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Oceanic carbonate chemistry during the Cenozoic has affected the climatology, ecology, and marine 
geology of our planet; yet, we have limited means to know the evolution of that chemistry, due to a lack 
of preserved and unaltered seawater samples and a continuing paucity of proxies. Modeling is often used 
to address this problem; here, we offer a simple, data-driven, secular timescale, inverse model for the 
mean, Cenozoic, carbonate chemistry of the oceans. Inputs for the model include carbonate compensation 
depth (CCD), CaCO3 burial, seawater temperature, atmospheric CO2 and carbonate ion records, as well as 
a simple set of original, but justified, assumptions. The model retrodicts the total dissolved inorganic 
carbon (DIC), carbonate alkalinity (CAlk), and pH of the surface and deep waters of the ocean. The 
retrodicted DIC and CAlk records do not indicate any unusually elevated values in the early Cenozoic, 
as found in some past studies. If the CCD record from Lyle et al. (2008) is employed, the changes in DIC 
and CAlk appear entirely related to changes in the alkalinity input to the pelagic oceans and atmospheric 
CO2; however, with the CCD from Pälike et al. (2012), the increases in DIC and CAlk during the last 15 Ma 
reflect the effects of ocean cooling. Using either CCD-record, our model provides consistent retrodictions 
of the available pH record. Our results are not consistent with many past modeling assumptions, such as 
constancy of alkalinity in surface waters, or the ratio of shallow and deep carbonate ion concentrations. 
Finally, we use our results to provide new estimates of atmospheric CO2 based on Boron isotopes and 
find significantly lower CO2 values in the early Cenozoic than previous values.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Understanding how the carbonate chemistry of the oceans has 
evolved on a timescale of 100 million years constitutes a central 
theme of paleoceanographic research. The nature of that evolu-
tion is imperative in comprehending changes in the deposition and 
preservation of biogenic sediments, past shifts in marine biolog-
ical species (including extinctions), variations in carbon isotopic 
records found in sediments, and the history of the CO2 content 
of the atmosphere.

The most coveted information of this type is arguably the car-
bonate system concentrations of past oceans. There exist unfor-
tunately no unaltered samples of ancient seawater (e.g., as inclu-
sions) that can be analyzed for carbonate system components, i.e., 
dissolved carbon dioxide (CO2), bicarbonate ion (HCO3

−) and car-
bonate ion (CO3

2−), nor their analytical surrogates, i.e., titration 
total alkalinity and total dissolved inorganic carbon (DIC = CO2
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+ HCO3
− + CO3

2−). Although proxies for some carbonate compo-
nents have been advanced, these proposals are either confounded 
by other factors (e.g., B/Ca proxy for CO3

2− , Yu and Elderfield, 
2007), or cannot be applied on secular timescales, e.g., the δ7Li 
proxy for total dissolved inorganic carbon (Vigier et al., 2015) be-
cause of long-term changes in δ7Li (Misra and Froelich, 2012). pH 
now has a proxy (δ11B), and that does place some constraints on 
the carbonate system (e.g., Spivak et al., 1993; Palmer et al., 1998;
Palmer and Pearson, 2003; Yu and Elderfield, 2007; Hönisch et al., 
2009; Anagnostou et al., 2016).

This lack of data has inspired the marine and geochemical 
modeling communities to formulate and solve (long-term) math-
ematical models that aim, as part of their results, to provide some 
measure of the carbonate chemistry of the oceans. Initial versions 
of such models treated the oceans simply as a single reservoir in 
a large multi-reservoir representation of the carbon cycle of the 
earth as it evolved through time, e.g., Berner et al. (1983). Any 
retrodictions, i.e. predictions of the past, of the carbonate chem-
istry of the oceans from such models, including their similarly 
constructed progeny (e.g., Mackenzie et al., 1993; Wallmann, 2001;
Berner, 2006; Arvidson et al., 2006), only provide gross averages, at 
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best, which limits their utility for many paleoceanographic applica-
tions. The dichotomy in the dissolved carbonate chemistry between 
the surface and the deep waters of the oceans, and the differing 
processes that create this situation, are fundamental to credible 
retrodiction. Conversely, the lateral gradients in the oceans are far 
smaller and can often be ignored to a first approximation, as dis-
cussed below.

Paleoceanographic models that have the essential vertical reso-
lution have appeared over the past 15 yr, either as multi-box mod-
els of the ocean, e.g., Keir (1988), Caldeira and Rampino (1993), 
Ridgwell et al. (2003), Zeebe and Zachos (2007), Zeebe (2012), 
Omta et al. (2013), and Caves et al. (2016), as spatially resolved in-
termediate complexity models, e.g., Maier-Reimer (1993), Ridgwell 
and Hargreaves (2007) and the review by Hülse et al. (2017), and 
even in fully coupled GCMs, e.g., Winguth and Winguth (2012) and 
Heinze and Ilyina (2015).

As with all conservation models involving time stepping, i.e., 
either ordinary or partial differential equations, such models face 
one enormous hurdle: what initial conditions do you set for the 
model? The problem here is that the initial carbonate chemistry 
is no more known than that chemistry at any later time, except 
for the present of course. The models are unstable to march back-
wards in time, so that cannot be done to eliminate this problem. To 
make matters worse, most (if not all) of these models are under-
determined, i.e., more unknowns, both variables and parameters, 
than equations, and additional data or assumptions must be in-
troduced. Adding related variables, like stable carbon isotope ra-
tios (δ13C), might alleviate some of the problems, but usually one 
must introduce various new additional assumptions. Modeling the 
oceans of the past is not for the fainthearted.

