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1 Introduction and Concepts

1.1  Why Are we Interested in Reconstructing Marine 
Carbonate Chemistry?

It has been known since the early studies of Arrhenius (1896) that anthro-
pogenic emissions of carbon dioxide from fossil fuel burning and land use 
changes will warm our planet, but direct evidence for increasing atmo-
spheric pCO2 levels emerged only in 1958, when Charles Keeling started 
continuous measurements at the Mauna Loa Observatory on Hawaii and 
initially observed an average annual value of 315 parts per million (ppm) 
(Keeling et  al. 1976). These atmospheric pCO2 levels varied seasonally, 
steadily increased year upon year and were finally put into perspective when 
Raynaud and Barnola (1985) presented the first pCO2 measurements from 
Antarctic ice cores, which revealed pre‐anthropogenic background levels as 

Abstract
This chapter presents a brief introduction to marine carbonate chemistry 
systematics, including definitions of different pH scales. As a starting point, 
published estimates of Pleistocene and Cenozoic pCO2 reconstructions from 
boron isotopes and B/Ca ratios in planktic foraminifera are shown in the con-
text of ice core records and reconstructions from terrestrial leaf stomata and 
marine alkenones. These published boron proxy records form the foundation 
for discussing boron proxy systematics and sensitivity studies presented in the 
following chapters.
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2    Introduction and Concepts

low as 260 ppmv (parts per million by volume). Subsequent studies expanded 
the ice core records to 800 000 years ago and constrained the pre‐industrial 
range of atmospheric pCO2 to 172–300 ppmv, together with concomitant 
Antarctic temperature fluctuations of ~12 °C (Barnola et  al. 1987; Jouzel 
et al. 1987; Lüthi et al. 2008; Petit et al. 1999; Siegenthaler et al. 2005). In 
2014 atmospheric pCO2 hit 400 ppm for the first time (Dlugokencky and 
Tans 2017) and levels are projected to climb to 420–940 ppm by the end of 
this century, depending on future emissions (Figure 1.1).
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Figure 1.1  Historical observations and future trends 
in (a) atmospheric pCO2 (Meinshausen et al. 2011), (b) 
global sea surface temperature, and (c) surface ocean 
pH as a function of two CO2 emission 
scenarios – Representative Concentration Pathways 
RCP2.6 and RCP8.5. These scenarios represent the full 
range of possible future CO2 emissions used by 
scientists to predict future climate trends (see also 
IPCC 2013). Future sea surface temperature trends are 
globally averaged multi‐model estimates extracted from 
CMIP5 numerical experiments (Moss et al. 2010; 
Taylor et al. 2011), where temperature uncertainties are 
based on differences between individual model outputs. 
pH has been calculated in CO2SYS (Pierrot et al. 2006), 
with K1 and K2 according to Lueker et al. (2000), KSO4 

according to Dickson (1990), total [B] after Lee et al. 
(2010). Calculations have been parameterized using 
pCO2 and T as displayed in (a) and (b), S = 35, and 
adopting total alkalinity AT = 2300 μmol kg−1 as the 
second parameter required for seawater carbonate 
chemistry calculations. The temperature uncertainties 
displayed in (b) exert negligible influence on the pH 
estimates and do not exceed the thickness of the lines 
displayed in (c). Depending on the actual extent of 
future emissions, ocean acidification may peak at pH ~ 
8.0 (TS, RCP2.6) or fall to pH < 7.3 (TS, RCP8.5). 
Predicting ocean ecosystem responses to such 
acidification remains a challenge but may be improved 
by studying carbonate chemistry perturbations in 
Earth’s geological past.
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Introduction and Concepts    3

While discussion of the consequences of rising atmospheric pCO2 initially 
concentrated on global warming, research over the past two decades has 
increasingly addressed the dissolution of CO2 in seawater and its consequences 
for marine life. Briefly, as CO2 dissolves in the ocean, it hydrates and reacts with 
water to form carbonic acid, which then dissociates into bicarbonate, carbonate, 
and hydrogen ions according to the following reactions:

	 CO CO HCO CO2 2 2 3 3 3
2H O H H 2H � (1.1)

The more CO2 dissolves, the more hydrogen ions are created but these 
ions do not immediately accumulate, as they are buffered by the carbonate 
ions already in solution:

	 CO HCO3
2

3H 	 (1.2)

However, a small fraction of the resulting bicarbonate ions will dissociate, 
ultimately increasing the hydrogen ion concentration and therefore the 
acidity of seawater (i.e. lowering pH):

	 HCO CO3 3
2 H 	 (1.3)

