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Abstract

In order to better understand the effect of CO, on the Earth system in
the future, geologists may look to CO,-induced environmental change in
Earth’s past. Here we describe how CO; can be reconstructed using the
boron isotopic composition (5!'B) of marine calcium carbonate. We review
the chemical principles that underlie the proxy, summarize the available cal-
ibration data, and detail how boron isotopes can be used to estimate ocean
pH and ultimately atmospheric CO, in the past. !'B in a variety of ma-
rine carbonates shows a coherent relationship with seawater pH, in broad
agreement with simple models for this proxy. Offsets between measured and
predicted 8''B may in part be explained by physiological influences, though
the exact mechanisms of boron incorporation into carbonate remain un-
known. Despite these uncertainties, we demonstrate that §''B may provide
crucial constraints on past ocean acidification and atmospheric CO;.
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1. INTRODUCTION

Boron is a volatile semimetallic element belonging to group 13 of the periodic table. It was
first isolated in the early 1800s by Gay-Lussac & Thenard (1808) and is rarely found in nature as
elemental B; instead, oxides and hydroxides dominate, with B commonly found in high concentra-
tions in fluids as boric acid and in a number of minerals, such as colemanite (CaB; O4(OH); - H,O)
and borax (Na,(B4Os(OH),) - 8H,O), which gives the element its name. Boron has relatively low
concentrations in the bulk silicate Earth (~0.3 ppm) (McDonough & Sun 1995), but due to its
incompatibility during mantle melting (similar to K) (McDonough & Sun 1995) and its ready
solubility in fluids at moderate to high temperatures (>100°C) (Leeman & Sisson 1996), it is con-
centrated in Earth’s crust, with average upper crust being ~15 ppm B (Shaw et al. 1986, Leeman
etal. 1992). The erosion of the upper crust is the primary source of B in the oceans (Lemarchand
et al. 2002a), where it is a conservative element found in concentrations of ~4.5 ppm (Lee et al.
2010).

Boron has an atomic mass of 10.81, and it was first recognized by Aston (1920) that it has
two stable isotopes: 1B (~20%) and ''B (~80%). Boron isotopic variation is reported using delta

11 10
5B (%0) = ((&) - 1) x 1,000, 1)

1 B/ I()Bstandard

notation:

where ""B/!"Bgndara is the boron isotopic composition of National Institute of Standards and
Technology (NIST) Standard Reference Material (SRM) 951 boric acid (''B/''B =4.04367)
(Catanzaro et al. 1970). In many natural systems boron is bound to oxygen in either a tetrahedral
complex, such as B(OH);~ (borate ion), or a trigonal complex, such as B(OH); (boric acid). Nat-
ural fractionation between the two isotopes is governed principally by their distribution between
these complexes, with the !B incorporated preferentially in the more strongly bonded trigonal
molecules. The fluid mobility of boron, the variability of boron speciation at low temperature,
the relatively low mass of the element, and the large mass difference between its isotopes (~10%)
all contribute to allow boron to exhibit a very large natural range of isotopic composition, from
—30%0 to +50%0 (Barth 1993). As a result there is much interest in boron isotopic composition as
a sensitive tracer of a variety of geochemical processes (e.g., Palmer & Swihart 1996).

In this review we focus on the growing use of the boron isotopic composition of marine
carbonates, in foraminifera in particular, to trace ocean pH in the past (e.g., Sanyal et al. 1995;
Pearson & Palmer 2000; Honisch & Hemming 2005; Foster 2008; Honisch et al. 2009; Pearson
et al. 2009; Seki et al. 2010; Yu et al. 2010; Bartoli et al. 2011; Foster et al. 2012; Badger et al.
2013a,b; Foster & Sexton 2014; Greenop etal. 2014; Penman etal. 2014; Rae etal. 2014; Martinez-
Boti et al. 2015a,b). Knowledge of past ocean pH allows reconstruction of CO, in the ancient
atmosphere (e.g., Foster et al. 2012) and a greater understanding of why CO, changes (e.g., Rae
et al. 2014), as well as documentation of the patterns and magnitude of ocean acidification (e.g.,
Penman et al. 2014).

The establishment of boron isotopes as a proxy for past pH has been made possible by a series
of analytical developments in isotope geochemistry over the past 30 years. For instance, although
the boron isotopic composition of natural materials had been measured for several decades (e.g.,
McMullen et al. 1961), it wasn’t until the development of the very sensitive negative ion thermal
ionization technique in the 1980s (measuring '°B'O,~ and !'B!0,~) (Zeininger & Heumann
1983) that the isotopic composition of the relatively small amounts of boron found in marine
carbonates (3-50 ppm) (Vengosh et al. 1991, Hemming & Hanson 1992) could be precisely
determined (Vengosh et al. 1991, Hemming & Hanson 1994). These measurements revealed that
a variety of marine carbonates (foraminifera, pteropods, corals, ostracods) had 8''B isotopically
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lighter than seawater by 10-26%0 (Vengosh et al. 1991, Hemming & Hanson 1992). This light
isotopic ratio was suggested to result from the preferential incorporation of borate ion into CaCOs,
and as the boron isotopic composition of this molecular species is pH dependent (see Section 3), it
was recognized that the §''B of marine carbonates had the potential to trace ocean pH (Vengosh
etal. 1991, Hemming & Hanson 1992, Spivack et al. 1993). However, despite this early promise,
the application of the boron isotope pH proxy has, until recently, been limited by a number of
challenges, including the accurate determination of the isotopic fractionation factor, constraints
on incorporation mechanism, the influence of vital effects, and analytical uncertainty related to the
difficulty of measuring the small amounts of boron found in marine carbonate. Significantadvances
have now been made on each of these fronts, allowing boron isotopes to be increasingly used to
provide new insights into past changes in pH and CO,. In this contribution we review the current
understanding of the mechanics of the 5!'B-pH proxy and its application to reconstructing ocean
pH and atmospheric CO; in the past. As with most proxy systems, limitations and uncertainties
remain, and the most important of these, as well as the outstanding challenges, are also discussed.

2. TRACING OCEAN pH AND ATMOSPHERIC CO, WITH
BORON ISOTOPES

2.1. Why Do We Care About Ocean pH?

Between 1750 and 2015 humans released 590 Gt of CO;. This has resulted in an increase in
atmospheric CO, concentration of 120 ppm, so far driving global warming of ~1°C. At the same
time the oceans have taken up roughly a third of the CO; emitted (Khatiwala et al. 2013), and
as CO, is a weak acid, this has lowered surface ocean pH by 0.1 pH units (a 26% increase in
[H*]). This paired CO;-driven climate change and ocean acidification is likely to have significant
impact on land and marine ecosystems and the human civilizations that depend on them (e.g.,
Ciais et al. 2013, Gattuso et al. 2015), and it is thus a major goal of science and society to better
understand how the Earth system responds to changes in CO,. One way this can be achieved is
by reconstructing changes in CO, and pH in the geological past (e.g., Rohling et al. 2012).

To understand changes in past ocean acidification and atmospheric CO,, we must begin by
considering the behavior of CO, in the ocean. This is crucial because the ocean contains around
60 times more CO, than the atmosphere and, unlike geological carbon reservoirs, can exchange
this CO; with the atmosphere on decadal to millennial timescales (Holmen 1992). The abundance
of CO; in seawater, compared with most other gases, is the result of the reaction of CO; and water
to form carbonic acid, bicarbonate, and carbonate ion via the following reactions:

K K
CO, + H,0 & H* + HCOS™ & 2H* + CO,", Q)

where K; and K, are the first and second dissociation constants for carbonic acid in seawater.
The sum of the carbon-containing molecules in Equation 2 is known as total CO, or dissolved
inorganic carbon (DIC). The extent to which this system of weak acids is dissociated results from
the need to balance the sum of the charges on the strong acids and bases in seawater, a property
equivalent to seawater alkalinity (ALK). If alkalinity is large and the pool of DIC to balance it
is relatively small, then the DIC will be pulled toward the charged bicarbonate and carbonate
species; vice versa, if a large pool of DIC exists but alkalinity is small, much of the DIC must be
presentas uncharged CO,. Like CO,, ocean pH is primarily controlled by the balance of alkalinity
and DIC, and pH and CO, are thus tightly coupled (Figure 1).

