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Abstract Since atmospheric carbon dioxide (CO,) is a key driver of global temperatures over geological
time, determining past CO, and fluxes among Earth's carbon reservoirs is critical in resolving drivers and
feedbacks within Earth's climate system. Such CO, reconstructions are challenging prior to ice core records of
the last 800 kyrs, and yet it is beyond this time where the most promising analogs for our warmer, higher CO,
future lie. Amongst proxies for past CO, reconstruction, boron isotopes (8''B, primarily measured in
foraminiferal carbonate) have become one of the most well-established, having demonstrated their ability to
replicate atmospheric CO, during periods where ice core estimates are available for comparison. Although
analytical reproducibility across laboratories has greatly improved in recent years, the approaches taken to
derive CO, estimates from these boron isotope measurements remain variable. For example, there are
significant inconsistencies in how seawater temperature, boron isotope, and elemental composition are
estimated, in how a second carbonate system parameter is used to constrain the carbonate system, in how
ecophysiological imprints on proxy signals are accounted for, and in how uncertainties are quantified and
propagated. The need to better harmonize practices in the community motivated a series of virtual workshops
and a PAGES-supported meeting, and ultimately this AGU Special Collection “Advances and Best Practices in
Boron-based Paleo-CO, Reconstruction.” In this synthesis article, we briefly summarize the history of
approaches to address these issues, current limitations and strengths of the proxy, and highlight some important
points to consider when applying the boron isotope proxy.

1. Introduction

The use of boron isotope ratios in marine carbonates was first proposed to reconstruct the pH and therefore CO, of
natural systems in the 1990s (Figure 1, Hemming & Hanson, 1992; Spivack et al., 1993). Due to its behavior being
analogous to the carbonate system in seawater, boron isotope ratios have a real quantified link to the carbon cycle,
and over their development, many advancements in both theory and method have been made. Nowhere is this
more evident than in the recent CenCO,PIP compilation of community-vetted Cenozoic CO, proxy records
(Honisch et al., 2023), which leans heavily on the boron isotope proxy (805 out of 1,579 data points). Beyond the
reach of ice core records of CO, (~800 kyrs BP, the boron isotope-CO, proxy, as applied to marine carbonates,
has yielded some of the most continuous, reproducible and precise CO, records, comparing favorably to other
marine and terrestrial CO, proxies. Confidence in the accuracy of these records has led to a greater presence for
paleo-CO, proxies in the latest IPCC report (IPCC & WG, 2021), bolstered by demonstrable consistency be-
tween the ice core and boron isotope CO, records (Chalk et al., 2017; de la Vega, Chalk, et al., 2020; Honisch &
Hemming, 2005), and by interlaboratory comparison efforts that show good agreement for analysis of carbonate
standards independent of cleaning protocols (Gutjahr et al., 2021; Stewart et al., 2021). However, while confi-
dence in the robustness of the proxy as a whole appears justified, on a more detailed level, there are significant
differences in how the proxy is being applied across the paleoceanographic community. This in effect introduces
discord in long term CO, records, and runs the risk of undermining the progress that has been made in the boron
isotope proxy community over the past decades. Two recent compilation efforts have attempted to reduce this
discord within Cenozoic records, taking quite different approaches to do so. Rae et al. (2021) compiles a subset of
records viewed as most reliable, harmonizing some of the secondary inputs which are required to generate the
final CO, records from boron isotope ratios (e.g., the isotopic composition of boron in seawater). In contrast,
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Honisch et al. (2023) opts to compile all boron isotope-derived CO, records that meet a prescribed quality control
standard, without substantially altering any of the accessory inputs that were assumed when calculating these CO,
records in the primary publications. The advantage of the former approach is that any noise stemming from the
ancillary inputs of CO, calculations, and inconsistent calculation methodology, was minimized. A disadvantage,
however, is that it is not always appropriate to assume the same range of for example, second carbonate system
parameters for all sites at all times in the Cenozoic, as to do so may ignore justifiable differences in Earth system
parameters, and in addition any incorrect assumption could either alter the magnitude of CO, signal reconstructed,
such as muting the potential variability, or cause a systematic inaccuracy in the whole record. In the case of the
CenCO,PIP approach, the temporal flexibility in which secondary input parameters are permitted to change
between study time intervals may better reflect the reality of a planet that is constantly evolving, and total un-
certainty. On the other hand, it can result in situations where included studies that are adjacent in time are built on
mutually incompatible secondary assumptions, such as those investigated in Kohler (2023), who uses boron
isotope data in conjunction with a fully constrained carbonate system model to assess consistency between
emission scenarios and 8''B-pH data.

Building on community-based initiatives like p-CO,.org and CenCO,PIP, in 2021 a series of online consensus-
building workshops were begun, continuing to an in-person PAGES-funded workshop in 2022 at the International
Conference of Paleoceanography in Bergen (Anagnostou et al., 2023). The aim of these workshops was that by
fostering exchange of ideas and best practices amongst the boron isotope community, whether that be in analytical
techniques, calculation routines, or in the choice of accessory inputs that are needed for the calculation of CO,
from boron isotope ratios, scatter on boron-based CO, records could be reduced not through post-hoc imposition
of a common set of assumptions, but by community led convergence on more consistent ways of analyzing data.
This special collection of papers showcases some of the ongoing advances in boron isotope-based CO, recon-
struction that were discussed during, or informed by, these meetings, as well as some additional manuscripts
which are highly relevant to the field. In doing so it builds a picture of the state of the art, and the prospective areas
where advances can still be made. In this synthesis article, we briefly summarize the history, practicalities,
limitations and strengths of the proxy, and highlight some important points to consider when applying the boron
isotope-CO, proxy, in light of some of the recent advances published in this special collection and elsewhere.

2. Methodological Advances
2.1. Background

In almost all major advances in paleoceanography, including the development of paleotemperature proxy science
in the mid 20th century, the development of new theoretical concepts and paradigms has been intrinsically linked
to the establishment of new analytical methods and capabilities (e.g., Emiliani, 1966). Boron isotope-based CO,
reconstruction is no exception to this legacy approach in the paleoceanographic community. Advances in tech-
nology and methodology do more than merely reduce the uncertainty on a given data point, they can open up new
geological archives and areas for study. Reduction in sample size requirements offers benefits beyond the obvious
of requiring fewer picked foraminifera from sediment samples: it also greatly increases the feasibility of cali-
bration and hypothesis testing through tow and culturing studies and sedimentological studies from carbonate
poor regions.