The most commonly made assumptions are:

(1) The mean calcite saturation state of the surface oceans has re-
mained approximately constant over the Cenozoic (Tyrrell and 
Zeebe, 2004; Caves et al., 2016);

(2) The ratio of the carbonate ion concentrations in the surface 
and deep water has remained constant (Tyrrell and Zeebe, 
2004);

(3) The ratio of the export flux of organic matter (productivity) to 
the export flux of CaCO3 tests (calcification) is, at least, piece-
wise fixed (Sigman and Boyle, 2000);

(4) The alkalinity of the surface ocean is constant or has a fixed 
relation to salinity (Hönisch and Hemming, 2005);

(5) The depth where the export flux of CaCO3 is exactly matched 
by the rate of dissolution at the seafloor, i.e., the carbonate 
compensation depth (CCD), is the same as the depth where 
seawater first becomes undersaturated with respect to calcite, 
i.e., the saturation depth, zsat (Tyrrell and Zeebe, 2004; Caves 
et al., 2016).

Attempts have been made, e.g., Tyrrell and Zeebe (2004), to 
justify these assumptions based on paleoceanographic data, e.g., 
calcite snowline records, i.e., depth where the CaCO3 content of 
sediments drops effectively to zero. Some papers, e.g., Tyrrell and 
Zeebe (2004) and Caves et al. (2016), have also included an effort 
to evaluate the sensitivity of their results to likely variability asso-
ciated with their assumption(s).

There is a means, however, to incorporate more paleoceano-
graphic data into the formulation and solution of a model. Such 
models are inverse models sensu lato, as they use data that char-
acterize the output of a system, e.g., burial, CCD and atmospheric 
CO2 records, to glean information about the inputs, the composi-
tion of the ocean, and the parameters of that system, e.g., alkalinity 
flux to the deep ocean, calcification rates, etc.

More than a decade ago, Tyrrell and Zeebe (2004) constructed 
an early form of such a model, but still needed to invoke some 
of the assumptions listed above. More recently, Boudreau and Luo
(2017) created a more advanced example of this type of procedure. 
In that study, the records of the past positions of the carbonate 
compensation depth (zcc) were used to infer rates of calcification 
and CaCO3 burial in the deep ocean on secular timescale (≥1 Ma). 
None of assumptions (1)–(5) listed above were employed in that 
study. In fact, only one assumption was invoked, i.e., that the shape
of the CaCO3-content profile with ocean depth could be calculated 
simply from values of the compensation and saturation depths and 
the depositional rate of non-carbonate sediment (clay). Note that 
even that shape assumption is not necessary if the CaCO3 burial 
and CCD records can be shown to be mutually consistent, as they 
appear to be over the past 30 Ma (Boudreau and Luo, 2017).

Here, we present an inverse model for the mean dissolved 
carbonate chemistry of the pelagic ocean over the Cenozoic. Our 
model does not try to invert a complete earth system science 
model, but instead the small set of equations that account for 
conservation of the dissolved carbonate species of a mean pelagic 
ocean, surface and deep; consequently, only carbonate alkalinity 
(CAlk = HCO3

− + 2CO3
2−), total dissolved inorganic carbon (DIC =

CO2(aq) + HCO3
− + CO3

2−), seawater pH, and atmospheric CO2 are 
addressed and the processes that directly influence them.

We need to introduce our own assumptions to solve our equa-
tions, but none of those listed above. For example, we assume that 
all organic matter export from the surface pelagic oceans is re-
generated in the deep water and not preserved in sediments. To 
put that assumption in context, according to Sarmiento and Gru-
ber (2006), the present pelagic oceans export ∼550 Tmol C a−1 at 
100 m water depth, but ultimately bury in pelagic sediments only 
1.6 Tmol C a−1; thus, the leak through burial is only 0.3% of export. 
Our model predicts an export of 170 Tmol a−1, but at 200 m, and 
burial would account for a loss of ∼1%. These numbers explain 
why we set regeneration equal to export in our model; however, 
we demonstrate explicitly the weak influence of deep-sea carbon 
preservation later in our paper. Similarly, we decouple organic and 
inorganic carbon diagenesis in sediments, i.e., organic matter oxi-
dation does not significantly affect pelagic CaCO3 burial, contrary 
to the hypothesis offered by Emerson and Bender (1981); despite 
wide use, little empirical evidence has accumulated that demon-
strates the validity of this hypothesis, e.g., Jahnke and Jahnke
(2004).

Our aims with the present contribution are (1) to provide a 
secular-scale estimate of the chemical conditions for the carbonate 
system, i.e., carbonate alkalinity, DIC and pH, and (2) to examine 
if the results of our alternative model suggest that any of the as-
sumptions in the list above are universal and independent of the 
model employed, so that they may safely be adopted regardless of 
the model. This latter point is particularly important when trying 
to estimate past oceanic carbonate chemistry or atmospheric CO2
levels from proxies, e.g., from Boron isotopes. Finally, we employ 
our results to provide new estimates of atmospheric CO2 over the 
Cenozoic from the Boron-isotope record.

2. Model and inputs

2.1. Model specification

Central in our approach is the surface to deep water dichotomy 
in their carbonate chemistries; as such, a single box model of 
the oceans is inadequate. However, lateral gradients, within ei-
ther the surface or deep oceans, are of second order importance 
to the overall dynamics of the inorganic carbonate chemistry of 
the oceans. More specifically, while we fully realize that horizontal 
gradients exist in the oceans, they pale in magnitude to those in 
the vertical direction. For example, both CAlk and DIC change by 
as much as 300 μM vertically over <5 km; horizontal gradients of 
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Fig. 1. a. Conceptual diagram of the two-box dissolved carbonate system model used 
in this paper. Terms are also defined in panel B. b. Equations describing the secular 
state of the dissolved carbonate system in a two-box model of the oceans. We note 
that FO in equation (1) is the net rate of alkalinity input to the pelagic oceans, i.e., 
the difference between the input from rivers (due to weathering) and the net rate of 
alkalinity removal or addition by nearshore processes, while discounting significant 
hydrothermal input (Berner and Berner, 2012). FO is a calculated quantity and not 
assigned. HCO3

− is the dominant form of DIC and CAlk in ocean water (Sarmiento 
and Gruber, 2006); thus, FO appears in equation (2) as a source of DIC to the pelagic 
ocean. We thus assume that DIC/Calk ratio of the input FO is one and invariant.

these same variables are of the order of 200 μM over 25000 km, 
e.g., Sarmiento and Gruber (2006). When fully resolved, biogeo-
chemical models are applied to the past, their predictions remain 
in line with these estimates, e.g., Heinze and Ilyina (2015). Con-
sequently, unless there is a real need to resolve the horizontal 
changes, they can be ignored safely if the mean behavior of the 
oceans is the focus of the model, as it is here.

