼ 25 �C and
S ¼ 35, Dickson (1990)’s value is �20% higher than that
given by Khoo et al. (1977) (Fig. B.4). In his approach,
Dickson included estimates of changes in cHþ with [HCl];
Khoo et al. (1977) did not. Furthermore, Dickson’s values
> 25 �C are in close agreement with values based on a
recent re-evaluation of existing data for K 0

HSO�
4

(Waters

and Millero, 2013; Waters et al., 2014). Hence, in this study
we use K 0

HSO�
4
¼ 0:1 at T c ¼ 25 �C and S ¼ 35 (Dickson,

1990). Importantly, this implies a weaker association con-
stant bHSO�

4
¼ 1=K 0

HSO�
4
for HSO�

4 (see Eq. (B.6)) than sug-

gested by Khoo et al. (1977).

B.4. Calcite solubility

It appears that few experimental studies have systemat-
ically examined the effect of [Mg2+] and [Ca2+] on the sol-
ubility product of calcite, K�

spc (Eq. (6)). Mucci and Morse

(1984) varied [Mg2+] in ASW up to about double the mod-
ern value at constant I (Fig. B.5). Calcium was kept close to

modern values at �10–12 mmol kg�1 except for one run
with half of modern [Ca2+] (labeled 0:5�[Ca]). As expected

from Mg2+-CO2�
3 interactions and Eq. (9), K�

spc increases
Fig. B.4. Values for K 0
HSO�

4
, the dissociation constant of bisulfate in

seawater as a function of temperature (S ¼ 35) provided by
different studies (Khoo et al., 1977; Dickson, 1990; Waters and
Millero, 2013; Waters et al., 2014).
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with [Mg2+]. A comparable trend was found by Rushdi
et al. (1998) in similar manipulations of ASW (Fig. B.5).
The IPM (Millero and Schreiber, 1982) overestimates K�

spc

at higher [Mg2+] by �10–20%. Note that if this mismatch
was entirely attributed to model cCO2�

3
, then the inferred

error would be much smaller than the inferred error in
cCO2�

3
based on K 0

1K
0
2 (discussed above).

Regarding uncertainties in the experimental results, it is

important that both [Ca2+] and [CO2�
3 ] are required to

determine K�
spc. While Mucci and Morse (1984) measured

[Ca2+] directly by titration, [CO2�
3 ] was derived from car-

bonate alkalinity, pH, and K 0
2, where K 0

2 was actually esti-
mated based on ion pairing equations of Millero and
Schreiber (1982). Rushdi et al. (1998) also involved K 0

2 to

calculate [CO2�
3 ] but it is not obvious from their description

what values they used for K 0
2. The K

�
spc values of those stud-

ies are thus not ‘true’ experimental values because they
partly rely on theoretical estimates of K 0

2 in ASW of varying

compositions to derive [CO2�
3 ]. Hence, in addition to mea-

surement uncertainties, the K�
spc values from experiments

in ASW shown in Fig. B.5 are also subject to errors in K 0
2

and [CO2�
3 ] estimates.

Additional calcite solubility studies are available in the
literature, including He and Morse (1993) who stated that
calcite solubility in three synthetic brines was measured
and referred to mCO2�

3
as analytical data but no details were

given and no values for K�
spc and mCO2�

3
were listed. Gledhill

and Morse (2006) reported calcite solubility in Na-Ca-Mg-
Cl brines up to I ’ 4:5. However, I varied substantially, the
carbonate ion concentration was calculated using a Pitzer
model, and most low-I data had very similar Mg2+ and
Ca2+ concentrations, which is unhelpful for the current
problem. Wolf et al. (1989) studied calcite solubility in dif-
ferent electrolytes, yet only Pitzer-calculated K�

spc values
Fig. B.5. Changes in K�
spc as a function of [Mg2+] from experiments

in ASW at constant ionic strength via adjusting [NaCl] at 25 �C
(symbols); M83 = Mucci (1983). Data points labeled 0:5�[Ca] and
0�[SO4] refer to ASW at half seawater-[Ca2+] and sulfate-free
ASW (Mucci et al., 1989). The open diamonds were calculated for
Mucci and Morse’s (1984) ASW solutions using an ion-pairing
model based on Millero and Schreiber (1982).
were provided for NaCl solutions. We are not aware of a
study that systematically varied [Ca2+] at constant ionic
strength and provided measured values for K�

spc. Note that

Ca2+ directly affects K�
spc through its activity coefficient (see

Eq. (9)) and indirectly via interactions with CO2�
3 .

Mucci et al. (1989) provided a K�
spc value for sulfate-free

ASW (labeled 0�[SO4], Fig. B.5). However, experiments
were only conducted at 25 �C and K 0

2 was again estimated
based on an ion pairing model. Several industrial/engineer-
ing studies are also available on calcite solubility in mixed

electrolytes including SO2�
4 (e.g., Chong and

Sheikholeslami, 2001; Shi et al., 2013; Dai et al., 2017).