Analysis of boron isotopes in marine microfossils has developed substantially, fostering the exponential growth
of application studies from the starting point of the proxy in the early 1990s to the present day (Figure 2). Boron
isotope analysis presents a unique combination of challenges: low ionization potential, volatility and general low
abundance in sample material. Several comprehensive reviews of the development of analytical protocols already
exist (e.g., Marschall and Foster (2018)), and to avoid unnecessary replication we briefly summarize here and in
Table 1. Through much of the early development of the boron isotope-pH proxy, the key analytical frontier was
the establishment of reproducibility, interoperability and consistency between laboratories just as it is in the
establishment of the clumped isotope paleotemperature proxy (e.g., Bernasconi et al. (2018)). Early analyses
relied heavily on thermal ionization mass spectrometry, firstly positive-TIMS (P-TIMS) and later by negative-
TIMS (N-TIMS). While P-TIMS displayed promising levels of reproducibility during the early establishment
of the proxy, the application of the method to paleoceanographic questions was (and is still today) typically
limited by sample size requirements. The relatively much smaller sample size requirements associated with N-
TIMS opened up a range of applications, and facilitated some pioneering work in the boron isotope field (e.g.,
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Figure 1. Carbonate and boron system Bjerrum plot, a graphical representation of the equilibrium reactions in the two groups. Here shown with a theoretical Dissolved
Inorganic Carbon of 2,100 pmol kg, salinity of 35 psu, and at a temperature of 25 °C. Concentrations of the various chemical species are shown in the gray (carbonate),
blue and orange (boron) lines in log mols/kg. As CO, dissolves in sea water, it impacts the pH dependent equilibrium reactions of the carbonate and boron systems
releasing H* ions (107", ~acidity). At high pH relatively more carbonate ion and borate ion are available for inclusion into carbonate minerals, this also impacts the
''B of borate incorporated. Modified from Zeebe and Wolf-Gladrow (2001). Carbon, oxygen, hydrogen and boron are indicated by black, red, white, and green atoms
respectively, dissociation constants are shown using pK notation.

Palmer et al. (1998); Pearson and Palmer (2000); Sanyal et al. (1995)). However, N-TIMS has problems asso-
ciated with strong within-run instrumental fractionation and interference from minor isotopologues (such as
1987060 complexes interfering with ''B'0,, and organic molecule breakdown to '2C"*N'®0 which interferes
with 1OBIGOZ), and in the early 2000s it was apparent that large inconsistencies existed between laboratories
(Gonfiantini et al., 2003; Honisch et al., 2003). A major advance came with the development of MC-ICPMS mass
spectrometers, and their application to boron isotope geochemistry (Foster, 2008), and although offsets between
the two techniques become apparent, the data are comparable (e.g., Farmer et al., 2016; Foster et al., 2013).
Provided problems associated with sample wash-out and complete matrix separation are dealt with, plasma mass
spectrometry presents a variety of advantages over P/N-TIMS, with higher sample throughput, and an ability to
better quantify instrumental mass fractionation through sample standard bracketing. Partly as a result of these
analytical improvements, interlaboratory comparability has improved greatly in recent years (Gutjahr
et al., 2021), allowing greater comparability of published data sets, and with it advances in our understanding of
the ways by which the proxy works (e.g., Raitzsch et al. (2018)), and how CO, varied in the past. In this promising
analytical landscape, the methodological frontiers of the boron isotope proxy have become more concerned with
processing efficiency, miniaturization, blank elimination, and spatial resolution.

2.2. Matrix Separation

One realm in which there have been a number of recent developments (some published within this special
collection) is in the efficient separation of sample B from carbonate matrix prior to analysis (a necessary pre-
requisite for solution MC-ICPMS analysis). Traditionally, this has been achieved by column chemistry, building
on methods by Lemarchand, Gaillardet, Gopel, and Manhes (2002), and leveraging the boron-specific anion
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Figure 2. Citation report of publications spanning 1970-2023 of past boron isotope reconstructions of atmospheric carbon dioxide and ocean pH/carbonate chemistry. A
total of 109 papers are published (8,403 total citations) and include paleo-reconstructions based on planktonic foraminifera in pale blue (n = 74), coral in light blue
(n = 28) and other marine carbonates in dark blue (n = 7). The interest is growing over time as techniques and precision improve to more than 800 citations per year.
Yearly citation data included herein are derived from Clarivate™ (Web of Science™). © Clarivate 2023. All rights reserved.

exchange Amberlite IRA-743 resin (Kiss, 1988). By this method, the sample is buffered and passed through
gravity columns, where the resin efficiently strips the borate ion out of the solution, and the remaining boron
rapidly re-equilibrates, producing more borate ion until all of the boron is bonded in the column. Most boron-
based CO, reconstructions to date have been generated from such manual gravity columns (e.g., Anagnostou
et al., 2020; Anderson et al., 2024; Chalk et al., 2017; Foster, 2008), as they have been shown to produce reliable
and repeatable data. However, the procedure to purify samples is lengthy, depending on the design and age of the
columns, and involves constant supervision. The process of custom-making and calibrating columns is time
consuming and labour intensive, meaning only specialized laboratories can perform the separation. Column
performance is reduced after many uses, and particularly following exposure to matrices with high organic
content, requiring refitting and recalibration (de la Vega, Foster, et al., 2020). These columns must be small to
ensure the minimum collection acid is used, because boron is volatile and there is no possibility to dry samples
down to concentrate them. Finally, in part because of this volatility, columns are susceptible to fall-in blank
contamination during the procedure (e.g., de la Vega, Foster, et al., 2020; Kubota et al., 2021; Trudgill et al., 2024;
Xu et al., 2024), and must remain covered as much as possible during chemistry—and yet, if columns are designed
to drip quickly to minimize handling time, they may be too fast for the kinetics of boron re-equilibration in the
resin bed, and therefore fractionate 8''B of the samples. All these issues have motivated researchers to devise
alternative methods of boron purification.