The simplest model that can capture a vertical dichotomy, while 
ignoring horizontal gradients, is a two-box model. One could argue 
that a three-box model that contains a high-latitude box for deep 
convection, i.e., a Harvardton-Bear model (Sarmiento and Togg-
weiler, 1984; Siegenthaler and Wenk, 1984; Knox and McElroy, 
1984; Broecker et al., 1999; Boudreau et al., 2010) might better 
represent the dynamics of the ocean, but that is only on “short” 
timescales. On a secular timescale, i.e. ≥1 Ma (Boudreau and Luo, 
2017), which concerns the present paper, the high-latitude box 
adds nothing substantial. The transit time is too short and its vol-
ume too small to influence any of our conclusions; thus, it is left 
out of our model.

The dependent variables in our model are the concentrations 
of the dissolved carbonate species in surface and deep reservoirs. 
A conceptual diagram for our model is presented in Fig. 1a, and 
the conservation equations for these quantities for our two model 
boxes are displayed in Fig. 1b – the first two equations for each 
box are for DIC and CAlk. Our model is based on CAlk because the 
latter is sufficient to fully specify ocean carbonate chemistry. Our 
CAlk results can easily be converted into total alkalinity (TAlk) – 
see the Supplemental Information (SI, hereafter) for an example. 
Our equations are simple algebraic balances because the carbon-
ate chemistry of the oceans is essentially in a quasi-steady state 
on secular timescales (∼3X the residence time of the HCO−

3 in 
the oceans). The other two equations are statements of thermody-
Fig. 1. (continued)
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namic equilibrium between the carbonate species in each reservoir. 
The other rate terms in these equations are defined in Fig. 1b.

The assumptions in these equations are: a) a two-box model 
provides an acceptable representation of oceanic carbonate chem-
istry on a timescale ≥106 yr; b) a simple exchange flow, U, is a 
satisfactory parameterization of secular timescale water exchange; 
c) no appreciable organic matter is buried in the deep sea, i.e., less 
than 0.3% of export flux is buried (Sarmiento and Gruber, 2006); 
consequently, so that organic carbon export production P in (1) 
is balanced by a negative σDP in (5), where σD is the fraction of 
exported carbon that is regenerated in deep waters. Initially we 
assume σD = 1, and we demonstrate the accuracy of this assump-
tion in Section 4.2; and, d) the net alkalinity input to the pelagic 
ocean, FO, is an unknown; FO can also be equated to the net DIC 
input to the pelagic ocean needed to support the inorganic carbon 
balance, which is well approximated in the oceans where the bi-
carbonate concentration is ∼20X the carbonate ion concentration. 
Moreover, we ignore any dissolution of CaCO3 within sediments 
driven by oxic organic matter decomposition (Emerson and Ben-
der, 1981) because that process has not been convincingly demon-
strated as important in pelagic sediments (e.g., Jahnke et al., 1994;
Jahnke and Jahnke, 2004).

The 7 equations in Fig. 1 apparently contain 16 unknowns, i.e., 
[CO2]S, [HCO3

−]S, [CO3
2−]S, [CO2]D, [HCO3

−]D, [CO3
2−]D, U , B , P , 

FO, Ex, [CO2]a, Keq
S, Keq

D, Ko, and BB; thus, there are 9 extra un-
knowns (σD is discussed in Section 4.2). That situation looks bleak 
and typical of all such models of the past. There are, fortunately, 
assumptions, simplifications and additional relations that can be 
used. Simplification starts by adding (2) and (6) to get:

FO = 2BB (9)

which means that the input of (carbonate) alkalinity and DIC to the 
pelagic oceans to support the inorganic carbon balance is twice the 
burial rate of CaCO3. Equation (9) allows us to calculate FO if we 
know BB and that will replace equation (6). In addition, combining 
equations (1), (5) and (9) gives:

Ex = BB (10)

which says that the rate of CaCO3 burial is equal to the net CO2
flux out of the (pelagic) surface oceans. Note that we assume that 
volcanic emissions are direct to the atmosphere and thus captured 
in our CO2 record so that they do not appear in our equations. 
Consequently, equation (10) can replace equation (5).

Next, we add new information to resolve the unknowns. First, 
assume that [CO2]a is known from proxies and other measure-
ments (Beerling and Royer, 2011) and can be represented by the 
smooth curve in Fig. 2a. (The boron-isotope-based CO2 data have 
been removed from this compilation for reasons explained below.) 
This approach removes one extra unknown, and because of equa-
tion (4), [CO2]S is immediately calculable. We fully realize that 
adopting the [CO2]a curve in Fig. 2a is a significant step, and we 
test its influence in Fig. S3 of the SI. Furthermore, the pCO2 record 
is under constant revision, so much so that our results can only be 
considered provisional – see Fig. S8 of the SI, using the Sosdian et 
al. (2018) data.