The quantitative relationship between pH and CO; is described by the ocean carbonate system.
This is made up of six key variables (pH, CO, (aq), DIC, ALK, CO;?~, and HCO;*7), related to
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Figure 1

Seawater pH (total scale, red; pCO,, gray; [CO3%~], blue; 8" Byyrare, dashed orange) as a function of alkalinity

(ALK) and dissolved inorganic carbon (DIC).

one another by the following four equations:

DIC = [CO,] + [HCO; ] + [CO{ ],

ALK = [HCO, ] + 2 [CO{ ] — [H*],

. [HCO3_][H+]
K=o,
[CO2[E]

K; = —
[HCO, ]

)

)

®)

©)

The oceanic carbonate system thus has two degrees of freedom, so knowledge of pH and one
other carbonate system variable allows for the full quantification of the system (though note that
K} and Kj are temperature, salinity, and pressure dependent, so these state variables must also
be known). Although the full expression for ocean alkalinity includes other minor weak acids
and bases, these variables are added to the system along with independent equations such that
the carbonate system always has two degrees of freedom. Quantification of [CO;] allows us to
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calculate the concentration of atmospheric CO; in equilibrium with this water via Henry’s law:

CO(g) & CO,(ag). )

where K is the solubility coefficient of CO; in seawater, allowing quantitative constraints to be
placed on atmospheric CO; in the past based principally on a paleorecord of surface ocean pH.
A growing number of studies have thus used pH records from boron isotopes to reconstruct past
atmospheric CO; (e.g., Sanyal et al. 1995, Pearson & Palmer 2000, Honisch et al. 2009, Pearson
etal. 2009, Seki etal. 2010, Foster etal. 2012, Martinez-Boti et al. 2015a); others have investigated
how the oceans have driven changes in atmospheric CO, over the Quaternary (e.g., Yuetal. 2013;
Rae et al. 2014; Martinez-Boti et al. 2015a,b), whereas still others have traced the magnitude of
oceanic uptake of anthropogenic CO, over the past 200 years (Liu et al. 2014). In short, it is the
close link between pH and oceanic and atmospheric CO, that makes a proxy for past ocean pH
of great interest in the geosciences.

2.2. The Boron Isotope pH Meter

The ability of boron isotopes in carbonates to record past pH stems from the acid-base chemistry
of boron in seawater. Boron exists in seawater predominantly in two forms, boric acid (B(OH);)
and borate ion (B(OH), ™), with the total concentration of boron in seawater denoted as [Blyy:

[Blsw = [B(OH);] + [B(OH),"]. ®
These molecules are related by the following acid-base equilibrium:
B(OH); + H,0 < B(OH),” + H". )
The stoichiometric equilibrium constant (K}) of this reaction is

Ki= (B(OH), J[H'] 7 (10)

[B(OH);]
with a value of ~107%¢ (or pK}; ~ 8.6) in seawater at 25°C, 35 psu, and atmospheric pressure
(note that the influence of temperature, salinity, and pressure on Kj, is relatively minor and
well constrained) (Figure 2) (Dickson 1990). As pK7 is close to typical seawater pH (~8), the
concentrations of B(OH); and B(OH),;~ vary considerably with ocean pH (Figure 34):
[Blsw

[BOH)] = 1 gy (i
B

[Blsw

(12)
Although the distribution of boron in seawater between B(OH); and B(OH),~ varies, the
behavior of total boron in seawater ([Bl,y) is conservative, with a concentration given by (Lee
etal. 2010):
pmol  salinity
x

. 13
kg 35 (13)
The isotopic composition of total boron in seawater (5'!By,) is 39.61%o (Foster et al. 2010), and

[Bl., = 432.6

this is invariant on multi-million-year timescales, due to boron’s long residence time (10-20 Myr)
(Lemarchand et al. 2002a).

Due to differences in coordination and vibrational frequency there is a pronounced isotopic
fractionation between B(OH); and B(OH),~, with !B preferentially incorporated into boric acid.
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The isotopic exchange between these species can be described by the reaction
'"B(OH); + '"B(OH),” < ""B(OH); + '"B(OH),", (14)

with the isotopic fractionation, ag (also written ''"1°Ky and ags-3), given as

1
10 RB(OH)3
Xp = 77—

: (15)

11
10 RB(OH);

11 . . . . . .
where 1 R is the !'B/!%B ratio of each species. The fractionation factor is also commonly expressed
in epsilon units:

ep = (ag — 1) x 1,000. (16)
Given the isotopic fractionation between the boron species, and the fact that their abundance
changes with pH yet must sum to give B, and 8!!'Bg,, it follows that the isotopic composition of

each species will vary as a function of pH (Figure 35). In simplified form, this can be represented
by the following mass balance equation:

%RBSW x [Blsw = %RB(OH)g x [B(OH);] +% RB(OH)_{ x [B(OH),"]. 17)

For instance, at pH < 7, the majority of the boron in seawater is in the boric acid form (Figure 3),
so boric acid must have a 6!'B equal to 8'!'By, (i.e., 39.61%), and an infinitesimal amount of
borate will be present, with a §!'B offset below boric acid by a function of «p. Similarly, at
pH > 10, the majority of boron is present as borate ion, which must therefore have the 8'' B of total
boron in seawater, while an infinitesimal amount of boric acid will be present, with elevated §!'B

(Figure 3). The isotopic composition of either molecule may be calculated by rearranging the
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Figure 3

Variation in (#) concentration and (4) isotopic composition of borate ion (B(OH)4 ™) and boric acid (B(OH)3)
with seawater pH (total scale). Graphs are plotted for standard surface seawater conditions, with temperature
of 25°C and salinity of 34.7 psu, giving pKj; ~ 8.6, and with o = 1.0272 (Klochko et al. 2006), isotopic
composition of boron in seawater (8! Bgy) = 39.61%0 (Foster et al. 2010), and total boron in seawater

([Blsw) =432.6 x (salinity/35) pmol/kg (Lee et al. 2010). Note that different temperature, salinity, and
pressure conditions lead to different pKy values, giving subtle differences in the trends plotted here (see
Figure 2).

mass balance in Equation 17 and substituting in Equation 15:

; 10 Rg,, % [Bla

o R o= . 18
%O = [BOH), | + oa [BOT)] o
"This may be converted to delta notation by substituting Equations 1, 8, and 16 to give
5" By [Blsw — e3[B(OH);]
511B _ sw SW , 19
FOME T [BOH), ] + ap[B(OHD);] 4
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611BB(OH); = 5HBB(OH)4‘ X &g + €p. (20)

Because the dominant control on the concentration of each species in seawater is pH, the 5!'B of
each species is a close and easily described function of pH (Figure 3); for example,

5By, + (' By, — €) x 10PK5—PH
1 + g x 10PKz—PH '

5HBB(OH); = 21
As K} is a function of temperature, pressure, and salinity, the 5!!B of each species also varies with
these environmental conditions (Figure 2), albeit with a reduced sensitivity compared with pH.
For instance, at atmospheric pressure, 25°C, and 35 psu, a pH increase from 8.2 to 8.3 causes the
8B of borate to increase by 1.34%o, whereas increasing temperature by 1°C and salinity by 1 psu
at pH 8.2 changes the 5''B of borate by 0.15%0 and 0.07%o, respectively (Figure 2).

As the isotopic compositions of borate and boric acid are functions of pH, it follows that if
we could reconstruct the 3''B of one of these molecules in the past, we could reconstruct pH.
In short, this is made possible by the inference that it is predominantly the borate molecule that
is incorporated into marine carbonates (Hemming & Hanson 1992). This allows us to use the
homogeneous equilibrium of boron and its isotopes in solution as described above, along with
measurements of 5!'B in marine carbonates, to reconstruct the pH of the seawater in which
the carbonate precipitated. The details of boron isotopes in carbonates and their measurement,
incorporation, and application to reconstruct pH and CO; are discussed in detail in Sections 3 and
4, and are now the major areas of research on the §!'B-pH proxy. However, before leaving this
underlying solution chemistry behind, we review the substantial body of work on the determination
of the isotopic fractionation factor «g.

There have been numerous attempts to determine the value of o in seawater, with the majority
relying on either empirical methods or ab initio calculations (e.g., Kakihana et al. 1977, Hemming
et al. 1995, Oi 2000, Liu & Tossell 2005, Pagani et al. 2005, Sanchez-Valle et al. 2005, Zeebe
2005, Klochko et al. 2006, Rustad et al. 2010). Klochko et al. (2006) presented the first direct
measurement of g in seawater and determined it to be 1.0272 £ 0.0006 at 25°C and a salinity of
35 psu. Although a widely used earlier calculation based on vibrational frequency data suggested
a lower value (1.0194) (Kakihana & Kotaka 1977, Kotaka & Kakihana 1977), Rustad & Bylaska
(2007) showed these calculations were erroneous due to the misassignment of a major vibrational
mode. More recent studies based on theoretical considerations give higher values, largely con-
sistent with the measurements of Klochko et al. (2006) (~1.025-1.035) (Oi 2000, Liu & Tossell
2005, Zeebe 2005, Rustad et al. 2010). A recent independent method, which used a novel reverse
osmosis approach to separate and then measure the isotopic composition of the boric acid species
in seawater, determined og = 1.0260 + 0.0010 (Nir et al. 2015), within error of Klochko et al.’s
(2006) value.

Theoretical constraints suggest oty should also vary as a function of temperature (e.g., Kakihana
et al. 1977), but the calculated size of this sensitivity is highly uncertain (Zeebe 2005). Klochko
et al. 2006) performed measurements of o at elevated temperature (40°C) in seawater, giving
1.0269 £ 0.0027, within error of the value for 25°C but with relatively large uncertainty. As a
result, the environmental sensitivity of &g is currently underconstrained.