Microsublimation as a method for boron purification was first proposed and developed by Gaillardet et al. (2001),
and involves heating samples and allowing the pure evaporated boric acid to accumulate in the top of a conical
beaker. Since its development, the method has been applied to a variety of environmental materials (Lemarchand,
Gaillardet, Gopel, & Manhes, 2002; Y.-H. Liu et al., 2018), including corals (Anagnostou et al., 2012; Y. W. Liu
et al., 2013; Rodriguez-Diaz et al., 2024; Wang et al., 2010) and foraminifera (Misra et al., 2014; Rodriguez-Diaz
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et al., 2024). A major advantage of microsublimation is the low boron blank (<20 pg) associated with it, since the
sample remains closed at all times, as well as the considerably greater ease and speed of operation. Possible
hazards with the method stem from the large isotope fractionation associated with evaporation, meaning that even
very small (and thus hard to quantify) losses of B through escape of volatiles, or retention in the solid phase, can
have a significant influence on overall results. With careful handling, the long-term reproducibility can be better
than 0.3%o (2sd, Wang et al., 2010; Y.-H. Liu et al., 2018), although it is notable that studies that use this
technique consistently report slightly poorer reproducibility for carbonate standards than the ~0.2%¢ routinely
achievable with gravity columns.

Other matrix separation routines retain the use of anion exchange resin, but aim to reduce blank contamination
from the operator, and increase sample throughput. The prepFAST-MC method, for instance, includes a sealed
25 pL column of Amberlite IRA743 resin, mimicking the traditional gravity column chemistry approach, but
samples are processed with an automated set of pumps, without the need for manual loading and extraction of B.
This significantly reduces hands-on time and need for expert training as well as reducing blank by reducing
operator handling contamination risks. de la Vega, Foster, et al. (2020) developed the method and demonstrated
its efficacy for coral and seawater matrices, and boric acid solutions, with up to 25 ng B load, and 60 min per
sample processing time. They demonstrated efficient matrix washout, with comparable 8''B accuracy and pre-
cision to the gravity column purification method, and low B procedural blank (<60 pg B). However, while the
authors found the system can be adapted for other matrices, such as foraminifera, it requires regular maintenance
and screening to prevent blank build up and preserve data quality.

Another new development to boron purification is provided in this special collection by Xu et al. (2024), who
present pumped ion-exchange gravity columns (“peri-columns”) designed to greatly speed up the process of
boron separation, reducing sample processing time up to eight-fold (1.5 hr for 12 columns). This is achieved by
using a peristaltic pump system to create a negative pressure gradient in a Teflon beaker below the column and
encourage solutions to pass through. Since the solution never passes through the pump or vacuum tubing, low
blanks (<30 pg B) were obtained over a range of boron matrices. Components are commercially available and no
liquid is retained on the column after each addition, which holds promise in improving levels of accuracy and
reproducibility, provided sample loading and pump speed is well calibrated.

A final alternative to gravity columns is the so-called “batch method” presented in this special collection by
Trudgill et al. (2024). In this method, solutions are pipetted in and out of 1.5 ml centrifuge tubes filled with pre-
cleaned resin, and the ion exchange reaction happens in a sealed environment, with adequate time for boron re-
equilibration to occur in the pore space. This presents several advantages over the “traditional” column chemistry,
namely that total procedural blanks can be kept low even in sub-optimal laboratory environments, helping to
improve consistency between samples and session, however, it is manually intensive, requiring a lot of pipetting.
It is also more time efficient as the processing can be done at the user's pace, and up to 24 batch tubes can be
processed in the same time as a column set (typically 10-20 columns). Provided matrices stay within defined
parameters of ionic strength and acid:sample:buffer ratio, the method promises good reproducibility across a
range of sample sizes and matrix types.

While it is possible that traditional gravity columns may remain the “gold standard” in the short term, meth-
odological advances such as those included in this special collection demonstrate the ingenuity of the community,
and the breadth of options available to boron isotope geochemists moving forward. The ability to choose from a
range of analytical strategies according to one's laboratory infrastructure and sample type improves accessibility
of the proxy, while a diversity of methodologies reduces the risk that a method-specific structural bias pervades
the entire community.

2.3. Sample Miniaturization and Spatial Resolution

Long-standing open questions surrounding how the boron isotope-pH proxy works, and carbon cycle dynamics
during rapid perturbations and transient climate events, would benefit greatly from reductions in the sample size
required for analysis. Foraminiferal culture calibrations over a broader range of temperatures, light levels and
seawater chemistries are a more feasible prospect if a few individuals (or a few individual chambers) are
needed per datapoint, as opposed to, e.g., more than a hundred specimens (e.g., Henehan et al., 2013) or boron
addition which changes the buffering capacity of culture media (Howes et al., 2017). Similarly, the temporal
resolution at which we can study ocean pH change during an event is greatly improved if enough foraminifera
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can be picked for analysis from 0.5 cm of core thickness, rather than >3 cm. Thus, other promising
methodological advances in the field surround the reduction in sample size required for a mass spectrometer
analysis. A major step in sample size requirement is the roll-out of high resistivity 10'® Q (and before 10'* Q)
amplifiers for MC-ICPMS devices, meaning Johnson-Nyquist noise on Faraday cups becomes proportionally
reduced for small sample signals. A further methodological advance is provided in this special collection by
Paulhac Buisson et al. (2025), building on the earlier work by Louvat et al. (2014), whereby rather than being
nebulized into a spray chamber (where most sample B is lost), analyte solutions are directly injected into the
plasma. Using transient signals (to allow for extra small volumes) the demountable-Direct Injection High Effi-
ciency Nebulizer method can measure samples containing less than 1 ng B (compared to a typical 15-20 ng), and
in addition results in improved washout time. To date, plasma instability arising from the method has limited its
application within the field of past CO, reconstruction, but Paulhac Buisson et al. (2025) demonstrate the
considerable potential of the method through their work determining &''B size effects in foraminifera of low B
concentrations.