A detailed description of marine carbonate chemistry systematics and calcu-
lations can be found in Zeebe and Wolf‐Gladrow (2001); here we will limit the 
discussion to a few basic details. The reactions between carbonate and hydrogen 
ions are governed by dissociation constants (K1 and K2), which depend on the 
thermodynamic seawater properties pressure (p), temperature (T) and salinity 
(S). The associated shift in carbonate ion speciation is shown in Figure 1.2, 
which displays the relative concentrations of [CO2], [HCO3

−] and [CO3
2−] 

versus seawater‐pH at typical surface (T = 25 °C, S = 35, and p = 1 bar) and deep 
ocean conditions (T = 4 °C, S = 34.8, p = 401 bar). In contrast, the sum of all 
dissolved inorganic carbon (DIC) species and their alkalinity (i.e. the sum of 
their charges) are independent of T, S, and p when expressed in gravimetric 
units (i.e. μmol kg−1, as opposed to the volumetric μmol l−1). Because these six 
parameters are interrelated, the entire carbonate system can be determined if 
two of its components, in addition to temperature, salinity, and pressure, are 
known. Several programs facilitate computation of the carbonate system; see 
Further Reading for details.

One aspect that requires specific attention is the choice of pH scale. Four 
scales have been defined, the National Bureau of Standards (NBS), free 
hydrogen, seawater, and total scale; they differ in the chemical composition of 
their respective reference material and pH values determined for identical 
solutions differ by up to 0.15 units (Table 1.1). While this pH difference may 
appear small, it has significant consequences for carbon system calculations, 
as demonstrated in Table 1.1. For example, assuming the same T, S, p, pH, and 
DIC value to calculate pCO2, but with pH defined on different scales, calcu-
lated pCO2 differs by >150 μatm. Such large differences are inacceptable for 
carbon system determinations and must be avoided by all means. Fortuitously, 
pH scales are interrelated and values can be converted (see Zeebe and Wolf‐
Gladrow 2001), but this is only possible if studies cite the pH scale used. 
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4    Introduction and Concepts

Table 1.1  Definitions of pH scales, differences in scale‐specific pH values in solutions of the same composition, 
and differences in pCO2 calculated from solutions of similar composition but assuming pH = 8.10 for all four  
pH‐scales.

Scale Definition

pH value at 
TA = 2400 μmol kg−1, 
DIC = 2100 μmol kg−1,  
T = 25 °C, S = 35, p = 1 bar

pCO2 at pH = 8.10,
DIC = 2100 μmol kg−1,
T = 25 °C, S = 35, 
p = 1 bar

NBS (μmol kg−1 H2O) pHNBS = −log aH+ 8.162 513
Free (μmol kg−1 SW) pHF = −log [H+]F 8.133 477
Total (μmol kg−1 SW) pHT = −log ([H+]F+[HSO4

−]) 8.025 363
Seawater (μmol kg−1 SW) pHSWS = −log ([H+]F+[HSO4

−] + [HF]) 8.016 354

Calculations performed using the CO2SYS program (version 2.1) by Pierrot et al. (2006) with K1 and K2 according to Lueker et al. (2000), KSO4 
according to Dickson (1990) and total [B] after Lee et al. (2010).
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Figure 1.2  This Bjerrum plot displays relative 
concentrations of dissolved carbon species versus 
seawater‐pH. Relative species concentrations were 
calculated using the CO2SYS program by Pierrot et al. 
(2006) with K1 and K2 according to Lueker et al. (2000), 

KSO4 according to Dickson (1990), total [B] after Lee 
et al. (2010), and using T = 25 °C, S = 35, p = 1 bar for the 
sea surface (red lines) and T = 4 °C, S = 34.8 p = 401 bar 
for the deep ocean (black lines). The modern range of 
seawater‐pH is indicated by the gray bar.
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Introduction and Concepts    5

Because the boron equilibrium constants are reported for the total scale 
(Dickson 1990; Millero 1995), this book will present all data on the total scale.

Modern surface ocean pH is ~8.1 (total scale, TS), which is already ~0.1 pH 
units lower compared to the preindustrial, when atmospheric pCO2 was 
~120 ppm lower compared to today (Figure 1.1). Surface ocean pH continues 
to drop by ~0.002 units annually (Takahashi et al. 2014) and anthropogenic 
CO2 slowly enters the intermediate and deep ocean via thermohaline 
circulation (Feely et  al. 2004; Khatiwala et  al. 2012; Sabine et  al. 2004). 
Although the incremental accumulation of hydrogen ions resulting from 
dissolution of CO2 will not actually turn seawater acidic (i.e. pH will not 
drop below 7), the trend towards decreasing pH has been termed Ocean 
Acidification (Caldeira and Wickett 2003). Depending on the source and 
extent of future anthropogenic carbon emissions, surface seawater pH is 
projected to decrease by an additional 0.1–0.7 pH units by the year 2200 
(Figure  1.1). Laboratory experiments with various marine organisms and 
observations of naturally acidified ecosystems have highlighted the vulner-
ability of marine life to ocean acidification, but also the diversity of the biotic 
response (for a review see Doney et al. 2009).