Results from Boudreau and Luo (2017) provide both [CO3
2−]D

and BB time series, as functions of the CCD records offered respec-
tively by Lyle et al. (2008) and Pälike et al. (2012); using these 
former series thereby drops the unknowns to 6 – see Figs. 2b–d. 
The Lyle et al. (2008) record is a recalibration of the (scientifically 
ancient) van Andel (1975) record, and the latter’s coarseness does 
limit its utility. The Pälike et al. Pacific CCD record shares some 
of the data of the Lyle et al. (2008) ocean-wide CCD record, but 
is chrono-stratigraphically better constrained and temporally bet-
ter resolved, thus revealing finer detail; nevertheless, the Pälike et 
al.-record relies upon equatorial cores and some of the observed 
structure may simply be related to long-term shifts in the ITCZ 
and the corresponding location of peak surface ocean productiv-
ity, rather than overall changes in ocean carbonate chemistry. We 
can expect some divergence in predictions from these two records, 
especially in the last 30 Ma of the Cenozoic. Note also that the 
Boudreau and Luo (2017) burial retrodictions are not in agreement, 
in either magnitude or trends, with those offered by Hilting et al.
(2008), based on carbon-isotope modeling, and that issue cannot 
be resolved here.

The thermodynamic constants K eq
S, K eq

D and K 0 can be calcu-
lated from the equations in Hain et al. (2015) – see Fig. 2e, using 
ocean and atmospheric temperature records (Hansen et al., 2013;
Beerling and Royer, 2011) and the secular changes in dissolved 
Ca2+ and Mg2+ given in Hain et al. (2015). We considered the 
effects of the error in K 1 noted by Zeebe and Tyrrell (2018) in 
the Hain et al. (2015) formulation and found it to be small (see 
Fig. S2). We also tested thermodynamic constants derived with 
temperatures set to ±2 ◦C from the Hansen et al. curve, which had 
no tangible effect on our results. There are now only 3 extra un-
knowns, P , B and U .

Berger and Herguera (1992) have collected data on present-day 
export fluxes of organic matter and CaCO3. Using their data, we 
derived the relationship

P = f Bm (11)

where f and m are fitting constants. Fig. 2f shows that our best 
fit to this data results from f = 0.04 and m = 1.43 when B and P
are in units of Gmol a−1. We assume that this present-day equa-
tion can be applied in the past, and we admit to the uncertainty 
of that extrapolation. To test that assumption, we also solved our 
model with a constant of P = 2 × 105 Gmol a−1, i.e., the value 
observed today, P = 4B, a commonly stated approximation (e.g., 
Broecker and Peng, 1982); however, the exact P to B relationship 
is of second-order importance (Fig. S4). The extra unknown count 
is down to 2.

Boudreau and Luo (2017) used their model not only to gener-
ate a consistent CaCO3 burial record (BB), but to calculate the total 
rain rate of CaCO3 to the sediment–water interface of the pelagic 
oceans, BSR. This is relevant because B is related to BSR; specifi-
cally,

B − BNS = BSR (12)

where BNS is the amount of the export of CaCO3 that dissolves in 
the water column. Fiadeiro (1980), Milliman (1993), Milliman et 
al. (1999), Sabine et al. (2002), and Feely et al. (2004) have all ar-
gued for the existence of an alkalinity source from water-column 
dissolution of CaCO3, particularly at depths just below the ther-
mocline, but above the saturation horizon. Many mechanisms have 
been proposed for this source, including aragonite and Mg-calcite 
dissolution, forcing by CO2 generated by microbial reactions, and 
digestion in animal guts. The exact mechanism is not important to 
our study other than the fact that it seems largely independent of 
the calcite saturation state of the water mass in which it occurs.

Based on their data, Feely et al. (2004) advance that BNS is 
about 50% of B . It is completely unknown if this fraction was at 
a similar level in the past. Assuming that BNS is driven by CO2

from the oxidation of associated organic matter, then to a first ap-
proximation, the rate of water column dissolution scales with B:

BNS = εB (13)

where ε is the fraction dissolved in the water column. We use 
ε equal to 0.5 (Feely et al., 2004); this is likely to be a maxi-
mum value as the saturation horizon for calcite was shallower in 
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Fig. 2. Input data used in the model given in Fig. 1. a The atmospheric CO2 data from Beerling and Royer (2011), without boron-isotope-based values, and the secular 
(averaged) trend in that data given by the red line. We also explored the use of the database at http://www.p -co2 .org /data/ (Foster et al., 2017), and the related results 
can be found in the SI – Fig. S1. b The deep-water carbonate ion records, as calculated by Boudreau and Luo (2017). c The Cenozoic CaCO3 burial records as calculated 
by Boudreau and Luo (2017). d Carbonate (calcite) compensation depth reconstructions for the global ocean from Lyle et al. (2008) and for the Pacific Ocean from Pälike 
et al. (2012). e Time series of the thermodynamic constants Keq

S, Keq
D and K 0 – see Fig. 1B, as calculated from the equations in Hain et al. (2015) and the calcium and 

magnesium ion concentration records found in that same paper. Note the error in K eq, via K 1, identified by Zeebe and Tyrrell (2018) has less than a 0.2% effect on its value 
– see Fig. S2. f Linear regression of the Berger and Herguera (1992) data relating the CaCO3 flux to the deep ocean to the organic carbon (OC) flux.
the past, which would shrink the depth range wherein BNS could 
be generated. The effects of changing ε are illustrated in Fig. S5 
(parts 1 and 2) of the SI. These are not large for dissolved species 
and pH, but the retrodicted P exhibits some sensitivity to the value 
of ε. Finally, using equation (12) and (13):

B = BSR(1 − ε)−1 (14)

and as a result, another extra unknown is eliminated.
This only leaves the water exchange rate between the surface 

and deep oceans, U . Sadly, the variation of U over the Cenozoic is 
unknown. Except in sub-oceans for sub-secular timescales, there 
is no strong evidence from GCM models that the overall over-
turning rate of the oceans was very different in the past (Bice 
and Marotzke, 2001; Heinze and Ilyina, 2015). The present-day 
value is between 30 and 50 Sv (Sarmiento and Toggweiler, 1984;
Broecker et al., 1999). Propitiously, our results do not depend 
overly on the exact value of U – see Fig. S6. That fortunate result 
allows us to set U = 50 Sv, with a reasonable degree of confi-
dence that the carbonate chemistry results are robust relative to 
this parameter. The model is now completely specified.