Another area of methodological advance is in situ boron isotope analysis, which includes measurements of single
foraminifera shells and enhanced spatial-resolution of marine carbonates (e.g., corals and foraminifera) via laser
ablation MC-ICPMS. A critical advance in this has been the recognition of interference from scattered ions (such
as Ca4+) on '°B signals which biases 8''B toward light values (Evans et al., 2021; Sadekov et al., 2019; Standish
et al., 2019), although this phenomenon does not appear to be present in all instrumentation and analytical
methods (Fietzke & Anagnostou, 2023; Steinhofel et al., 2023). To correct the contribution of the interference
involves monitoring a mass range proximal to '°B, and analyzing a range of known carbonate standards of
differing B/Ca, applying a post-hoc correction to sample values according to the ratio of ''B to interference in
each sample (Coenen et al., 2024; Evans et al., 2021; Sadekov et al., 2019; Standish et al., 2019). Although the
analysis of small transient signals, and the multiplicative uncertainty propagating through matrix correction
means that individual foraminifera laser ''B measurements are associated with larger analytical uncertainties
compared to solution methods, the technique may still yield useful insights in sample-limited studies. The ability
to resolve intra-shell chamber-to-chamber variability and individual vs. population 8''B values may provide
insights on ontogeny, biomineralization and ecological contributions to foraminiferal “vital effects” (see below).
To date, published analyses of single planktic foraminifera reveal a large degree of inter-individual variability that
are significantly too large to be consistent with seasonal or depth-related differences, or modeled vital effects
(Mayk et al., 2020).

3. Boron Isotope Calibrations and Vital Effects

It has been shown that the 8''B of planktic foraminifera, while changing with pH broadly as predicted by the
theoretical basis of the proxy (Hemming & Hanson, 1992; Vengosh et al., 1991), is not equal to seawater borate
5!'B (e.g., Henehan et al., 2016; Raitzsch et al., 2018; Sanyal et al., 2001). Such offsets have been attributed to
modifications of the pH within the immediate microenvironment of foraminifera shells through photosynthesis
(CO, uptake), respiration (CO, release) and calcification (CO, release), collectively known as “vital effects”
(Honisch et al., 2003; Zeebe et al., 2003), and can be accounted for in extant species through the use of species-
specific pH calibrations (e.g., Henehan et al., 2016 and references therein). Prior to ~20 Myr, however, there are
few or no extant species available, which means beyond this time the contribution of uncertainty from vital effects
to CO, reconstructions becomes substantially larger (see Figure 3). For extinct foraminifera, an accurate eval-
uation of foraminifera vital effects remains a challenge, and introduces uncertainty that is difficult to quantify. In
the literature this uncertainty has been dealt with a number of ways. For example, analogies with modern eco-
physiologies can be drawn from independent O and C isotope analysis and relative positions within multi-species
depth profiles (Anagnostou et al., 2016; Babila et al., 2018; Henehan et al., 2020). It has also been suggested that
size-fraction differences in 8''B may be indicative of symbiosis, with increasing 8''B with size potentially
indicative of symbiosis and non-symbiotic species showing no such increase, or a decrease (Henehan et al., 2016).
In addition, determination of offsets in &' 'B across species can be used to inform the choice of species calibration
(Anagnostou et al., 2020; Harper et al., 2020; Henehan et al., 2019, 2020). In this special collection, Anderson
et al. (2024) measure offsets between species to imbricate known vital effects from extant foraminifera through
Oligocene ancestors, adding sequentially more extinct species through time. Although perhaps not feasible for the
Cretaceous, where turnover of species is geologically instantaneous and almost complete, this approach has great
potential for improving our CO, estimates in the Cenozoic, and has resulted in a significant improvement of our
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Figure 3. Contribution of uncertainties in CO, calculations over the past ~70 million years. (top, a) The total contribution to uncertainty on the reconstruction of borate
(excluding chemistry calculation inputs) by age, from left to right the Preindustrial, Last Glacial Maximum, Middle Pleistocene, Pliocene, Miocene, Oligocene, Eocene,
Paleocene-Eocene Thermal Maximum (PETM), Paleocene and Late Cretaceous. The major component is analytical and foraminifera calibration for the recent, and
calibration and sea water composition for the pre-Pliocene. (middle, b) The relative contribution of each error to calculated CO, values, the importance of analytical
uncertainty, temperature, and disequilibrium is highest in the Plio-Pleistocene but less important than seawater chemistry and foraminifera calibrations in the Miocene
and Paleogene. (bottom, ¢) The contribution of each uncertainty in radiative forcing from CO, in absolute terms. Inset (left, d): relative uncertainty across glacial-
interglacial cycles (left bars) and PETM onset in (right bars) relative CO, and (right, e) relative forcing. Despite the much larger absolute (c) and relative errors (d)
during the PETM, the impact of the uncertainty on forcing is much lower at high CO, due to the logarithmic nature of CO, forcing on climate (e).

understanding of Oligocene CO,. Improvements in interlaboratory agreement (Gutjahr et al., 2021; Stewart
et al., 2021) assist in deriving and constraining vital effect corrections via improved accuracy, even between
different studies, although caution must still be taken when re-interpreting older published calibrations (see
Henehan et al., 2016). Finally, it is also worth noting that the adjustment of modern calibrations to account for past
seawater 8''B has significantly reduced the absolute magnitude of vital effect corrections implied for extinct
foraminifera (Greenop et al., 2019), and that uncertainty stemming from vital effect corrections can also be
significantly reduced by reconstructing relative changes in seawater pH/atmospheric CO, through time
(Figure 3).

Despite the available strategies to parameterize vital effects in extinct planktonic foraminifera, a full mechanistic
understanding of their origin must ultimately remain a goal for the community. Aside from symbiont activity,
species-specific differences in pH modification of seawater vacuolization have also been proposed as potential
avenues for exploration for species-specific vital effects (de Nooijer et al., 2014; Honisch et al., 2021). The
potential for intra-shell measurements of 8''B by laser ablation, and now the ability to achieve planktic fora-
miniferal reproduction in vitro (Davis et al., 2020; Meilland et al., 2023), mean we are at an exciting juncture in
understanding vital effects.

4. Impacts of Foraminiferal Preservation and Sample Impurity on Boron Isotope
Ratios

The boron concentration and isotope composition of foraminifera can be altered by dissolution and diagenesis
post mortem, in the water column and during sediment burial. Most 8''B-based CO, records are generated from
core sites above the paleo-carbonate compensation depth (CCD) located in the tropical to mid-latitudes, where
CO, concentrations in the surface ocean are more likely to be in equilibrium with the atmosphere (Figure 3b).

CHALK ET AL.