However, these studies calculated [CO2�
3 ] using thermody-

namic constants or Pitzer equations, were restricted to
60–80 �C (Chong and Sheikholeslami, 2001), or to a single
high NaCl background concentration >4 M (Shi et al.,
2013; Dai et al., 2017).
APPENDIX C. K � RATIOS

The K� ratios calculated with the IPM are very nearly

linear as a function of [Ca2+], [Mg2+], and SO2�
4

� �
(xj’s),

even when the xj’s are varied in combination (illustrated
for K�

1 in Fig. C.1). Hence over the relevant xj range for
reconstructions over the past 100 Myr (Section 2), the full
IPM results and the linear approximation (Eq. (10)) are
essentially indistinguishable (planes are nearly flat,

Fig. C.1). Differences are only discernible at low SO2�
4

� �
,

where two separate planes are visible. The root mean
square errors of the linear approach for K�

1, K
�
2, and K�

spc rel-

ative to the IPM results are about 0.5%, 2%, and 1%, much
smaller than the accuracy required here. The largest error

occurs for K�
2 at low SO2�

4

� �
and both high [Ca2+] and

[Mg2+] (not shown). However, this is of minor importance
for the present study because [Ca2+] and [Mg2+] are inver-
sely correlated over much of the past 100 Myr (Section 2).
Fig. C.1. K�
1 ratio (relative to modern) calculated with the IPM

(Millero and Schreiber, 1982) and the linear approximation (Eq.
(10)). The results are virtually indistinguishable, except at low
SO2�

4

� �
, where two separate planes are barely visible.



Table D.1
Sensitivity parameters sij � 103 (dimensionless) for Eq. (10) at
constant ionic strength via NaCl adjustment.

K�
1 K�

2 K�
spc

Ca2+ 6 156 171
Mg2+ 22 415 471
SO2�

4 203 162 22
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APPENDIX D. SENSITIVITY PARAMETERS

FOR I ¼ CONST.

See Table D.1.

APPENDIX E. CCD VARIATIONS AND X

Our surface [CO2�
3 ] is calculated from Eq. (1):

CO2�
3

� � ¼ X � K�
sp= Ca2þ

� �
; ðE:9Þ

which includes the direct effect of past changes in [Ca2+],

and T ; S, [Ca2+], [Mg2+], and SO2�
4

� �
via K�

sp on [CO2�
3 ].

In addition, whole/deep-ocean saturation has varied some-
what in the past for which we apply a correction (b) based
on CCD records (Tyrrell and Zeebe, 2004), i.e., X ¼ b Xm

(m ¼ modern). Note that X in the ocean at any z and at a

given time t and [Ca2+] is a function of [CO2�
3 ] but not of

[Ca2+] (homogeneous), because:

X ¼ CO2�
3

� �
Ca2þ
� �� �

= CO2�
3

� �
sat

Ca2þ
� �

sat

� 	

¼ CO2�
3

� �
= CO2�

3

� �
sat
: ðE:10Þ

The depth profile of the critical (saturation) CO2�
3

� �
sat
,

say modern, is given by:

c ¼ a exp b z� z0ð Þ½ �; ðE:11Þ
where a; b; z0 are constants (Jansen et al., 2002). The cross-

over of in situ and saturation [CO2�
3 ] determines the depth

of the saturation horizon zsh. Specifically, consider Eq.
(E.11) being applied twice, once for c ¼ csh at zsh (at an ini-

tial [CO2�
3 ]), and once for c ¼ c0sh at a new z0sh and a new

[CO2�
3 ] (with [Ca2+] the same in both). Then c0sh=csh provides

a ratio relating changes in saturation to saturation depth
(from Eq. (E.11)):

c0sh=csh ¼ exp b z0sh � zsh
� �� �

: ðE:12Þ
For a given CCD (zcc) at time t, the saturation horizon is

zsh ¼ zcc � Dz, hence:

c0sh=csh ¼ exp b z0cc � zcc
� �� �

; ðE:13Þ
assuming that Dz does not vary with [CO2�

3 ] (all else being
equal). Importantly, it is immaterial here whether Dz has
varied in the past because it cancels out. For past condi-
tions (subscript p), we can write:

c0sh=csh
� �

p
¼ exp bp z0cc � zcc

� �
p

h i
; ðE:14Þ

i.e., the same relationship, except for bp, which, however,
only varies slightly. Between modern and, say, Eocene con-
ditions (including a 10 K temperature rise), b changes by
only �13%. Also, variations in b have a small effect on
our results. Thus, we correct (scale) our surface X with
the corresponding deep ratio based on the CCD record over
time (zcc tð Þ) by:
b ¼ exp b zcc tð Þ � zcc 0ð Þ½ �f g ðE:15Þ
and quantify the sensitivity to changes in the surface-to-
deep ratio by varying f =f m (see Section 5.3.3 and Tyrrell
and Zeebe (2004)).
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Rausch S., Böhm F., Bach W., Klügel A. and Eisenhauer A. (2013)

Calcium carbonate veins in ocean crust record a threefold
increase of seawater Mg/Ca in the past 30 million years. Earth
Planet. Sci. Lett. 362, 215–224.

Raven J. and Crawfurd K. (2012) Environmental controls on
coccolithophore calcification. Mar. Ecol. Progr. Ser. 470, 137–
166.

Ridgwell A. and Schmidt D. (2010) Past constraints on the vulner-
ability of marine calcifiers to massive carbon dioxide release.
Nature Geosci. 3, 196–200. https://doi.org/10.1038/ngeo755.

Ries J. B. (2004) Effect of ambient Mg/Ca ratio on Mg fraction-
ation in calcareous marine invertebrates: A record of the
oceanic Mg/Ca ratio over the Phanerozoic. Geology 32, 981.

Robinson R. A. and Stokes R. H. (1959) Electrolyte solutions,
second ed. Butterworth’s, London, p. 559.

Rohling E. J., Sluijs A., Dijkstra H., Köhler R. v. d. W. P., von der
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