Given the multitude of other controlling influences (see Section 4), it is difficult to isolate the
sensitivity of ap to other secondary environmental variables using empirical studies of 5''B in
CaCOs (of either inorganic or biogenic origin). Nonetheless, the majority of empirical studies
examining 5!!'B in modern biogenic CaCOj; suggest that within the temperature range of 2-30°C,
any change in oy is likely insignificant relative to the other uncertainties involved in 5''B-pH
calibrations (i.e., is likely less than analytical precision, <0.2%0) and can effectively be ignored
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(Rae et al. 2011, Henehan et al. 2013). One study (Dissard et al. 2012) reported a temperature
sensitivity of !B in the coral Acropora sp. of ~0.15%o per °C when grown at pH of 8.015, salinity
of 38 psu, and temperatures from 22°C to 28°C. However, this apparent sensitivity is most likely
due to change in K}, as temperature increases, which the authors did not consider. For example,
from 22°C to 28°C we would expect the §''B of B(OH),~ to increase by ~0.13%o per °C, similar
to Dissard et al.’s (2012) observations.

2.3. Isotopic Analysis of Boron in Marine Carbonates

As outlined above, there is a strong theoretical basis for the §!'B-pH proxy. However, the boron
isotopic composition of marine carbonates is notoriously difficult to measure accurately. As a
light isotope system, the relative mass difference between 1B and !'B is large (~10%), giving
large potential isotopic fractionations during chemical processing and measurement. Therefore,
a major difficulty arises from the need to accurately control and correct analytical fractionations.
Furthermore, the quantity of boron available in typical marine carbonate samples is small (~2-
20 ng), so analytical techniques must be sensitive and efficient, and laboratory contamination must
be carefully controlled and minimized. Finally, given the relatively small oceanographic changes
in past pH that we hope to reconstruct (typically equivalent to <1%o), techniques must be both
accurate and precise.

The first high-precision boron isotope measurements on natural materials were made by pos-
itive thermal ionization mass spectrometry (PTIMS) (e.g., Ramakumar et al. 1985, Swihart 1996,
Lemarchand etal. 2002b). As the ionization potential of boron is extremely high, analysis is carried
outas an alkali-borate complex. Early studies used sodium as an activator (giving Na,BO, " beams)
(Swihart et al. 1986) and achieved precision of around =+ 2% (2 SD). Precision was improved to
around = 0.4%o by using cesium (Cs; BO, ™ beams) (Ramakumar etal. 1985), with the small relative
mass difference between the heavy 308 and 309 amu Cs;BO,* beams minimizing instrumental
mass fractionation. However, most applications of this technique require a large mass of boron
(~1,000 ng), substantially greater than what is available for many marine carbonate samples (10-20
ng). Although some recent studies have managed to reduce these sample size requirements (~25
ng) (He et al. 2013a) and applied PTIMS §!'B measurements to corals (Liu et al. 2009, Trotter
et al. 2011), PTIMS measurements remain uncommon in the application of 6''B to study past
changes in the ocean carbonate system.

To improve sensitivity and reduce sample size requirements for boron, negative thermal ion-
ization mass spectrometry (N'TIMS) techniques were developed (Zeininger & Heumann 1983,
Vengosh et al. 1989, Hemming & Hanson 1994). This method analyses boron as BO,™ beams,
produced using either dissolved calcium carbonate or boron-free seawater as an activator. The
technique is extremely sensitive, with small (<1 ng) boron samples producing large (up to
~20 V) "BO,~ beams lasting for several hours (Hemming & Hanson 1994). The major chal-
lenge of this technique, as with any dual isotope system measured by TIMS, is to accurately
account for instrumental mass fractionation (also known as mass bias). This is a particular concern
given the difference in ionization behavior between carbonate samples, which are dissolved and
loaded directly onto filaments, and standards, typically NIST SRM 951 loaded in boron-free ar-
tificial seawater. Despite these difficulties, reliable data can be generated provided strict analytical
protocols are followed (e.g., see Hemming & Honisch 2007, Foster et al. 2013).

With the advent (Walder & Freedman 1992) and proliferation (e.g., Halliday et al. 1998) of
multicollector inductively coupled plasma mass spectrometry (MC-ICPMS), it was soon recog-
nized that the major limitation of the TIMS analysis of dual isotope systems (i.e., the difficulty of
correcting for mass bias) could be overcome with this new technology, and early applications to
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boron met with some success (e.g., Lecuyer et al. 2002, Aggarwal et al. 2003). Improved analytical
sensitivity with later generations of MC-ICPMS has led to the rapid expansion of this technique
for determining the boron isotopic composition of marine carbonates (Foster 2008, Louvat et al.
2010, Guerrot et al. 2011, McCulloch et al. 2014).

Despite the success of MC-ICPMS analyses, some challenges do remain. Chief among these
are the difficulties associated with chemical purification of boron. This is typically done using
column chromatography, often taking advantage of the boron-specific resin Amberlite IRA 743
(Kiss 1988). More recently, microsublimation techniques have been attempted with some success
for coral samples (e.g., Liu et al. 2014), but this approach also requires significant operator skill
(Wang et al. 2010), and recent work shows reproducibility of ~1.8% on solid splits of the same
foraminiferal sample (Misra et al. 2014). This may suggest variable mass fractionation during sub-
limation in subtly different matrices. Methods using column chromatography seem more reliable
(<0.25%0) (Foster 2008, Louvat et al. 2010, Foster et al. 2013), but the extra sample handling
means laboratory blanks must be well controlled.

Alongside the expansion of boron isotope analyses, the boron isotope community has adopted
reference materials to assist in interlaboratory comparison. For instance, the Japanese Geological
Survey coral (JcP-1) reference material is now routinely reported by laboratories, with a good
level of interlaboratory agreement (published estimates typically range from 24.2%0 to 24.4%q)
(Wang et al. 2010, Dissard et al. 2012, Henehan et al. 2013, Liu et al. 2014, McCulloch et al.
2014). Despite the difficulties associated with chemical purification and analysis of boron (e.g., see
Foster et al. 2013 for more discussion), these recent developments in boron isotope analysis by
MC-ICPMS have considerably broadened the utility of the §''B-pH proxy.

3. BORON ISOTOPIC COMPOSITION OF MARINE
CARBONATES: THEORY

Hemming & Hanson (1992) proposed the first model for boron incorporation into CaCOj3, based
principally on the observation that the 8!!'B of marine carbonates is similar to the 8''B of seawater
B(OH)4~. Although constructed using a limited data set for 5!!B and [B] of biogenic CaCOs, it has
proved to be remarkably resilient, and although we are now aware of various other considerations,
it still forms the basis of the §!'B-pH proxy.

Central to the Hemming & Hanson (1992) model is the suggestion that only the charged
species, borate ion, is attracted to the growing surface of a calcite or aragonite crystal. They
reasoned, based on measured 8! B, that borate is structurally incorporated into the CaCOj5 and,
given that the B-O bond length is similar to the C-O bond length (Kakihana et al. 1977), that
borate ion substitutes for carbonate ion (CO;*7) via the following reaction:

CaCO; + B(OH),” = Ca(HBO;) + HCO, + H,O. 22)

HBO;?~ was suggested as the species incorporated into the trigonal calcite lattice because of its
similarity in terms of both size and charge to CO;?~. This requires a change in coordination
of the boron from tetrahedrally coordinated B(OH),~ to trigonally coordinated HBO;%~, which
Hemming & Hanson (1992) assumed occurs without additional isotopic fractionation. These
authors also suggested that tetrahedral B(OH);~ might be directly incorporated into the tetrahe-
dral aragonite lattice, perhaps explaining the higher boron concentrations typically found in this
polymorph (Hemming et al. 1995, 1998).

Combined with the recent constraints on «p described above, this model allows pH to be
determined from the 5!'B of a marine carbonate (611BC3(;03) using the following equation (from
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Zeebe & Wolf-Gladrow 2001):

@3)

5" By, — 8" Beac
pH = pKj; — log (— €aC0s ) .

8'"Byy — a8 ' Beaco, — €

Provided 5!'B,, is known, and temperature, pressure, and salinity are constrained such that K
can be accurately determined, the 5!'B of CaCOj; should be a sensitive tracer of the pH of the
fluid in which the CaCOj; grew.

The Hemming & Hanson (1992) model of boron incorporation also suggests that the con-
centration of boron in CaCOj; should reflect the abundance of aqueous B(OH)4~ and HCO; ™. A
distribution coefficient can be defined for the substitution reaction above, as

[B/Calcaco,

Kp = — —. 24)
[B(OH),” /HCO; 1,
The boron content of CaCOj can thus be described by
[B/Ca]caco; = Kp x [B(OH), /HCO; Jq. (25)

with [B(OH);~/HCO3 ™ ],q being a function of pH (Yu & Elderfield 2008).

4. BORON ISOTOPIC COMPOSITION OF MARINE
CARBONATES: REALITY

The inorganic model for §''B in carbonates described above has now been tested on a variety
of types of marine carbonates. Inorganic CaCOj; precipitates have the advantage of avoiding
physiological influences, but despite recent progress (Noireaux et al. 2015), these studies remain
limited in number and scope (e.g., growth in low-ionic-strength media). Studies based on biogenic
carbonates must take potential physiological influences into account when seeking to understand
the systematics of boron incorporation, but provide a more direct calibration for pH and CO,
reconstructions using the fossil record. Below we describe 8!!B in a range of available carbonate
types, with a focus on foraminifera.