8 of 20

85US017 SUOUILLOD SAI1E8.1D) 3(qedt[dde auy Aq peuienob a.e S9[ofe O ‘SN J0Sa|NI 1o ARl 1T 8UIUO AB]IA O (SUONIPUO-PUE-SWLIBY WO A8 | M Ale.q)|BUI|UO//SA1Y) SUONIPUOD PUE SWIS | U1 885 *[S5202/0T/60] U0 ARiqiTauliuo A1 * 0 oD, ASIBAIUN oulgIN - 3 eyD Sewoy 1 Aq 250500 Vdb2Z02/620T 0T/10p/wod’ Aa| i Areiqijput uo'sgndnBey/sdny wol pepeojumoq ‘0T ‘5202 'S25t2/Se



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Paleoceanography and Paleoclimatology 10.1029/2024PA005057

Core sites selected for minimal CO, disequilibrium are however not necessarily the locations with the best
preservation of calcium carbonate sediments. Supplemental information such as temperature (5'%0, Mg/Ca)
required for CO, reconstruction is known to be highly susceptible to diagenetic alteration, specifically in tropical
sites with large surface to deep ocean temperature gradients. While unknown temperature adds additional un-
certainty to climate sensitivity calculations, relative uncertainty in temperature proxies only minimally contrib-
utes to calculated CO, uncertainty and even less to radiative forcing calculation (Hain et al., 2018, & Figure 3
light blue bands).

Several strategies are used to evaluate the potential impacts on foraminiferal 8''B signatures from varying quality
of preservation. Visually, foraminiferal specimens with glassy shell texture are the qualitative benchmark for
optimal preservation compared with poorly preserved specimens with opaque frosty shell texture (Pearson
et al., 2001; Sexton et al., 2006). These are typically found in continental shelf sites such as ODP 174AX located
in the Mid-Atlantic US coastal plain and Tanzania, where low porosity clay-rich sediments mean any alteration
occurs in a relatively closed system and results in minimal change in isotopic composition (Anagnostou
et al., 2016; Babila et al., 2022; Badger et al., 2013; Pearson et al., 2009). This is in contrast to pelagic, high-
porosity, predominantly calcium carbonate sands, such as ODP Site 865 located on Allison Guyot, where
recrystallization occurs in a completely or partially open system at oversaturated calcium carbonate conditions,
possibly resulting in isotopic re-equilibration and/or carbonate overgrowth (Kozdon et al., 2013). Besides visual
appearance, more detailed imaging techniques such as electron microscope and X-ray micro-tomography can
provide quantitative information on shell thickness and porosity, and qualitative information on phase trans-
formations or crystal reordering.

Geochemical metrics such as Sr/Ca are also used to monitor the degree of potential diagenetic alteration (Kozdon
et al., 2013), because Sr is released into pore fluids during calcite dissolution and excluded during inorganic
calcite (re)precipitation. Further, electron microprobe analyses have been used to identify elemental banding as an
indication of elemental preservation even in recrystallized foraminifera, offering the opportunity to utilize
diagenetically altered archives for reconstructions when specific conditions are met (Staudigel et al., 2022). To
date there have only been a few studies that have assessed the effect of dissolution and diagenesis on foraminifera
boron isotopes. Some evidence does point to a potential effect of dissolution on 8''B, which appears to be strongly
species-specific (Honisch & Hemming, 2004; Ni et al., 2007; Seki et al., 2010). Furthermore, dissolution may
affect other trace and minor element concentrations in some planktonic foraminifera species that are used in
calculating pH and CO,_For example, Mg/Ca derived sea surface temperatures (SSTs) are commonly used in the
estimation of dissociation constants necessary for 8''B-CO, calculation. Global compilation assessment on the
impact of dissolution on Mg/Ca shows a similar pattern of Mg loss (e.g., lower SSTs) below a critical threshold
value for bottom water saturation state (Regenberg et al., 2014). In the case that bottom water saturation state
(ACO%’) values are uncertain, the potential dissolution bias on planktonic foraminifera Mg/Ca values is unac-
counted for, and the lower calculated SSTs would result in lower 8''By,,,.. estimates and hence introduce an
additional source of systematic uncertainty on CO, reconstruction. In the case of recrystallization, Edgar
et al. (2015) examined inter-species differences in two time-equivalent samples—one well-preserved, glassy, from
Tanzania and one poorly-preserved, frosty, from ODP 865. Although Sr/Ca and B/Ca ratios were lower in the
recrystallized foraminifera, there was negligible difference in their absolute 8''B, or in the 8''B offset between
specimens (Edgar et al., 2015). This muted impact of diagenetic recrystallization on foraminiferal 8''B records is
encouraging for CO, reconstruction, and indeed is supported by the consistency of CO, estimates in recent
compilations (Honisch et al., 2023; Rae et al., 2021) although caution is warranted, as diagenesis is heterogeneous
in space and time, and the apparent absence of effects in these cases does not preclude their occurrence elsewhere.

Although geochemical metrics to objectively assess the preservation and pristine composition of foraminifera do
exist, often boron isotope data are published with only a limited quantity of elemental composition data (e.g.,
element/Ca ratios). In particular, Al/Ca ratios are a powerful tool to detect contamination from clay, which can
influence 8''B by introducing isotopically-light contaminant B that is adsorbed to it. Additional element/Ca ratios
that can help to indicate clay contamination include Mn/Ca, Fe/Ca, Ti/Ca, and U/Ca, although Fe and Mn
contamination can also stem from ferromanganese coatings, which are typically low [B] (Axelsson et al., 2002;
Yu et al., 2007). We encourage the community to accompany &''B values with a suite of element/Ca results to
help identify possible sources of contamination. In addition, methodological descriptions of sample treatment and
cleaning can lack sufficient detail to assess whether observed element/Ca data are primary or a potential artifact of
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too much/too little cleaning, leading to potentially important datasets being vetted from future compilations or
altered data being included erroneously. Important to note is whether clay removal and oxidative cleaning steps
were performed (e.g., Barker et al., 2003), if, and how, samples were also subject to additional steps such as
reductive cleaning (e.g., Boyle & Keigwin, 1985). While reductive cleaning may prove helpful in some instances,
it can lead to partial sample dissolution (Yu et al., 2007), which in at least some cases has led to changes in
measured 5''B (e.g., Honisch & Hemming, 2004; Ni et al., 2007), as well as trace element ratios used as accessory
inputs for pH and CO, calculations (e.g., Mg/Ca; Regenberg et al., 2014).