Despite a wealth of experimental and observational work, projections of 
future ecosystem changes in the warming and acidifying ocean suffer from 
limited diversity and typically short duration of laboratory experiments, a 
shortcoming that can be compensated by the study of the geological record 
(e.g. Hönisch et al. 2012). Similarly, improving estimates of future warming 
requires better estimates of climate sensitivity, and the geological record 
offers a multitude of opportunities to study the interplay of CO2 and tem-
perature (Foster et  al. 2017, PALEOSENS‐project‐members 2012). While 
polar ice provides the best archive for past CO2 concentrations, continuous 
ice core records are currently limited to the past 800 000 years (Lüthi et al. 
2008). Horizontal drilling into Antarctic blue ice has recovered isolated sec-
tions ~1 million years old (Higgins et al. 2015) and ~2.7 million years old 
(Yan et al. 2017), but the prospect of a continuous vertical record may not 
exceed 1.5 million years (Fischer et al. 2013). The study of geological archives 
therefore requires the use of proxies, i.e. measurable stand‐ins for environ-
mental parameters that can no longer be measured directly. CO2‐ proxies 
have been developed for the terrestrial and the marine realm, and include 
the stomata density of fossil leaves, the carbon isotopic composition (δ13C) 
of marine biomarkers, and the boron isotopic composition and B/Ca ratios 
recorded in foraminifer shells, among others (e.g. Beerling and Royer 2011; 
Foster et al. 2017). Figures 1.3 and 1.4 display a selection of reconstructions 
over the past 800 000 and 65 million years, respectively. The functioning of 
the systematics, advantages, and shortcomings of the proxies displayed in 
these figures have been reviewed in Royer et  al. (2001a) and Allen and 
Hönisch (2012). Because this book focuses on boron proxies, we will only 
mention the systematics of other proxies briefly.

Of the proxies shown, only the stomata (breathing cells) of vascular land 
plants are directly related to atmospheric pCO2  –  the stomatal index 
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6    Introduction and Concepts

decreases as atmospheric pCO2 increases, such that water loss via evapora-
tion can be minimized when CO2 is abundant (e.g. Royer et al. 2001b), but 
see also Franks et  al. (2014) for additional environmental and stomatal 
anatomy controls on leaf gas exchange. Alkenone pCO2 estimates are based 
on the carbon isotope fractionation that occurs during photosynthesis per-
formed by marine haptophytes, where δ13Calkenone is inversely related to 
aqueous [CO2], but also depends on algal growth rate (i.e. nutrient supply) 
and cell geometry (e.g. Henderiks and Pagani 2007). As such, alkenone 
reconstructions require a few auxiliary data, including estimates of δ13C of 
DIC, temperature, nutrients, and cell geometry (e.g. Zhang et al. 2013), all of 
which can be estimated from respective marine proxy records. Boron iso-
topes and B/Ca ratios in planktic foraminifer shells are not directly related 
to pCO2 but rather to seawater acidity, and thus require a second parameter 
of the carbonate system to estimate pCO2 via pH. The second parameter is 
often given by an assumption of total alkalinity, which changes little on 
Pleistocene time scales, but is more uncertain on multi‐million year time 
scales (Caves et  al. 2016; Ridgwell 2005; Tyrrell and Zeebe 2004). Boron 
proxy‐to‐pCO2 translations also require estimates of temperature and 
salinity, in addition to knowledge of the boron isotopic composition (δ11Bsw), 
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Figure 1.3  800 000 year record of atmospheric pCO2 
extracted from Antarctic ice cores (Lüthi et al. 2008; 
Petit et al. 1999; Siegenthaler et al. 2005) and 
reconstructed from planktic foraminiferal boron 
isotopes (dark blue circles, Henehan et al. 2013; 
Hönisch and Hemming 2005, Hönisch et al. 2009) and 
B/Ca ratios (light blue diamonds, Tripati et al. 2009; Yu 
et al. 2007), alkenones (orange triangles, Jasper and 
Hayes 1990; Zhang et al. 2013) and leaf stomata (green 