Figure 4 shows a selection of published 8'! B data for carbonates grown at known pH and mea-
sured in a variety of laboratories using several analytical techniques. Because of the environmental
sensitivity of K} (Figure 2), it is not straightforward to compare different culture studies and
field calibrations on the same 5!'B-pH plot. Instead, it has been proposed (Foster 2008, Rae et al.
2011, Henehan et al. 2013) that plots of aqueous §'!Byoree (at in situ conditions) and measured
BIIBCHCO3 should be used to compare between studies (Figure 5). The gradients and intercepts
of the carbonate data on such plots are independent of K} (and hence salinity, temperature, and
pressure), meaning that different calibration studies can be readily compared without reference
to in situ environmental conditions. Any difference in gradient on such a plot indicates a differ-
ent pH sensitivity of 511Bcaco3 compared to 8''Byorae (i-€., a different curvature of the §''B-pH
relationship). As we will see later, such a method also allows for easier treatment of §!'B-pH
calibrations.

Calibration data show that ' B of marine CaCOj is typically a well-defined function of seawater
pH (Figures 4 and 5). Asaresult, 5!' B can be used to reconstruct past pH to a high fidelity provided
it is empirically calibrated for the species of interest. However, a feature common to all but the
calcitic benthic foraminifera measured by MC-ICPMS by Rae etal. (2011) is that, despite a strong
pH dependency, Z’)”Bcgco3 is offset from 8''Bporare (Figures 4 and 5). In the following sections a
number of possible reasons for offsets between 6“BC3CO3 and 8" Bpgrare are discussed.
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The boron isotopic composition of (7—d) low-Mg calcite foraminifera, (¢) inorganic CaCOs3, and (f) scleractinian coral aragonite,
compared to the pH of the water in which they grew; all except the inorganic data from Noireaux et al. (2015) are on the total pH scale.
(@) Cultured planktic foraminifera Orbulina universa from Sanyal et al. (1996). (b) Cultured planktic foraminifera Globigerinoides ruber
from Henehan et al. (2013). (¢) Cultured planktic foraminifera Trilobatus sacculifer from Sanyal et al. (2001). (d) Core top epifaunal
benthic foraminifera (dark gray open circles) from Rae et al. (2011), including Cibicidoides wuellerstorfi, Cibicidoides mundulus, and Planulina
arimiensis. Also shown, in red, are the core top planktic foraminifera G. ruber data from Foster (2008). In both cases the 8'' B has been
corrected to a constant pKj; as detailed in Henehan et al. (2013). (¢) Inorganically grown calcite from Sanyal et al. (2000) (green open
circles) and from Noireaux et al. (2015) (red open circles). Inorganic aragonite from Noireaux et al. (2015) (blue open circles). (f) Cultured
corals Acropora nobilis and Porites cylindrica from Hoénisch et al. (2004) and Porites sp. from Krief et al. (2010). In all plots the thick solid
gray line is the 8'! B of borate calculated at culture/controlled conditions. For panels 4, ¢, and e, corrections were made to place the data
on the total pH scale (pHyoeal = pHnps — 0.14), and for 8! By in panel # and Sanyal et al.’s (2000) data in panel e, temperature and
salinity were assumed to be 20°C and 35 psu, respectively. In panel e, the inorganic CaCOj3 data from Noireaux et al. (2015) were
obtained in low-ionic-strength Na(Ca)Cly, and the blue dashed (for aragonite) and green solid (for calcite) lines reflect the appropriate
8" By grate in these nonseawater growth media. Also note that the inorganic calcite from Sanyal et al. (2000) shown in panel e was grown
in Mg-free artificial seawater, and 7. sacculifer in panel ¢ was cultured in seawater with 10 x Bg,. See the original publications for further
details. Error bars are at the 95% confidence level. Data in panels ¢ and e were obtained in growth media where 8'!'B # 8! By; for
comparison purposes, these data were corrected following Zeebe & Wolf-Gladrow (2001).

4.1. Inorganic Drivers of the Patterns of !'B in Marine Carbonates

The 5!'B of biogenic marine carbonates clearly indicates that in most cases borate ion must be the
predominant source of boron incorporated into CaCOj3, in general agreement with the model of
Hemming & Hanson (1992) (Figure 5). However, the differences between (SHBCaCQ3 and 8" Bporate
apparent in Figure 5 suggest a more complicated picture, which could result, in part, from two
inorganic processes. Firstly, it is possible that there is some incorporation of the isotopically
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(a) Inorganic calcite and (b,¢) foraminiferal calcite 5'' B versus 6!'B of borate at in situ conditions. Note that panels # and 4 share a

y axis, whereas panel ¢ is distinct. (#) Inorganic calcites from Sanyal et al. (2000) (dark green open circles) and inorganic calcites from
Noireaux et al. (2015) (red open circles). (b) Planktic foraminifera Trilobatus sacculifer (Sanyal et al. 2001) (light green circles) and Orbulina
universa (Sanyal et al. 1996) (blue circles). Necessary corrections and assumptions regarding these data and those in panel # are discussed
in the caption of Figure 4. (¢) Cultured planktic foraminifera Globigerinoides ruber (Henehan et al. 2013) (red circles); core top epifaunal
benthic foraminifera Cibicidoides wuellerstorfi, Cibicidoides mundulus, and Planulina arimiensis (Rae et al. 2011) (dark gray open circles); core
top planktic foraminifera Neogloboquadrina pachyderma (Yu et al. 2013) (orange open triangles); and core top planktic foraminifera
Globigerina bulloides (Martinez-Bot et al. 2015b) (purple open circles). The names of symbiont-bearing species are labeled with S and
symbiont-barren species with NS. In all panels the thick dark gray 1:1 line shows where 811]3cﬂc()3 = 8" By grate- For the data lying off
the 1:1 line, we have fitted regression lines using a Monte Carlo approach that takes into account the x and y uncertainty (see
Martinez-Boti et al. 2015b). The semitransparent band around each regression line is the uncertainty in that line at 95% confidence.
Full details of the regressions are given in Table 1. Error bars are at 95% confidence and in some instances are smaller than the plotted
symbols. See the original publications for further details.

heavier, and often more abundant, boric acid molecule (Noireaux et al. 2015, Uchikawa et al.
2015) (Figures 3-5). Secondly, some other isotopic fractionation, either equilibrium or kinetic,
may occur on incorporation of aqueous borate into carbonate (Pagani et al. 2005).

Given the large isotopic offset between boric acid and borate ion, incorporation of even 5%
B(OH); and 95% B(OH);~ would resultin 8'' Be,co, being offset 1.4%0 above 8! Byorye. Some au-
thors have claimed support for this process from solid-state !' B magic angle spin nuclear magnetic
resonance (NMR) studies of the coordination of boron within biogenic and abiogenic CaCOj.
These tend to show a mix of trigonally and tetrahedrally coordinated boron in the carbonate lattice
(Sen et al. 1994, Klochko et al. 2009, Rollion-Bard et al. 2011, Cusack et al. 2015, Noireaux et al.
2015) with some (Sen et al. 1994, Noireaux et al. 2015), but not all (e.g., Klochko et al. 2009),
studies showing significantly higher abundance of tetrahedral BOy in aragonite than in calcite.

Branson et al. (2015) recently reexamined boron coordination in the calcitic benthic
foraminifera Amphistegina lessonii using near-edge X-ray absorption fine structure (NEXAFS)
spectroscopy at the Advanced Light Source synchrotron (Berkeley, California), and suggested
that some of the mixed coordination and conflicting results among previous NMR studies may
result from contamination in the large samples required for NMR. The in situ synchrotron data
show boron solely in the trigonal form, with detection limits constraining that any tetrahedral
boron may only be present at less than 5.5% (at 68% confidence). If this trigonal boron reflected
incorporation of boric acid, then these foraminifera should have §'!B similar to boric acid (i.e., ele-
vated above ambient seawater boron by around 5% and ~28%o above 8! Byorace). Instead, the 5''B
of this species grown under similar conditions in the same lab lie close to &' By (Kaczmarek
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Table 1 Summary of élchaCQ; versus 8! By,gqce regressions

Slope Intercept
Lower Upper Lower Upper

Species Mean 95% 95% Mean 95% 95% Reference
Globigerina bulloides 1.06 0.84 1.29 -3.27 —8.18 0.73 Martinez-Boti et al. 2015a
Globigerinoides ruber 0.60 0.51 0.69 9.52 7.98 11.13 Henehan et al. 2013
Trilobatus sacculifer 0.81 0.69 1.01 8.19 4.91 10.71 Sanyal et al. 2001
Orbulina universa 0.78 0.64 0.96 5.62 2.62 8.24 Sanyal et al. 1996
Inorganic calcite 0.73 0.55 0.96 8.19 4.19 11.33 Sanyal et al. 2000
Inorganic calcite 0.49 0.45 0.54 16.52 15.61 17.31 Noireaux et al. 2015

All calculations were performed using variables in the associated reference using R and the seacarb package. A pH scale correction from the National

Bureau of Standards scale to the total scale was necessary for the Sanyal et al. inorganic calcite, T. sacculifer, and O. universa. Temperature and salinity also
had to be assumed for the O. universa and inorganic calcite data, and salinity data had to be assumed for the 7. sacculifer data. Note that the inorganic

calcite from Sanyal et al. (2000) was grown in Mg-free artificial seawater; as such, the pK may not be correctly calculated. The §'!B values of the growth

media for the data from Noireaux et al. (2015) are as in the original study.
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etal. 2015), highlighting that the coordination of boron within the CaCOs lattice has little bearing
on its isotopic composition (Noireaux et al. 2015). Recoordination of the aqueous boron species
clearly occurs in biogenic calcite, most likely through a series of transformations at (and near) the
growing carbonate-solution interface (Tossell 2006, Klochko et al. 2009), such that the nature of
the initial boron species at the carbonate-solution interface is unrelated to its final lattice coordi-
nation. The NEXAFS data support the original Hemming & Hanson (1992) model of adsorption
of tetrahedral borate ion from solution, recoordinating to trigonal BO; during incorporation into
biogenic calcite. The suggestion that borate may be incorporated into aragonite without recoor-
dination (Sen et al. 1994; Hemming et al. 1995, 1998) is supported by Noireaux et al.’s (2015)
recent NMR data, which show predominantly tetrahedral BO, in inorganic aragonite precipitates
(Figure 4e).