5. Accessory Inputs for Calculating Past Atmospheric Carbon Dioxide (CO,)
5.1. Boron Isotope Composition of Seawater (6''B,,,)

Reconstruction of pH, and by extension CO,, requires knowledge of 8''B,,,. While the modern ocean 8''B,,, is
well-characterized through direct seawater measurements (Foster et al., 2010; Lemarchand et al., 2000), ''B,, is
expected to have differed in the past, varying over geological time scales of ~10 million years (the residence time
of boron in seawater) as a result of changes to major boron inputs and output fluxes (Jurikova et al., 2023;
Lemarchand et al., 2000). The geological record of &''B,, has been, however, notoriously difficult to constrain
because most potential seawater archives (carbonates, opal, clays) most likely preferentially incorporate the
charged borate ion rather than bulk seawater boron composition (e.g., Hemming & Hanson, 1992). Halite fluid
inclusions show some promise for recording 8''B,,,, but uncertainties remain about the extent of preservation of
primary 8''B signatures in halites (Paris et al., 2010). In the absence of direct means for deriving past 5''B.,,
most studies reconstructing ocean pH and atmospheric CO, from boron isotopes have relied on obtaining 8''B,,,
by back-calculation from 8''B¢, 03 by making assumptions about pH and/or the carbonate system. An approach
for constraining past 8''B,,, exploits the presence of a vertical gradient in ocean pH, through surface to subsurface
foraminiferal 5''B measurements, which is linked to gradients in carbon isotopes, Dissolved Inorganic Carbon
(DIC) and apparent oxygen utilization and compare to modern oceanic pH gradients (Anagnostou et al., 2016;
Foster et al., 2012; Greenop et al., 2017; Henehan et al., 2019; Palmer et al., 1998; Pearson & Palmer, 2000). Past
5''B,,, has also been constrained by making assumptions about long-term deep-sea pH change through time and
comparing to geochemical records (Raitzsch and Honisch, 2013), and in studies focusing on short-term carbon
cycle events and mass extinctions by making assumptions about background pre-event pH underpinned by model
outputs (Babila et al., 2022; Clarkson et al., 2015; Gutjahr et al., 2017; Jurikova et al., 2020). So far all of these
approaches have produced valuable constraints on possible &' ]BSW values during various time intervals, which
combined provide a more complete reconstruction of 3''B,,,.

In this special collection, Whiteford, Heaton, et al. (2024), present a statistically-robust &''B,,, record over the
Cenozoic which integrates previously published and updated 8''B,,, estimates. Whiteford, Heaton, et al. (2024)
apply a Gaussian process technique to interpolate between the individual 8' 1BSW estimates, generating a Cenozoic
5''B,,, reconstruction with rigorously propagated uncertainties. The use of the Gaussian technique also enables
the authors to incorporate a mechanistic understanding of realistic 8''B,, rate of change into the interpolation,
thereby creating a Cenozoic 8''By,, reconstruction that is grounded in our current understanding of past seawater
boron budgets.

That we are still somewhat away from a full understanding of the geologic evolution of 8''B,,, is also made
evident in Whiteford, Heaton, et al. (2024). Major data gaps limiting our understanding of 8''B,,, exist in
particular in the Paleogene and the Miocene, where empirical constraints are either limited or inconsistent,
leading to a large uncertainty bound. For example, in the Miocene, Whiteford, Heaton, et al. (2024) suggest ~1%o
higher 8''B,,, than considered in recent calculations of pH and CO, (Rae et al., 2021) implying seawater pH
~0.15 units more acidic and leaving CO, as much as 50% higher for a time interval considered crucial to un-
derstanding the climate system in a warmer world. To better judge what the true &' 1BSW was in the past, it would
help to have an improved understanding of the boron cycle, and how it differed in for example, the Miocene.
While Ring et al. (2025) in this special issue do not present a new, complete model for the evolving global boron
cycle, they demonstrate that the canonical explanation for why 8''By,, changed geologically-rapidly in the
Neogene—that the adsorption flux of isotopically-light B onto clastic sediments increased with enhanced erosion
(Lemarchand, Gaillardet, Gopel, & Manhes, 2002)—is almost certainly incorrect. Instead, they argue, the

adsorption flux should have been broadly stable over the past 40 Myr. It is therefore clear that alongside efforts to

CHALK ET AL.

10 of 20

8518017 SUOLIWIOD @A E8ID) 8|qealjdde au Aq peuAob a1e S3jole YO ‘SN 4O Sa|NI 10} AR1d178UIIUO AB]IM UO (SUORIPUOD-PUE-SWLBYLI0D" A3 | IMAReIq 1[BuIIUO//SANY) SUORIPUOD Pue SWie L 34} 88S *[5202/0T/60] U0 AiqiaulluO A8|IM * 0g 01D, AYSBAIUN 0UIGIN - 3[RUD Sewoy L Aq 250500 Vdb202/620T 0T/I0p/L0o" A8 1w Arelq uluo'sandnBe//sdiy woaj papeojumoq ‘0T 'S202 'Seatz.Se



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Paleoceanography and Paleoclimatology 10.1029/2024PA005057

provide new empirical constraints on &' 'B,, in the geological past, there is still considerable scope to improve our
current understanding of the global boron cycle, to provide a theoretical scaffold to corroborate these constraints.

5.2. A Second Ocean Carbonate System Parameter

Seawater pH is an important metric of the state of seawater carbonate chemistry; however two variables of the
carbonate system are required in order to robustly estimate atmospheric CO,, and quantitative proxies for other
seawater carbonate chemistry parameters are lacking.

Orbital scale Plio-Pleistocene reconstructions spanning the last 5 million years commonly use a range of alka-
linity informed by modern values, salinity, or sea-level to be combined with pH to calculate atmospheric CO,
(Chalk et al., 2017; Dyez et al., 2018; Henehan et al., 2013; Martinez-Boti et al., 2015). A strategy to minimize the
influence of assumptions about secondary carbonate system constraints is to focus on relative pH change (ApH)
instead of reconstructing absolute pH and CO,. Based on theoretical carbonate chemistry numerical solutions
both carbon and CaCOj addition/removal and temperature effects on solubility equilibrium constants contribute a
fractional change in H" (pH) and CO,, which results in a linear relationship between ApH and climate forcing
from CO,. This formalized approach (Hain et al., 2018) therefore only requires a record of past 8''By .. t0
reconstruct CO, climate forcing on orbital timescales (<~1 Myr) and does not require independent knowledge of
a seawater carbonate chemistry parameter, temperature, or 5''B,,. The CO, climate forcing calculations derived
from ice core measurements and boron isotope ApH estimates are consistent, providing validation of the
formalism approach (Hain et al., 2018). This approach is best suited for determination of orbital CO, climate
forcing over intervals up to ~1 million years in duration (the approximate residence time of C in the Earth
system), through reconstruction of ApH change and Aforcing from CO, (Brown et al., 2022; de la Vega
et al., 2023; Hain et al., 2018).