squares, Rundgren and Bennike 2002, Steinthorsdottir 
et al. 2013). Note that the calibration of Jasper and 
Hayes (1990) scaled the alkenone amplitude to the ice 
core pCO2 amplitude. This is therefore not a completely 
independent reconstruction, but the shape of the proxy 
reconstruction matches the ice core data well. pCO2 
uncertainties are ~20 μatm for boron isotope estimates, 
~30 μatm for B/Ca estimates, ~60 μatm for alkenone 
estimates and ~20 ppmv for leaf stomata estimates.
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Introduction and Concepts    7

boron and calcium concentrations of seawater. The details of these parame-
ters and translations will be explained later in this book, for now it suffices 
to say that pCO2 reconstructions from proxies are more complicated than 
the extraction of actual CO2 from air trapped in polar ice. However, despite 
the complexity of the respective translation process, validation of proxy 
estimates relative to ice core pCO2 (Figure  1.3) shows convincing results. 
Going further back in time, pCO2 estimates from different proxies show 
relatively consistent values until ~40 Ma, but diverge greatly during the early 
Eocene and Paleocene, with δ11B estimates showing the highest pCO2 values 
(Figure 1.4).

While these proxy estimates have greatly enhanced our understanding of 
Earth’s climate system, the uncertainties associated with all of these pCO2 
estimates preclude accurate estimates of climate sensitivity (PALEOSENS‐
project‐members 2012). Improvements have been made over the past few 
years but are still needed for all proxies. In particular, some of the boron proxy 
records shown in Figures 1.3 and 1.4 are no longer considered scientifically 
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Figure 1.4  Proxy estimates of Cenozoic climate change 
(as inferred from benthic foraminiferal δ18O, Zachos 
et al. 2008) and atmospheric pCO2 reconstructed from 
planktic foraminiferal boron isotopes (dark blue circles, 
Anagnostou et al. 2016; Badger et al. 2013; Bartoli et al. 
2011; Foster et al. 2012; Greenop et al. 2014; Hönisch 
et al. 2009; Martínez‐Botí et al. 2015; Pearson et al. 2009; 
Seki et al. 2010) and B/Ca ratios (light blue diamonds, 
Tripati et al. 2009), alkenones (orange triangles, Zhang 
et al. 2013) and leaf stomata (green squares, van der 
Burgh et al. 1993; Kürschner et al. 1996, 2001; McElwain 

1998; Royer et al. 2001a; Beerling et al. 2002; Greenwood 
et al. 2003; Royer 2003; Kürschner et al. 2008; 
Retallack 2009; Smith et al. 2010; Doria et al. 2011). 
Geological epochs are indicated by the gray bar. 
Whereas Pleistocene (Pl) and Pliocene (P) pCO2 
estimates compare fairly well, Miocene records diverge 
by ~150 μatm and Paleocene/Eocene records by 
~2000 μatm. Similarly, pCO2 uncertainties vary by 
proxy and increase further back in time. Such large 
uncertainties compromise estimates of past climate 
sensitivity.
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8    Introduction and Concepts

sound, and we will discuss individual boron proxy records in detail. 
However, this book will not only focus on atmospheric pCO2. Estimates of 
seawater pH in coral reefs and carbon storage in the deep ocean are all 
aspects that contribute to our understanding of the marine carbon system, 
climate, and ecosystem dynamics. These properties can be reconstructed 
with boron proxy estimates in marine carbonates as different as shallow and 
deep‐water coral skeletons, planktic, and benthic foraminifer shells, 
brachiopod shells, and inorganic precipitates. In addition to pCO2 estimates 
beyond ice cores, boron proxies thereby provide a plethora of opportunities 
to decipher the causes of past carbon cycle variations and their effect on 
marine ecosystems.
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Further Reading/Resources

CO2 in seawater: Equilibrium, Kinetics, Isotopes, by Zeebe and Wolf‐Gladrow, 
Elsevier Oceanography Series, Volume 65, 360 pp., eBook ISBN: 9780080529226, 
2001 – the resource for all questions on ocean carbonate chemistry

Ocean carbonate chemistry calculation programs can be found at:
CO2SYS for EXCEL (Pierrot et al. 2006) and Matlab (van Heuven et al. 2009): 

http://cdiac.ornl.gov/oceans/co2rprt.html
csys.m, a Matlab program that accompanies CO2 in seawater by Zeebe and Wolf‐

Gladrow (2001): http://www.soest.hawaii.edu/oceanography/faculty/zeebe_files/ 
CO2_System_in_Seawater/csys.html

seacarb (Gattuso et al. 2017): https://CRAN.R‐project.org/package=seacarb
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