http://www.p-co2.org/data/
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Fig. 3. Retrodicted time series of carbonate alkalinity (CAlk) and total dissolved inorganic carbon (DIC). a Retrodiction of CAlk using the Lyle et al. CCD record. b Retrodiction 
of CAlk using the Pälike et al. CCD record. c Retrodiction of DIC using the Lyle et al. CCD record. d Retrodiction of DIC using the Pälike et al. CCD record.
2.2. Model solution

There are now 9 equations, i.e., equations (1)–(4), (7), (9)–(10), 
(11) and (14), that can be employed to calculate 9 unknowns, i.e., 
[CO2]S, [HCO3

−]S, [CO3
2−]S, [CO2]D, [HCO3

−]D, B , P , FO, and Ex, 
because U is a fixed known value, [CO2]a is taken from Beerling 
and Royer (2011) and Foster et al. (2017), BB and [CO3

2−]D are 
taken from Boudreau and Luo (2017), and the thermodynamic con-
stants are calculated according to Hain et al. (2015). The solution 
of these equations can be obtained by a simple bisection-and-
iteration method. The FORTRAN code that implements that method 
is also part of the Supplemental Information.

3. Results

Fig. 3 displays the retrodicted records of CAlk and DIC based 
on the CCD records from both Lyle et al. (2008) and Pälike et al.
(2012) – see Fig. 2e.

Fig. 4 illustrates the retrodicted pH (total hydrogen ion scale) 
records; this figure also contains estimated surface pH values from 
the boron-proxy (Pearson and Palmer, 2000; Foster et al., 2017), 
despite any continuing debate on the accuracy of that approach 
(e.g., Nir et al., 2015).

Fig. 5 displays the retrodicted export productivity P and the 
export calcification rate, B , as well as their ratio, P/B . B is perhaps 
surprisingly constant, regardless of the chosen CCD record, while 
both P and the P/B ratio exhibit weak dependencies on time over 
the Cenozoic. Unlike our BB retrodiction, our modeled P is similar 
to that predicted by Hilting et al. (2008).

As discussed in the Introduction, other authors have adopted a 
variety of assumptions to resolve the indeterminacy of their retro-
diction models, including constant surface alkalinity or calcite sat-
uration with time and a constant ratio of surface to deep water 
CO3

2− concentrations. To examine whether these assumptions are 
likely to be model independent, we present in Fig. 6a&b the retro-
dicted carbonate ion ratio and in Fig. 6c&d the retrodicted surface 
saturation. In addition, the assumption of constancy of surface al-
kalinity can be addressed with the results shown in Fig. 3.

4. Discussion

4.1. CAlk and DIC trends

As a first step, we need to explain the overall trends in the 
retrodicted time series of CAlk, DIC and pH in Figs. 3 and 4 in 
relation to the deep-water dissolved carbonate ion concentration, 
[CO3

2−]D (Fig. 2b), the CaCO3 burial rate, BB (Fig. 2c), the CCD 
positions, zcc (Fig. 2d), the atmospheric CO2 record (Fig. 2a), and 
the calcification rate, B (Fig. 5). Differences in predicted carbon-
ate chemistry between results obtained using the Lyle et al. CCD 
record and the Pälike et al. CCD record, as illustrated in these fig-
ures, appear to be almost trivial, but there is a marked disparity 
in implied cause. We begin by focusing on the Lyle et al.-based 
results, as this constitutes a simpler CCD record. Again, we note 
our model is restricted to the pelagic realm and cannot offer any 
specifics about the removal of alkalinity on shelves or in shallow 
seas. (Further, we display borate-corrected total alkalinity in Fig. S7 
to illustrate the ease of conversion of our results to TAlk.)

4.1.1. Results based on the Lyle et al.-CCD record
The Lyle et al. CCD record shows an overall deepening with 

Cenozoic progression (Fig. 2d), which results from an increase in 
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Fig. 4. Retrodicted pH records (solid lines) and the surface pH data derived from the Boron proxy (Pearson and Palmer, 2000, black circles; Foster et al., 2017, black squares). 
a Retrodictions based on the Lyle et al. (2008) CCD record. b Retrodictions based on the Pälike et al. (2012) CCD record. (The retrodictions are predictions of the past and 
not fits of the data.)

Fig. 5. Retrodicted records of export calcification (B), export productivity (P ) and their ratio (P/B). a Retrodictions based on the Lyle et al. (2008) CCD record. b Retrodictions 
based on the Pälike et al. (2012) CCD record.
either the input of alkalinity (FO) to the pelagic realm or in the 
pelagic calcification rate (B). Our results show that B remained es-
sentially constant during the Cenozoic (Fig. 5). This immediately 
demands a long-term increase in FO as the driver of the mean 
burial change (Fig. 2c), as required by Equation (9). A deepening 
CCD and increased burial should coincide with increased bottom 
water carbonate ion concentration (Fig. 2b), which was shown to 
be the case by Boudreau and Luo (2017), as also consistent with 
Tyrrell and Zeebe (2004).

The Lyle et al.-based burial rate (Fig. 2d) exhibits a weak broad 
maximum between 56 and 40 Ma (Eocene), centered at ∼48 Ma, 
which parallels an equally weak maximum in atmospheric CO2 be-
tween those times. Note that when Boudreau and Luo (2017) em-
ploy the Slotnick et al. (2015) CCD curve, they also retrodict a weak 
burial maximum (their Fig. 4), centered at ∼52 Ma. This weak peak 
in burial requires a similar trend in alkalinity input (FO) to the 
pelagic ocean from the nearshore, i.e., Equation (9), but the cause 
cannot be addressed with our model. The plateau in CO2 between 
58–52 Ma then corresponds to a weak decrease in CaCO3 burial 
(Fig. 2c), despite the fact that this period also contains episodes 
of strong and rapid CaCO3 dissolution and preservation, e.g., the 
PETM at ∼56 Ma.