Data on the boron concentration of CaCQOj; have also been used to constrain mechanisms of
boron incorporation into CaCOj (e.g., Uchikawa et al. 2015). As predicted by the Hemming &
Hanson (1992) model, numerous studies have now shown that the boron content of both biogenic
and inorganic CaCOj varies strongly as a function of the pH of the growth media (Hemming et al.
1995; Sanyal et al. 1996, 2000, 2001; Yu et al. 2007; Douville et al. 2010; Allen et al. 2011, 2012;
He et al. 2013b; Mavromatis et al. 2015; Uchikawa et al. 2015). However, it is clear from these
and other studies that additional factors influence boron incorporation, such as salinity (Allen
et al. 2011), temperature (Sinclair et al. 1998, Yu et al. 2007, Dissard et al. 2012, Mavromatis
et al. 2015), carbonate ion concentration (Foster 2008, Yu & Elderfield 2008, Allen et al. 2012),
light availability (Babila et al. 2014), phosphate ion concentration (Henehan et al. 2015), rate of
precipitation (Hobbs & Reardon 1999, Ni etal. 2007, Ruiz-Agudo etal. 2012, Gabitov et al. 2014,
Mavromatis etal. 2015, Uchikawa et al. 2015), and crystallographic effects (Hemming et al. 1995,
Hobbs & Reardon 1999, Ruiz-Agudo et al. 2012).

Using boron concentrations in inorganic calcite precipitates, Uchikawa et al. (2015) recently
showed that, at the low rates of CaCOj precipitation typical of biogenic calcite (log;oR = —6.6 to
—6.0 mol/(m? - h)) (Carpenter & Lohmann 1992, Lea et al. 1995), the Hemming & Hanson (1992)
model may be adequate to explain the variability they observe in the B/Ca of inorganic CaCO;.
However, at higher rates (logjoR > —5.5 mol/(m? - s), typical of most experimental studies (e.g.,
Gabitov et al. 2014), B/Ca variability is best described by a model involving rate of precipitation
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and the [B]w/DIC of the growth media, including boric acid. Uchikawa et al. (2015) called upon
the surface entrapment model (Watson 2004, DePaolo 2011) and suggested that both aqueous
B(OH); and B(OH)4™ are adsorbed to the growing CaCOjs surface, but by virtue of its charge,
B(OH),™ isattached more firmly and B(OH); is likely detached before being buried by the growing
calcite. At high rates of precipitation, however, B(OH); may also become trapped and buried under
newly formed layers of CaCOj; (Uchikawa et al. 2015).

Although this model offers a possible explanation for the offsets from 8" By of the !B of
inorganic calcites of Sanyal et al. (2000) that were grown very rapidly (approximately 200 mg in
24 h), recent boron isotope data from inorganic aragonite and calcite show little or no covariation
with precipitation rate (figure 3 in Noireaux et al. 2015). Noireaux et al. (2015) showed that
8''B in their inorganic aragonite precipitates follows 8" Bpore, while !B in their calcites is
elevated above 8! Byorare by ~7%0 (Figures 4 and 5), and this isotopic offset is independent of rate,
despite a correlation between precipitation rate and boron concentration in these same carbonates
(Mavromatis et al. 2015). Noireaux et al. (2015) suggested that the elevated 5!'B in their calcites
may be due to incorporation of boric acid. Alternatively, incorporation of fluid inclusions or a
contaminant phase (perhaps indicated by mixed BO;-BO, coordination, as suggested in Branson
et al. 2015) may play a role.

Notably, the isotopic offsets seen between Noireaux et al.’s (2015) inorganic calcites and
8" Bporare are much larger than those in biogenic calcites (Figure 4), so it is possible that some
characteristic of this experimental setup (e.g., low ionic strength and high boron) or some partic-
ular aspect of biogenic boron incorporation makes these systems poor analogs for one another.
Furthermore, a rate dependency to boric acid incorporation cannot account for the increasing
offsets of biogenic 611BC3CO3 from §'"'Bpore at low pH (which would be expected to produce
slower precipitation rates and thus less incorporation of B(OH);3), nor for the offsets of §!'B be-
low 8''Bporare in symbiont-barren planktic foraminifera (see Section 4.2.1). Other factors must
therefore still play a role.

A central assumption of the Hemming & Hanson (1992) model that has received very lit-
tle attention is the requirement that there is minor or no further isotopic fractionation of
boron as it is incorporated into the growing CaCOs; (Pagani et al. 2005). Kinetically driven
stable isotopic fractionations are commonly observed in other isotopic systems (e.g., 5%¥Sr)
(Bohm et al. 2012) and have also been proposed for boron isotopes (Hobbs & Reardon 1999).
However, such isotopic fractionations would occur only if the characteristic timescale for iso-
topic equilibration of B(OH); and B(OH), ™ is longer than the characteristic timescale of CaCO;
precipitation (Zeebe et al. 2001). For instance, assuming B(OH)4~ is the sole species absorbed
onto carbonate, the isotopically light isotopologue °B(OH),~ is likely absorbed more readily
than the heavier 'B(OH), ™. If absorption and incorporation occur at different rates such that the
light isotopologue is buried instantly, no isotopic equilibration can occur, and a kinetic isotope
effect results (i.e., CaCOj is enriched in the light isotope compared with equilibrium conditions)
(Zeebe et al. 2001). Alternatively, if exchange with the aqueous boron species continues following
adsorption, and equilibration is rapid enough to be complete before the molecule is buried by
the growing CaCOjs, no isotopic fractionation occurs. The equilibration time for boron isotopes
between the dissolved species is on the order of 100 pus (Zeebe et al. 2001), which is around 3-4
orders of magnitude faster than the growth rate of typical biogenic crystals of CaCOjs. Zeebe
et al. (2001) concluded that this suggests kinetic isotopic fractionations are unlikely in the boron
isotope system, although at the very rapid precipitation rates seen in some inorganic experiments,
such fractionations become more feasible. We encourage further studies on §''B in inorganic pre-
cipitates to continue to explore the mechanisms of boron isotopic fractionation during carbonate
formation.
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4.2. Biogenic Drivers of the Patterns of §'!B in Marine Carbonates

4.2.1. Offsets between §!'B in biogenic carbonates and §!'B of borate. It was recognized
early on that the 8''B of biogenic CaCOj; may not simply record seawater pH and instead may
reflect internal pH and/or the pH of the microenvironment around the living calcifier, which
may be modified by physiological processes (Vengosh et al. 1991, Hemming & Hanson 1992).
Numerous models of biomineralization have been proposed for the various calcifying groups;
however, because this review is focused on foraminifera, we base the following discussion on this
group only. Note that any discussion of the role of biomineralization in determining the boron
isotopic composition of biogenic CaCO; must be caveated by the uncertainty surrounding the
exact mechanisms by which organisms form their CaCOjs shells and skeletons; indeed, boron
isotopes may provide novel constraints on these processes.

The most striking and, from a biomineralization point of view, perhaps surprising feature of
foraminiferal 8!!B is its close relationship to the pH of external seawater (Figures 4 and 5). Tt
is widely thought that the ions for foraminiferal calcification are derived at least in part from
endocytosis of seawater, and that these seawater vacuoles exhibit significant modification to aid
CaCO; precipitation, including elevation of pH (Nehrke et al. 2013, de Nooijer et al. 2014).
Estimates of pH elevation from fluorescent dyes range up to pH 9, which would elevate 8! B by up
to 12%o above ambient seawater §'! By, if the boron incorporated into foraminiferal CaCQOj; was
exposed to this without being modified by other factors. Indeed this process is invoked to explain
the substantial offsets from &'' By found in corals (Krief et al. 2010, McCulloch et al. 2012)
(Figure 4e,f) and may also explain the substantial offsets seen in large, symbiont-bearing high-Mg
calcite foraminifera of the genus Ampbhistegina (Rollion-Bard & Erez 2010). However, as hyaline
benthic foraminifera record 8'!' By at seawater pH so closely (Rae et al. 2011), and planktic
foraminifera also lie close to seawater values (Figures 4 and 5), the possibility that the boron
system in these groups experiences this full pH elevation—and is then returned to within error
of seawater values by some other unknown process (e.g., kinetic fractionation)—seems unlikely.
Instead it seems that borate must somehow be incorporated into foraminiferal calcite at a stage or
via a pathway not associated with pH elevation in vacuoles. This could include early removal of
borate to an internal secondary reservoir (see Rae et al. 2011), or adsorption of borate to growing
CaCO; directly from seawater. These possibilities will be discussed in detail in a future publication
(J.W.B. Rae, in preparation); for now, we focus on the physiological processes that appear to offer
a coherent explanation for the offsets from 8!'Byoraee Seen in planktic foraminifera (e.g., Hénisch
etal. 2003, Zeebe et al. 2003, Foster 2008, Rae et al. 2011, Henehan et al. 2013, Yu et al. 2013).