Prior to the Pliocene, ocean carbonate chemistry (alkalinity and DIC) likely evolved far beyond modern con-
straints. The carbonate system can be simulated, and carbon cycle model (GEOCARB and LOSCAR) estimates of
carbonate chemistry over the last 100 million years are consistent with long term trends in boron isotope and
alkenone CO, reconstructions (Berner, 2001; Zeebe and Tyrrell, 2018). However, abrupt (<~100 kyr) climate
perturbations such as the Paleogene hyperthermals (i.e., PETM and ETM-2), or other periods where there may
have been large oceanic carbon (DIC) changes, require a different treatment for constraining the marine carbonate
system (Honisch et al., 2012; Ridgwell & Schmidt, 2010). Following, we list a number of treatment examples in
the literature.

In the Miocene, Sosdian et al. (2018) use a data-driven approach to estimate surface ocean DIC by utilizing
records of deep ocean pH and carbonate ion, seawater chemistry [Ca®*] and CCD reconstructions. Deep ocean
carbonate ion was calculated based on CCD reconstructions (Pilike et al., 2012; Sime et al., 2007) and assuming
either a constant modern [Ca®*] seawater value or [Ca’*] reconstructed from halite inclusions (Brennan
etal., 2013; Horita et al., 2002). Deep-ocean benthic boron isotope pH records (Greenop et al., 2017; Raitzsch and
Honisch, 2013) and estimated carbonate ion were then combined with assumptions of oceanic carbon reservoir
changes to derive surface ocean DIC. An alternative data-driven approach to reconstruct a secondary ocean
carbonate chemistry parameter combines Miocene planktonic foraminiferal boron isotope pH records with B/Ca
to derive surface ocean DIC (Sosdian et al., 2020). Good agreement between these two data-driven approaches
(Sosdian et al., 2018, 2020), as well as with model estimates of long-term ocean carbonate chemistry (Boudreau
et al., 2018; Caves et al., 2016; Longman et al., 2022; Zeebe and Tyrrell, 2018) offers support to these re-
constructions of Neogene DIC, and in turn boron isotope-derived atmospheric CO,.

Paleogene carbonate chemistry (DIC and alkalinity) history is comparatively even less understood. In the absence
of independent direct estimates, CO, reconstructions tend to be more reliant on long-term or equilibrium model
runs and CCD reconstructions. One prediction of these models is that oceanic calcium carbonate saturation state
(Q) is stable on tectonic timescales, due the buffering effect of carbonate compensation (see e.g. Zeebe &
Westbroek, 2003), together with the global carbon cycle balance of volcanic outgassing and silicate weathering.
Early Paleogene surface ocean Q estimates are relatively constant (+1) under a range of carbon cycle modeling
studies (Berner, 2001; Boudreau et al., 2018; Ridgwell and Schmidt, 2010; Zeebe and Tyrrell, 2018). However,
surface ocean Q is tightly coupled to temperature, and so some Paleogene boron-derived CO, records (Ana-
gnostou et al., 2016, 2020) use spatial GENIE model output to compute site-specific Q values expected based on
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their paleolatitude. Alternatively, boron-based (5''B and B/Ca) reconstructions over carbon cycle perturbations
are combined with long-term model DIC estimates (e.g., Zeebe and Tyrrell, 2018) and/or proxy-informed carbon
cycle modeling to estimate atmospheric CO, (Harper et al., 2020; Haynes & Honisch, 2020; Henehan et al., 2019,
2020), or sensitivity analyses are catried out on a range of potential second carbonate system constraints (Harper
et al., 2024).

A compilation of boron isotope atmospheric CO, (Rae et al., 2021) over the past 66 million years evaluated four
different second carbonate chemistry scenarios of constant alkalinity, DIC, Q, and CCD values, increasing un-
certainty with age. It is encouraging given the range of second carbonate chemistry scenarios and varying as-
sumptions that have been made that the broad long-term CO, trends are robust. In this special collection,
Kohler, 2023 use the carbon cycle model BICYCLE to generate a wide range of simulations of carbonate
chemistries and CO, outputs to provide a consistency check at least for more recent time intervals, enabling a
better comparison of all boron isotope CO, reconstructions and a better connection to mechanistic links of CO,
change. Emergent knowledge of Phanerozoic ocean carbonate chemistry history when combined with the
available boron isotope CO, records will support future investigation of the specific constraints most appropriate
for the environmental conditions at different time intervals in Earth's past (e.g., CCD, alkalinity, Q, pH range).