The subsequent increased CaCO3 burial and [CO3
2−]D between 

∼50 and ∼30 Ma, i.e., near the onset of Antarctic glaciation, cor-
relate with elevated, but mainly decreasing, atmospheric CO2. The 
increasing burial (Fig. 2c), in turn, demands increased delivery of 
alkalinity (FO) to the pelagic oceans.

Between ∼30 and ∼15 Ma (i.e., the Middle Miocene Climate 
Transition – MMCT), CaCO3 burial falls, but stays well above the 
pre-48 Ma levels, which indicates a modest fall in the alkalinity 
input (FO). This decrease in accumulation accompanies a reduc-
tion in atmospheric CO2 to levels below those at the beginning of 
the Cenozoic, while the accumulation of carbonate ion in deep wa-
ter decelerates (Fig. 3a). After ∼15 Ma, carbonate burial again in-
creases, even though atmospheric CO2 remains low, which requires 
a net increase in the alkalinity input, i.e., increased weathering, or 
decreased alkalinity interception, or both.

Unlike the retrodicted deep-water carbonate ion concentration 
(Boudreau and Luo, 2017), which increases with time (Fig. 2b), 
both CAlk and DIC display about ±25% fluctuations (Fig. 3), such 
that these concentrations are currently at their highest levels. Be-
tween 65–32 Ma, the increased CAlk and DIC (Fig. 3) broadly cor-
relate with the rise in atmospheric CO2 (Fig. 2a). In fact, there 
are local CAlk and DIC maxima at ∼48 Ma (the beginning of the 
Eocene cooling trend) and ∼32 Ma (near the start of the Oligocene 
and the glaciation of Antarctica and possibly the opening of the 
Drake Passage) that correspond with similar CO2 peaks. Enhanced 
alkalinity input (FO) to the pelagic ocean is one logical explana-
tion, which again could be due to increased chemical weathering 
or lowered alkalinity interception, or both; however, increased at-
mospheric CO2 in itself could cause such changes.
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Fig. 6. a Retrodicted ratio of the surface to deep water carbonate ion concentration using the Lyle et al. CCD record. b Retrodicted ratio of the surface to deep water carbonate 
ion concentration using the Pälike et al. CCD record. c Retrodicted calcite saturation of the surface water using the Lyle et al. CCD record. d Retrodicted calcite saturation of 
the surface water using the Pälike et al. CCD record.
Between ∼32 Ma and ∼15 Ma, the Lyle et al.-based results 
demand that FO must have dropped because we observe decreas-
ing burial and concentrations of CAlk and DIC. Finally, burial rises 
strongly after 15 Ma, as a result of increased FO, which in turn 
leads to an increase in both CAlk and DIC (Fig. 3). All of this 
conforms to a widely held view of the evolution of the carbon-
ate chemistry of the oceans during the Cenozoic, e.g., as recon-
structed by Raymo and Ruddiman (1992) or Tyrrell and Zeebe
(2004). However, our reconstructed fluctuations in CAlk are consid-
erably smaller than those advanced by Pearson and Palmer (2000), 
but similar to those in Caves et al. (2016).

4.1.2. Based on the Pälike et al.-CCD record
The Pälike et al.-based model contains a surprise. Retrodicted 

CAlk and DIC records trend similarly to the Lyle et al.-based model 
(Fig. 3), if shifted downward slightly; yet, the Pälike et al.-based 
model retrodicts a dissimilar burial record (Fig. 2c) and, conse-
quently evolution of FO. Earlier in the Cenozoic (50 to ∼32 Ma), 
the burial generally increases, meaning that FO does so too, and 
CAlk and DIC rise. However, after ∼32 Ma, the CAlk and DIC fall, 
while the burial is, to a reasonable approximation, constant with 
smaller variations about that mean (∼12.5 Tmol a−1). There is no 
substantial fall in FO between ∼32 Ma and ∼15 Ma to drive the 
decreases in CAlk and DIC.

The clear correlation with the fall in CAlk and DIC is the drop 
in atmospheric CO2. When [CO2]a falls, [CO2]S changes proportion-
ately. During the ∼32 Ma and ∼15 Ma period, [CO2]S drops far 
more than [CO3

2−]s rises (Fig. 6), i.e., 62% drop versus a 30% rise. 
Accordingly, the bicarbonate ion must decrease to maintain Equa-
tion (3), and a reduction in bicarbonate ion lessens both CAlk and 
DIC, as seen in Fig. 3.

Between ∼15 Ma and today, the CAlk and DIC rose considerably 
(Fig. 3), whereas there was no systematic rise in burial (Fig. 2c) 
and thus FO. Atmospheric CO2 remained essentially flat. This draws 
our attention to the K eq records (Fig. 2d), which climb in both 
deep and surface oceans with decreasing ocean temperature over 
the last 15 Ma. These increases in K eq account precisely for the 
increases in CAlk and DIC. This role of thermodynamics in the car-
bonate system of the world’s oceans during the past 15 Ma is a 
novel finding, and contrasts with the weathering-alkalinity input 
control suggested by the Lyle et al.-based model. Note that a ther-
modynamically controlled situation would not rule out increased 
weathering over the last ∼15 Ma, only that the resulting alkalinity 
does not reach the pelagic ocean due to nearshore removal. (Note 
that the Lyle et al.-based CAlk and DIC also have this effect, but in 
that case, it is small compared to the alkalinity forcing.)