4.2.2. Microenvironment modification as a driver of §!!B offsets in foraminifera. In the
immediate vicinity of the foraminiferal test, in a region known as the diffusive boundary layer
(DBL), seawater experiences very little turbulent mixing, and transport of material (nutrients,
oxygen, dissolved carbon species) occurs via diffusion. The relatively slow rates of equilibration
and diffusion of the dissolved carbon species in seawater (Zeebe et al. 1999) cause the carbonate
system in the DBL, and crucially adjacent to the foraminiferal test, to be heavily influenced by the
following physiological processes (Zeebe et al. 2003):

1. symbiont photosynthesis (CO, + H,O = CH,0 + O,),

2. foraminiferal respiration (CH,O + O, = CO, + H,0), and

3. foraminiferal calcification (Ca2+ +2HCO,; = CaCO; + CO; + H,O or Ca’t + CO; =
CaCOs).

The influence of these processes on foraminiferal microenvironment was first shown using
microelectrodes, which reveal marked gradients of pH and O, within the DBL around the

Foster o Rae



symbiont-bearing foraminifera Trilobatus sacculifer and Orbulina universa (e.g., Rink et al. 1998).
The magnitude and sense of change were shown by Rink et al. (1998) to be a function of irra-
diance, such that for high-light conditions (717 pmol photons/(m? -s)), pH was elevated in the
DBL around O. universa by up to 0.5 pH units relative to ambient seawater. This pH elevation
is due to the photosynthetic activity of the dinoflagellate symbionts this species houses, which
fixes CO; and thus increases the seawater ALK/DIC ratio (Rink et al. 1998, Zeebe et al. 1999).
In darkness, the symbionts are unable to photosynthesize, and the pH in the DBL decreases, with
values around 0.3 pH units lower than ambient seawater adjacent to the foraminiferal test. This is
a result of calcification and foraminiferal respiration decreasing the ALK/DIC ratio and lowering
pH (Rink et al. 1998, Zeebe et al. 1999). Given that in O. universa and T. sacculifer calcification
is predominantly in the light (e.g., 1:8 dark:light for 7. sacculifer) (Anderson & Faber 1984), the
5''B of the tests of these foraminifera should be heavier than that of ambient seawater (Ho6nisch
etal. 2003), as observed (Figure 5).

Support for the importance of microenvironment in influencing the 8!'B of foraminiferal
CaCO; has come recently from 8''B data on the symbiont-barren foraminifera Globigerina bul-
loides, Neogloboquadrina pachyderma, and Neogloboquadrina dutertrei (Foster 2008, Yu et al. 2013,
Martinez-Boti et al. 2015b), which have §''B lighter than 8!'Byore (Figures 4 and 5). To our
knowledge microelectrodes have not been used to examine the pH of the DBL around symbiont-
barren planktic foraminifera such as G. bulloides. However, it seems likely that the DBL pH would
approximate that of the symbiont-bearing forms measured in darkness (i.e., pH would be lower
than ambient), and consequently, the 5!'B of such species should be lighter than 8''Bporae, as
observed (Figure 5).

Recent measurements have also been made of the microenvironment around the non-symbiont-
bearing benthic foraminifera Quinqueloculina sp. and Miliola sp., showing minimal perturbation of
pH in their DBL (Glas et al. 2012). These measurements imply that in slow-growing, symbiont-
barren benthic foraminifera, rates of respiration and calcification are low enough for diffusion to
largely negate any physiologically induced pH gradients in the DBL, providing an explanation for
the close match between 5! Bpgpare and 511BC3C03 in the different genera of benthic foraminifera
measured by Rae et al. (2011) (Figures 4 and 5). Note that although only the epifaunal benthic
Cibicidoides and Planulina genera record the pH of seawater, the other symbiont-barren hyaline
benthic genera measured (including Uvigerina, Oridorsalis, Gyroidina, Lenticulina, Melonis, and
Ammonia) still appear to record 8'"' By, but with offsets from seawater due to their infaunal
habitats.

Despite this encouraging agreement, a quantitative model able to fully describe these physiolog-
ical perturbations of the microenvironment is currently lacking. Although a numerical framework
exists (e.g., see Zeebe et al. 2003), a number of key parameters remain too poorly constrained
to apply these models to yield §''B-pH calibrations from first principles. For instance, the way
foraminiferal calcification, respiration, and photosymbiont activity vary as a function of pH is rel-
atively unknown, but it is vital to understand these relationships if the sensitivity of the 5!'B-pH
relationship is to be successfully modeled. It is hoped, however, that should future studies better
constrain these variables, such models could be developed, lessening the dependence on empirical
81'B-pH calibrations.

4.3. Boron Isotopic Composition of Marine Carbonates: A Summary

As discussed above, Figures 4 and § clearly show that !B in CaCOj is a close function of external
pH. The Hemming & Hanson (1992) model of boron incorporation assumes that aqueous borate
ion is incorporated into CaCOj, where it is attracted to the growing surface by virtue of its charge
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and undergoes a change in coordination (from tetrahedral to trigonal) during incorporation. This
aspect of the model is largely supported by the available studies (e.g., Rae et al. 2011, Branson
et al. 2015), although it is possible that variable amounts of boric acid may also be included
(Noireaux et al. 2015, Uchikawa et al. 2015). In light of the general support for the Hemming &
Hanson (1992) model, currently favored explanations for the variable offsets between 6“BCaco3
and 8!"Byorae invoke the observation that in most marine calcifiers pH of the calcifying fluid is
not equal to ambient seawater pH, although it is largely a function of it. Currently observations
suggest that for foraminifera, pH modifications of the external microenvironment by physiological
processes are key in driving the offsets of Z’)”BC.‘,CO3 from 8'!'Byorate, Whereas in corals it is thought
to be the increase in pH of the internal calcifying fluid thatis mostimportant (e.g., McCulloch et al.
2012). Although they offer persuasive reasons for the observed offsets from &' Byrae, it is unlikely
that these explanations represent the entire story. For example, foraminifera are also thought to
promote calcification by increasing pH at the site of calcification in the same fashion as observed
in coral (de Nooijer et al. 2009, Venn et al. 2013), yet the full extent of this pH elevation is not
expressed in 8''B for common low-Mg calcite species (Rae et al. 2011). Corals and foraminifera
are not closely related organisms, and they have clear differences in physiological and calcification
processes. As a result, there is perhaps no a priori reason for 5!'B to behave similarly in these
organisms, and indeed it has been suggested that foraminifera and corals show differences in the
extent to which 80 and 6'3C are influenced by internal pH modification (Adkins et al. 2003).
Nonetheless, more work is required to fully reconcile current models of biomineralization with
boron isotope data, and we hope that this will improve understanding of both the boron isotope
pH proxy and mechanisms of calcification.

5. HOW TO RECONSTRUCT pH IN THE PAST USING THE
5!1B-pH PROXY

Although the 8''B-pH proxy has a strong grounding in theory, the observation that §''Bc,co,
is rarely identical to 8!''Bporaee requires a calibration to be applied in order to correct/account for
vital effects, in a manner akin to many other paleoproxies (e.g., 5'%0; Urey 1948).

When extant species are being considered, the 5!'B calibration is easy to perform using the
regression lines of the calibration data (e.g., Figure 5 and Table 1):

11

6Bu+f = 5“313(011)4*- (26)
The 5" Bgom,- can then be substituted for §'' Bc,co, in Equation 23 to calculate pH, provided Kj;
is also adequately known. As discussed above, K} is a function of temperature, salinity, and pressure
at the time of CaCOj; deposition (Figure 2). A number of paleothermometers are available for
use in marine CaCQOj; in order to estimate temperature in the past (e.g., Mg/Ca ratios) (Anand
etal. 2003). As we show in Figure 2, salinity has little influence on K} (and hence the calculated
pH), and we typically assume it has remained at modern values (~35 psu). Pressure also has
relatively little control on K} for likely changes at a given site (Figure 2) and can be assumed to
be atmospheric for most planktic species and surface corals and seafloor (paleo)depth for deep-sea
corals and benthic foraminifera.

The final variable needed for Equation 23 is the boron isotopic composition of seawater.
Although some uncertainties remain in our understanding of the geochemical cycle of boron (e.g.,
Park & Schlesinger 2002), it is thought to have a long residence time in seawater (10-20 Myr)
and, given the known inputs (rivers, hydrothermal fluids) and outputs (oceanic crust alteration,
adsorption on sediment, coprecipitation in carbonates), is likely to change at a rate of ~0.1%o per
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Myr (Lemarchand et al. 2002a). Therefore, for applications within the past 2 Myr it is relatively
safe to assume 5!!B, has remained at modern values (39.61%0) (Foster et al. 2010). Beyond this
interval, records of 5!!'By, are required for fully quantitative estimates of pH. Unfortunately, our
current understanding of the evolution of 8'!'B, is limited, although there is some consensus
that 8! By, has increased over the past 50 Myr by 1-3%, (Pearson & Palmer 2000, Lemarchand
et al. 2002a, Foster et al. 2012, Raitzsch & Hénisch 2013), likely in a fashion similar to oceanic
Li isotopic composition (Misra & Froelich2012) due to the similarities between the geochemical
cycles of these two elements (Raitzsch & Hénisch 2013).

As with any proxy system, full propagation of all the uncertainties involved is key. A number of
recent studies using the 8''B-pH proxy used a Monte Carlo approach to estimate uncertainty in
pH (Martinez-Boti et al. 2015a,b), where uncertainty in the boron isotope measurement, temper-
ature, salinity, boron isotopic composition of seawater, and the 8''B-pH calibration can be fully
propagated into the final pH estimate. When this is done for G. bulloides over the past 20 kyr, fully
propagated uncertainties in pH are +0.026 at 95% confidence (Martinez-Boti et al. 2015b); this
increases to =+ 0.060 at 95% confidence for G. ruber from the Plio-Pleistocene, given additional
uncertainty on 8'!'Bg, and other input variables (Martinez-Boti et al. 2015a).

On longer timescales, such as the past 50 Myr, two key factors complicate reconstruction
of pH using 5!'B: () the lack of a well-resolved record of §''By, and (b) the lack of 5!'B-pH
calibrations for extinct species. As we note above, the available records suggest an evolution of
8B, similar to 8’Li, and methods have been developed that may ultimately lead to a better
estimate of the evolution of 8'! By, through time, including exploitation of 8''B-pH depth profiles
in planktic foraminifera (Palmer et al. 1998, Pearson & Palmer 2000) and benthic-planktic 5!'B-
pH differences (Foster et al. 2012), modeling of biogeochemical cycles (Lemarchand et al. 2002a),
and analysis of fluid inclusions in halites (Paris et al. 2010). Constraining the pH sensitivity of
8B in extinct species is more difficult and requires a considerable effort to overlap and compare
species through time and/or a fully quantitative understanding of foraminiferal 5'!B vital effects,
both of which are currently lacking. However, it is apparent from Figure 5 that there is some
similarity in the 5“8(;3(;03 t0 8" Bporate Tesponses of similar genera of foraminifera (e.g., planktic
foraminiferal species bearing symbionts are similar, as are non-symbiont-bearing forms), largely
due to the similarity in physiological and calcification processes between closely related groups,
either genetically or in terms of environmental niche. Therefore, to a first order atleast, calibrations
of modern species can provide some constraints on the likely 8''B-pH calibration for extinct
species. Nonetheless, as a result of this limitation, and the poorly constrained evolution of 5!! B,
the 8!!'B-pH proxy is currently most accurately applied within the past 5 Myr or so. Beyond this,
uncertainties on absolute pH values increase, though relative pH change may be better constrained
across intervals of shorter duration than the residence time of boron in the oceans (e.g., Pearson
etal. 2009, Penman et al. 2014).

As an example of the approaches available, we consider the 1.2%o 8'' B excursion recorded across
the Paleocene—Eocene thermal maximum (PETM) by the extinct planktic foraminifera Morozovella
velascoensis from Ocean Drilling Program (ODP) Site 1209 (Shatsky Rise, North Pacific) (Penman
et al. 2014) (Figure 6). The PETM is a short-lived (~150 kyr) global warming event associated
with the rapid release of large amounts of carbon to the atmosphere (over 10-20 kyr), driving
significant ocean acidification and extinction of some species (Honisch et al. 2012). The —1.2%o
!B excursion alone provides strong evidence for a substantial degree of ocean acidification across
the event that correlates with the documented §'* C excursion (Figure 6). The absolute magnitude
of the surface-water pH change reflected by the 5!!B excursion is a function of §''By,, and the
8'""B-pH calibration chosen. To bracket the likely magnitude of the 6! B vital effects we use both
the T. sacculifer calibration and alternatively assume éllBCaCO3 = 5" Bpgrace (i-€., similar to modern
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symbiont-bearing planktic foraminifera and effectively no vital effect, respectively) (Figures 6
and 7). Despite the uncertainties in quantitative reconstructions discussed above, the §!'B-pH
proxy can still clearly place useful constraints on the pH change across the event even if §!' By, is
only poorly known (Figure 7a). These estimates can be further refined by consideration of the
pH of the surface water immediately prior to the PETM, which two biogeochemical modeling
studies, constrained by the observed patterns of Paleocene deepwater CaCOj deposition, suggest
was between 7.67 (Zeebe et al. 2009) and 7.8 (Panchuk et al. 2008). Figure 7b shows that, given
these constraints, and depending on §'!'B-pH calibration, the pH change was likely 0.3 & 0.1 pH
units, in agreement with the original study of Penman et al. (2014). When pre-PETM pH is
fixed at an average of these two model estimates, and following a Monte Carlo approach (see
Figure 6 caption for details), the temporal evolution of pH is also largely independent of the
choice of §''B-pH calibration (Figure 6).

6. HOW TO RECONSTRUCT ATMOSPHERIC CO; IN THE PAST
USING THE §!'B-pH PROXY

As discussed in Section 2.1, ocean pH and aqueous CO, are two closely related variables of
the ocean carbonate system, and aqueous and atmospheric CO; are linked via Henry’s law
(Equation 7). However, the surface ocean is not necessarily in equilibrium with atmospheric
CO;, due to the influence of ocean circulation, temperature, winds, and biological utilization,
and different regions of the ocean thus act as sources and sinks of CO; to the atmosphere (e.g.,
Takahashi et al. 2009). The extent of CO; disequilibria (defined as ApCO, =pCO, (sea) — pCO,
(air)) is highest in regions such as the eastern equatorial Pacific Ocean and the Southern Ocean,
where CO;-rich waters upwell to the surface and CO, drawdown by phytoplankton is limited
(for instance, by Fe) (Takahashi et al. 2009), allowing CO; to escape to the atmosphere. Recon-
structing pH from §!'B in these regions allows patterns of upwelling, nutrient utilization, and
CO; outgassing to be reconstructed in the past (e.g., Foster & Sexton 2014, Martinez-Boti et al.
2015b). In contrast, for reconstruction of atmospheric CO, we focus on ocean regions that are
close to equilibrium with the atmosphere (i.e., 20 patm), such as the subtropical gyres.

To reconstruct atmospheric CO; in the past, the approach outlined in the previous section is
followed in order to generate a record of pH from 6! B. As shown in Figure 1, pH and aqueous CO,
are closely correlated; nonetheless, a second carbonate system parameter is still required for fully
quantitative CO; reconstruction (see Section 2.1). In several studies this second carbonate system
parameter comes from assumptions of alkalinity (e.g., Honisch & Hemming 2005; Foster 2008;
Martinez-Boti et al. 2015a,b), primarily because CO, calculated from pH is largely insensitive to
variations in this parameter (e.g., ALK 4100 puM, equivalent to much of the modern range in
this parameter in the surface ocean, modifies pCO; by only + 12 patm when pH is known; see
Figure 1). Early studies (Honisch & Hemming 2005, Foster 2008) estimated the secular evolution
of surface alkalinity by exploiting the tight relationship between alkalinity and salinity in the surface
ocean, along with reconstructions of sea-surface salinity in the past (either globally from sea-level
reconstructions or locally from paired §'*0-Mg/Ca data). Itis, however, highly likely thatalkalinity
changed independently of salinity, even on glacial-interglacial timescales, due to changes in CaCO;
cycling (e.g., Zeebe & Wolf-Gladrow 2001). Indeed, biogeochemical modeling suggests whole-
ocean alkalinity changes of up to 100-140 uM over glacial-interglacial cycles due to carbonate
compensation (Toggweiler 1999, Hain etal. 2010), which would be largely independent of salinity.
More recent studies focused on the past 3 Myr or so have therefore assumed that alkalinity
remains at modern values (~2,300 pM) but have placed a generous uncertainty on this term to
encompass likely changes over time. For instance, Martinez-Boti et al. (2015a) assumed modern
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Figure 6

Boron isotope and other data from Penman et al. (2014) over the Paleocene-Eocene thermal maximum
(PETM), all plotted as age relative to the onset of the carbon isotope excursion (CIE). () 5'!B data from
planktic foraminifera Morozovella velascoensis with error bars reflecting analytical uncertainty at 95%
confidence. At the CIE there is a negative shift in 5''B, indicative of ocean acidification. (5) Carbon isotopic
composition (8> C) of the same species clearly showing the characteristic negative 5'3C excursion at the
PETM. (¢) Mg/Ca ratio of M. velascoensis showing a marked warming during the event. (d) Surface-water pH
(total scale) calculated for the data shown in panel # with a fixed pre-PETM pH, for § IIBCaC03 =5"Bporace
(blue) and zSHBCRCO3 with a 8''B-pH calibration of Trilobatus sacculifer ( green; see Figure 5). Error bands are
pH uncertainty at 95% confidence calculated using a Monte Carlo approach and the variables given in
Penman et al. (2014) (input errors at 95% confidence, including temperature £2°C, salinity £3 psu, and the
analytical uncertainty on 8'' B measurements). Note that the choice of ' B-pH calibration, when
pre-PETM pH is fixed, has little impact on the generated pH record.