4.1.3. Based on a revised Pälike et al.-CCD record
The Lyle et al.-based and Pälike et al.-based retrodictions of 

CAlk, DIC and pH (Figs. 3 and 4) are not identical, but the differ-
ences are second order on secular timescales, even though the im-
plied mechanisms causing these trends during the last 15 Ma are 
decidedly different. The Pälike et al. (2012) record effectively be-
gins at 50 Ma, and we were curious if this record was extended to 
55 Ma, whether this similarity continued. Therefore, the pre-44 Ma 
data found in Fig. 2 in Pälike et al. (2012) can be interpreted some-
what differently and combined with that in Leon-Rodriguez and 
Dickens (2010) to create an alternative CCD record for the period 
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Fig. 7. a Original (blue) and revised (red) CCD records based on the data in Pälike et al. (2012) and Leon-Rodriguez and Dickens (2010). b Retrodicted positions of the 
saturation horizon calculated from the CCD records in panel A using the Boudreau and Luo (2017) model. c Retrodicted calcite carbon burial from the records in panel A 
using the Boudreau and Luo (2017) model. d Retrodicted surface carbonate alkalinity for the CCD records in panel A using the model in Fig. 1. e Retrodicted surface calcite 
saturation for the CCD records in panel A using the model in Fig. 1. f Retrodicted surface pH for the CCD records in panel A using the model in Fig. 1.
44–55 Ma; this is illustrated in our Fig. 7a. The revised zcc record 
is then deeper by between 0.4 and 0.9 km.

From this revised zcc record, we are able to calculate corre-
sponding revised zsat (saturation horizon depths – Fig. 7b) and a 
revised calcite-carbon burial record (Fig. 7c) using the model in 
Boudreau and Luo (2017). zsat is distinctly lower and, consequently, 
more calcite is preserved. However, the latter comes at a time of 
highly diminished CaCO3 preservation in the deep oceans, so that 
this increase in preservation is small in absolute terms.

Fig. 7d illustrates the retrodicted carbonate alkalinity of the sur-
face waters and a small peak now appears at around 48 Ma and 
the revised values are higher, but the difference with the original 
Pälike et al.-based curve is very small, i.e., ∼2.5%. Fig. 7e displays 
the calcite saturation state of the surface, and the difference with 
the original retrodiction is about 0.5 out of a background of about 
3.8, which is modest. Finally, Fig. 7f shows that the retrodicted pH 
of the surface waters is trivially dissimilar to the original Pälike et 
al.-based retrodiction. All this confirms that our dissolved carbon-
ate chemistry results are not greatly sensitive to the details of the 
input CCD records.

4.2. Effects of organic carbon burial

The assumption of no pelagic organic carbon (OC) burial may 
seem controversial, but it is easily shown that even a strongly ex-
aggerated pelagic OC burial does not affect our findings in any 
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Fig. 8. Comparison of retrodictions without pelagic organic carbon burial and with an exaggerated 10% (σD) preservation of the export flux. a CAlk records. b Surface water 
saturation records. c Surface water pH records, compared to data derived from the boron proxy (Pearson and Palmer, 2000 (blue squares); Foster et al., 2017 (green circles)). 
Retrodictions are based on the revised Pälike et al. CCD, as in Fig. 7. See text for further discussion.
significant way. We re-ran our model with a fixed (non-zero) frac-
tion of organic carbon burial (σD). As noted earlier, today’s pelagic 
oceans export (our P ) ∼550 Tmol C a−1 at 100 m (Sarmiento 
and Gruber, 2006, pp. 260–266), but ultimately bury in pelagic 
sediments only 1.6 Tmol C a−1; thus, the leak through burial is 
only 0.3% of export. These numbers explain why we previously 
set regeneration equal to export in our model. Meanwhile our 
model predicts an export of 170 Tmol a−1, but that is between at 
∼200 m, and burial would account for a loss of ∼1%. So, we gen-
erously assume that 10% of the OC export is buried. Fig. 8 displays 
re-calculations of the retrodictions of surface pH, CAlk and satura-
tion with a 10% leak (σD = 0.9).

Clearly, these figures demonstrate that a leak of this (large) 
magnitude does not produce a measurable difference in retrodicted 
pH (about 1%) and only a modest difference in surface CAlk (<6%) 
and saturation (<3%); deep water response is entirely similar. Yet, 
this model leak is massively greater than the known present-day 
escape from benthic regeneration, i.e., 10% versus 1%; if we had 
used 0.3% escape, there would be no quantitative differences at all. 
These results highlight that our treatment of OC burial is entirely 
justified.

4.3. pH records

Fig. 4 illustrates the retrodicted pH time series with both the 
Lyle et al.-based model and the Pälike et al.-based model. Also 
displayed are paleo-pH estimates from Boron-proxy measurements 
(compiled at http://www.p -co2 .org /data/). These model pH records 
are predictions, not fits, and the concurrence between Boron-
isotope data and models is an encouraging sign of the validity of 
our results. Moreover, our predictions are consistent with those of 
Tyrrell and Zeebe (2004) for the last 50 Ma, but they deviate for 
earlier times based on the Lyle et al-CCD record.

Surface water pH reached a minimum at the height of atmo-
spheric CO2 around 48 Ma. Between ∼48 and ∼15 Ma, pH rose as 
atmospheric CO2 stabilized and then dropped. Thereafter, [CO2]a
is roughly constant and so is the surface pH. The deep-water pH 
simply mirrors the deep-water value, offset by a small value as a 
result of higher DIC.

4.4. Past assumptions

As stated in the Introduction, past attempts to retrodict the 
ocean’s carbonate chemistry have invoked three common assump-
tions: (1) constant surface alkalinity, (2) constant surface satu-
ration, and (3) constant [CO3

2−]S to [CO3
2−]D ratio. If they are 

model-independent results, then they should emerge from our 
own calculations.