ALK =+ 175 uM with an equal (i.e., flat, rather than Gaussian) probability for their Monte Carlo—
based calculations of atmospheric CO, for the Plio-Pleistocene. The final uncertainty envelope
for CO; thus includes every possible alkalinity within the given range with equal likelihood.
The ultimate test of proxy-based CO, reconstruction is comparison to the ice-core CO, record.
Applying the approach outlined above to 8''B data from planktic foraminifera from three sites
that overlap with the ice-core CO, record shows excellent agreement, supporting its robustness
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() The influence of changing 5''B of seawater (5'! Byy) on the pH change (ApH) calculated from the 5''B
data of Penman et al. (2014) from the Paleocene-Eocene thermal maximum (PETM). The results of two
8'"'B-pH calibrations are shown: 6“]3(33(303 = 8" By race (blue) and SHBCHCO3 with the 8! B-pH calibration
of Trilobatus sacculifer (green). (b) The relationship between pre-PETM pH and the ApH across the PETM,
again showing two 8'!B-pH calibrations. When pre-PETM pH is fixed (in this case using values from the
models of Panchuk et al. 2008 and Zeebe et al. 2009) the possible range of ApH is relatively restricted.
Taking into account the likely §!' B-pH calibration, and given knowledge of pre-PETM surface pH, the
ApH across the PETM is in the range of 0.25 to 0.35 pH units.

(Figure 8). Regression of ice-core CO; and CO; from 8!'B from these sites has a slope of
1.03 £ 0.08 and intercept of 6 + 19 patm, with R? =0.7, and the residual error about the mean
is ~23 patm, which is similar to the propagated uncertainty on the §''B-based CO, estimates and
the uncertainty relating to age model (+3 kyr) (Lisiecki & Raymo 2005).

Beyond the past 3 Myr or so the assumption that alkalinity has remained close to modern values
is unlikely to hold (e.g., Tyrrell & Zeebe 2004). For this reason, CO, reconstructions in the deeper
geological past must either try to directly determine alkalinity (e.g., Foster et al. 2012) or make
an assumption regarding another carbonate system parameter. One approach is to assume that
the saturation state of calcite in surface waters (Q:2) has remained roughly constant through
time (Tyrrell & Zeebe 2004, Ridgwell 2005, Pearson et al. 2009). The saturation state of calcite
is defined by

[Ca’*] x [CO,7]

qurface — (2 7)

calcite K. ’
sp

where K, is the solubility product of calcite (a function of salinity, temperature, pressure, and
major ion composition of seawater—particularly [Mg]) (Hain et al. 2015). In the modern surface
ocean Q¢ varies from 4 to 7 (preindustrial), with a global mean of 5.4. It is thought that the

calcite
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Summary of available 5'! B-derived CO; data from the past 800 kyr. (#) Time series of atmospheric CO; from Antarctic ice cores (red
line) (Bereiter et al. 2015) and from boron isotopes from Ocean Drilling Program (ODP) Site 668 (/ight blue squares) (Hénisch et al.
2009) and ODP Site 999 (aqua circles) (Foster 2008, recalculated by Martinez-Boti et al. 2015a). Error bars are as stated in the original
manuscripts and are at 95% confidence. The dark and light blue bands for the data from ODP Site 999 reflect uncertainty at 68% and
95% confidence, respectively. () Cross-plot of boron-derived CO, with contemporaneous atmospheric CO; from the ice-core records
(Bereiter et al. 2015). Error bars in §!'B-CO are from the original manuscript; error bars in atmospheric CO; are due to age model
uncertainties (£3 kyr) (Lisiecki & Raymo 2005). Boron-derived CO; is from three sites: ODP Site 999 and ODP Site 668 (as in panel
a) and GeoB1523 measured by Henehan et al. (2013) covering termination one (not shown in panel # for clarity). The residual error
about the mean between the ice-core CO; and §!!B-derived CO; is 23 patm, which is similar to quoted uncertainties, confirming a
high degree of accuracy for the §'' B approach.

process of calcium carbonate compensation maintains the global mean calcite surface saturation
state in the range of 4-6 (Ridgwell 2005, Hain et al. 2015). Given estimates of [Caly, and [Mg]
(Horita et al. 2002) and temperature to estimate Ki,, we can use the assumption that Qe
remained at 4-6 to calculate surface water [CO;27] (e.g., Tyrrell & Zeebe 2004, Pearson et al.
2009). It should be noted that it is only on timescales that are long relative to the mixing time
of the oceans that the process of carbonate compensation operates to help buffer %, On

calcite
shorter timescales (1,000-10,000 yr) < js 3 dynamic variable showing coupled variability to
pH change (see figure 3 of Honisch et al. 2012). Therefore, the assumption of roughly constant
Qurfice jg valid only on timescales of >10° yr.
As with 8! B-derived pH, discussed above, relative changes in CO, derived from 5''B are more
robustly determined than are absolute values (e.g., Martinez-Boti et al. 2015a). This is particularly
the case when changes in climate forcing by CO, are considered. The following equation describes

climate forcing in W/m? from CO, change (Byrne & Goldblatt 2013):
AFco, = 5.32In(CO,/Co) + 0.391n(CO, /Cy)?, (28)

where Cy =278 patm, the preindustrial CO, content of the atmosphere. In Figure 9 we show
CO; calculated from an artificial ' B record exhibiting a monotonic increase from 18.5%o to 20%o
over a 1 Myr period, assuming three very different values of 5'! By, and alkalinity (38.6-40.6%0 and
1,800-2,600 pM, respectively). This range in the second carbonate system parameter and 8'! By,
results in a large range in absolute CO,, but the relationship between climate forcing from CO,
change and the temperature response to that change (an arbitrary monotonic decrease of 2°C) is
nearly identical for each parameter set (the slope on Figure 9). Even if our artificial ! B excursion
isaccompanied by a large unidirectional change in alkalinity of £200 pM, the relationship between
AFco, and global temperature change remains similar (Figure 9). The change in temperature
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Figure 9

CO; records and CO; forcing versus temperature cross-plots calculated from an artificial 5''B and temperature time series that
increased/decreased monotonically from 18.5%o to 20%o and 25°C to 27°C, respectively, across the study interval. (#,b) The influence
of three different isotopic compositions of boron in seawater (5!! Bgy) and alkalinity (ALK) values on pCO;. (¢) The influence of a
monotonic decline/increase in ALK across the study interval of £ 200 puM. (—f) Cross-plots of climate forcing from pCO; change
(AFco, in W/m?) against changing temperature. The colors of the lines correspond to the scenarios shown in panels 2. Also shown is
the gradient (z) for regressions through the points. The relationship between temperature and climate forcing is largely insensitive to
relatively large uncertainties in 8'! B, and the second carbonate system parameter (in this case ALK).

for a given change in forcing is known as the sensitivity parameter (Rohling et al. 2012), and this
approach was recently used by Martinez-Boti et al. (2015a) to examine the state-dependency of
climate sensitivity in the Plio-Pleistocene. By examining relative change in forcing in this way,
even if absolute CO, estimates using the §''B proxy suffer from large uncertainty due to the
nature of the second carbonate system parameter and §''By,, relative change in 8!''B-CO; and
hence climate sensitivity can be robustly determined.

7. REMAINING CHALLENGES AND FUTURE DIRECTIONS

In this review we have attempted to summarize the state of the art with respect to the boron
isotope pH proxy. Although the past decade has seen a substantial advance in our understanding,
a number of challenges remain:
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1. Analytical techniques remain challenging and time consuming. For the §''B-pH proxy to
reach its full potential, accurate determination of the isotopic composition of the small
amounts of boron hosted in marine carbonates needs to be made more routine, and the
sample throughput of the currently available techniques needs to be improved. Such en-
deavors would also be aided by the continued development of carbonate reference materials
to ensure interlaboratory comparability.

2. Despite recent advances, a full mechanistic understanding of boron incorporation and 5''B
vital effects is lacking. We are therefore currently limited to relying on empirical calibrations
between 8''B and pH.

3. Although assumptions regarding alkalinity or Qurface

calcite
carbonate system based on the 5!!B-pH proxy, the accuracy of absolute CO, determinations

is still, at least in part, limited by our knowledge of a second carbonate system parameter,

enable a full determination of the ocean

which at times is poor.
4. The accuracy of applications beyond the past 3 Myr or so is further restricted by our relatively
limited knowledge of the secular evolution of 5!!'By, through geological time.

Resolution of these issues will no doubt require a multidisciplinary approach, in fields ranging
from biogeochemical modeling to instrument engineering. The current anthropogenic “climate
experiment,” however, urgently requires an improved understanding of Earth’s climate system.
The ability of boron isotopes to trace ocean pH and atmospheric CO, in the past, as we have
outlined here, offers a unique tool to probe that understanding on multiple timescales.
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