Fig. 3 shows that we retrodict a 67% change in CAlk of sur-
face waters over the Cenozoic, as opposed to the constancy or 
salinity dependence adopted by Hönisch and Hemming (2005). 
That is not a trivial variation, and it has implications for calcu-
lating [CO2]a from pH proxy data (e.g., Pearson and Palmer, 2000;
Hönisch and Hemming, 2005; Foster, 2008). Fig. 6 Panels C&D dis-
play the calcite surface saturation retrodiction and that quantity 
changes by ∼30% over the Cenozoic; the deviation from constancy 
seems modest; however, this 30% variation corresponds with a 3X 
change in retrodicted [CO2]S. The difference in a retrodicted [CO2]a
using our varying [CO3

2−]S and a [CO2]a from an assumed constant 
saturation could be great indeed. Finally, Fig. 6a&b display the 

http://www.p-co2.org/data/
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Fig. 9. a Comparison between the total alkalinity values used in the Cenozoic δ11B-based pCO2 compilation of Foster et al. (2017) (colored symbols, with the grey error 
bars representing the uncertainties as reported in the original publications), and our modeled TAlk record based on the revised Pälike et al. (2012) CCD (black line). b
Comparison between the published δ11B-based pCO2 estimates (colored symbols, with the grey error bars representing fully propagated uncertainties as reported in the 
original publications) and recalculated pCO2 estimates using our TAlk record based on the revised Pälike et al. (2012) CCD (black circles). The recalculated pCO2 estimates 
have the same total uncertainties as the original estimates, but for clarity these are not displayed again.
[CO3
2−]S/[CO3

2−]D ratio with time. This quantity changes by ∼30% 
in the Pälike et al.-based model and 63% in the Lyle et al.-based 
model. Such deviations from constancy could result in significant 
uncertainties, particular in any prediction of [CO2]a from [CO3

2−]D. 
It remains to be seen which set of assumptions, i.e., ours versus 
those in past studies, better approximates the oceans.

One interesting result from our model is that both B and P
(calcification and productivity rates) vary relatively weakly over the 
Cenozoic, which suggests that an assumption of constant B or P or 
B/P should generate results compatible with our own.

4.5. Implications for boron-based pCO2 reconstructions

Boron isotopes are a robust proxy for pH, but the constrained 
estimation of pCO2 requires a second parameter of the carbonate 
system (Foster and Rae, 2016), which in turn requires additional 
assumptions. To independently test the validity of these assump-
tions, we have taken the TAlk values and [CO3

2−] values (con-
verted to total alkalinity equivalents) used in the Cenozoic δ11B-
based pCO2 compilation of Foster et al. (2017) and compared them 
to our independently modeled calculated TAlk records (Fig. 9a). 
Then, we recalculated these δ11B-based pCO2 estimates based on 
our new TAlk records (Fig. 9b) to see if this resulted in significant 
differences with respect to the original reconstructions. (These cal-
culations were made with the R package seacarb, using modern 
values for the thermodynamic constants K 0, K 1 and K 2, and using 
temperature and salinity values as reported in the original publi-
cations.)
Our model TAlk values agree with those used in δ11B-based 
pCO2 reconstructions (Fig. 9a) and consequently, the differences 
between published pCO2 values and recalculated pCO2 values 
(Fig. 9B) are small for most of the Cenozoic. For the Pleistocene 
and Pliocene, all pCO2 values are comparable within their respec-
tive errors, but for the Miocene, our model actually offers slightly 
higher alkalinity values and hence pCO2 values, i.e., elevated by 
approximately 50–100 ppmv. Further back in time, more significant 
differences become apparent. For the Eocene, our retrodicted CAlk 
record generally yields much lower pCO2 values than the pub-
lished values, with a dramatic difference of more than 500 ppmv 
for the early Eocene at ∼53 Ma, much more consistent with the 
secular trend in Beerling and Royer (2011) – see Fig. 2a. If these 
recalculated pCO2 estimates are to be taken at face value, aver-
age early Eocene CO2 concentrations may have been much lower 
and more stable than inferred by Anagnostou et al. (2016). If any-
thing, this major difference highlights the fundamental challenges 
in understanding the evolution of ocean carbonate chemistry un-
der early Eocene greenhouse climates. We suggest that our retrod-
icted TAlk record can be used as a new framework for future pCO2
reconstructions and that future studies should focus on reconciling 
the mismatch between a shallow CCD and very high CO2 concen-
trations.

5. Conclusions

The secular state and variations of the carbonate system chem-
istry of the oceans can be retrodicted with a relatively sim-
ple, data-driven, inverse model, using available atmospheric CO2
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records, e.g., Beerling and Royer (2011) or the database at http://
www.p -co2 .org /data/, the carbonate ion record from Boudreau and 
Luo (2017), and the dissolved calcium and magnesium records in 
Hain et al. (2015), and a small number of justified assumptions. 
Our model provides an excellent retrodiction of the Boron-based 
pH of the surface waters of the Cenozoic seas, supplying some de-
gree of confidence in our results. We also employed our results to 
recalculate the atmospheric pCO2 record from Boron isotopes and 
showed that our retrodictions agree well with past estimates af-
ter 45 Ma, but that between 45 and 55 Ma, our estimates are far 
lower than reported in other studies.

The retrodictions of the CAlk and DIC of the oceans are almost 
identical when driven by either the Lyle et al. (2008), or the Pälike 
et al. (2012) CCD records, or as modified by the Leon-Rodriguez 
and Dickens (2010) data. Nevertheless, the causes of the variations 
in these records are decidedly different in the later Cenozoic (last 
∼15 Ma). In this interval, the Lyle et al.-based model links CAlk 
and DIC changes to changes in the alkalinity input (FO) to the 
pelagic oceans, while the Pälike et al.-based model drives the CAlk 
and DIC variations with changes in atmospheric CO2 and changing 
values of the thermodynamic constants of the carbonate system 
with a general cooling of the oceans, which is a radically different 
explanation.

Assumptions used in past models, e.g., constant surface alkalin-
ity, constant surface saturation, and constant [CO3

2−]S to [CO3
2−]D

ratio, are not reproduced by our model; this does not invalidate 
these past assumptions, but it certainly means that their adoption 
requires justification, as do our own.

We offer one final caveat, which is true of all model studies: 
if new data is later found to disagree with our retrodictions, this 
may indicate that one or more of our assumptions is wrong, e.g., 
ignoring OC-oxidation-driven dissolution in pelagic sediments and 
the resulting one-to-one alkalinity to DIC flux.
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