5.3. Ocean Temperature

Seawater temperature values are needed to calculate the dissociation/equilibrium constants of the carbonate and
borate systems, and thus uncertainty in paleotemperature estimates contributes to the total uncertainty in seawater
pH and atmospheric boron-based CO, reconstructions. A full summary of available marine proxies for seawater
temperature is presented elsewhere (Hollis et al., 2019). Instead here we will focus on foraminiferal Mg/Ca ratios,
which are a common proxy for paleotemperature estimates, since most boron isotope laboratories will measure
this routinely while screening for clay contamination and the estimates will then come from exactly the same
sample material as 8''B values. One of the key complications of the foraminiferal Mg/Ca-temperature proxy,
however, is the influence of non-thermal effects on Mg/Ca, such as seawater Mg/Ca, pH and DIC (e.g., Allen
et al., 2016; Evans et al.,, 2016; Gray & Evans, 2019; Holland et al., 2020; Morley et al., 2024; Russell
et al., 2004). This poses a particular computational challenge for boron isotope reconstruction, and necessitates an
iterative approach, such as MgCaRB (https://github.com/dbjevans/MgCaRB; unless using Bayesian methods,
e.g. Harper et al., 2024). In this special collection, Haynes et al. (2023) investigate this carbonate system imprint
on the Mg/Ca-temperature proxy further, and challenge existing literature with a set of culture experiments at
different pH, [DIC], [Ca], [Mg], and temperature. Some of the most common foraminifera species used for Mg/Ca
(and 8''B) measurements were grown, and the results show that Mg/Ca is less sensitive to pH at lower seawater
Mg/Ca values typical of the early Cenozoic. It is also shown that, even in modern conditions, not all species of
foraminifera display a dependency of Mg/Ca on pH/DIC, raising questions about the mechanisms behind these
apparent effects. The authors further suggest new calibrations for the Mg/Ca proxy and argue against multi-
species transfer functions because of the starkly different responses to pH observed between modern species.
This result challenges the blanket use of a pH correction on the Mg/Ca temperature proxy with extinct species of
foraminifera. Although there are examples where a pH-correction on Mg/Ca temperatures can improve consis-
tency with other proxies (Henehan et al., 2019, 2020), Haynes et al. (2023) clearly demonstrate this should not be
treated as the default. Multi-proxy approaches, more dedicated culturing experiments, and cross-species com-
parisons, ideally using well preserved foraminifera, will be a step forward for the utility of these corrections.

5.4. Computational Methods

Although the primary obstacles to directly compare boron-based paleo-CO, reconstructions lie in the different
assumptions and decisions made in constraining the aforementioned accessory inputs, inconsistencies between
studies may also stem from differences in how resultant calculations are carried out. Just as analytical techniques
have advanced significantly in the past decade, the sophistication of methods used to calculate CO, has increased
significantly from the simple pen and paper or spreadsheet-based calculations of early work. For CO, re-
constructions in the more recent geological past, where bulk seawater chemistry can be assumed to be the same as
or close to the modern day, the community has a wide range of carbonate system calculator packages at their
disposal (e.g., Gattuso et al., 2019; Humphreys et al., 2022; Robbins et al., 2010; van Heuven et al., 2011; Zeebe &
Wolf-Gladrow, 2001). These can often be integrated into scripts and routines to automate and speed up carbonate
system calculations, improving repeatability and traceability of calculations, but potentially introducing small
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Table 2 differences in CO, calculations arising from inconsistencies in these packages
A Selection of Showing Several (Not Necessarily Realistic) Test Cases for (Orr et al., 2015). Furthermore, studies sometimes differ in their choice of

Calculation of pH and pCO, Targets

carbonate system K constants (e.g., Lueker et al., 2000 vs. Millero

et al., 2002) or boron-chlorinity relationship (Uppstrom, 1974 vs. Lee

“Pleistocene type” “Eocene type”
et al., 2010) within these packages, which hinders comparability.

Depth (m) 5 2,000 5 2,000 2,000 5 5
Temperature (°C) 15 15 25 15 15 25 25 Beyond the timescales of modern-like bulk seawater chemistry, scope for
Sty 13 35 35 35 35 35 35 ?ncons1stenc1es in calculaFlf)n 'methods is even greater. This is because \&{hlle

" in modern seawater equilibrium constants can be computed for a given
8By grare (%0) 2 14 18 14 14 18 18 . . o i

. temperature, salinity and pressure, when going further back in time variable
8 By (%) 39.61 39.61 39.61 38 39.61 38 39.61 concentrations of Mg and Ca (to name but two) in seawater can also influence
[Ca] (mmol/kg) 10 10 10 30 30 30 30 equilibrium constants via changes in ion-pairing behavior (Hain et al., 2015;
[Mg] (mmol/kg) 53 53 53 35 35 35 35 Zeebe & Tyrrell, 2019). Although there has been some debate as to how this
[SO,”] (mmol/kg) 29 29 29 29 29 29 29 effect should be parameterized (Hain et al., 2018; Zeebe & Tyrrell, 2018,

Alkalinity (pmol/kg) 2,300 2,300 2,300 2,300 2,300 2,300 2,300
pH target 8.470 7.494 8.037 7.765 7.477 8.156 8.020
pCO, target (patm) 118 1,320 406 667 1,371 283 420

2019), the need to account for it is clear. Comprehensive Pitzer ion-
interaction models (such as the pitzer.dat database included with
PHREEQC; Parkhurst and Appelo, 2013) are currently considered the most
accurate way to derive equilibrium constants in differential seawater chem-

Note. The inputs from the table above,

when calculated in line with best istries, and demonstrably agree well with empirical derivations (Henehan

practice should give the target values in the bottom two rows. Note these et al., 2022). However, these platforms were not designed with a paleo-

calculations use the cross-platform package Kgen (Whiteford, Branson, &
Mayk, 2024) to generate equilibrium constants, and calculate pH from 5''B
using their isotopic ratio, rather than delta notation. Use of the more tradi-

ceanographic community in mind, and integrating these into practical car-
bonate system calculation pipelines can be challenging, requiring a high

tional formula in delta notation will result in discrepancies of ~0.009 pH. degree of coding literacy and/or computing power. Partly as a result of this,

the pitzer-based MyAMI model (Hain et al., 2015) was published with a look-

up table which fit the results of simulations to polynomials according to
seawater [Mg] and [Ca]. While computationally efficient and easy to implement into existing scripts, this look-up
table contained unfortunate inaccuracies (see Whiteford, Branson, & Mayk, 2024) that have fed into several
published CO, records (e.g., Henehan et al., 2019; Henehan et al., 2020). A regenerated look-up table has since
been integrated within the carbonate calculation package seacarbx (Raitzsch et al., 2021) which can be extracted
or used within the framework of the R package to allow the user to account for changing seawater Mg and Ca
concentrations.

Another area in which significant advances have been made over the last decade is in the statistical methods used
to propagate uncertainties in boron-based CO, estimates. While early studies tended to rely on quadratic additions
of the uncertainty associated with each accessory input, in particular for deeper time applications where un-
certainties in accessory inputs may come into play at multiple points in the calculation process (e.g., seawater
[Ca], which affects equilibrium constants, Mg/Ca temperatures and € as a second carbonate system parameter),
Monte Carlo simulation-based approaches are increasingly preferred (e.g., de la Vega et al., 2023; Martinez-Boti
et al., 2015) Although such methods of uncertainty propagation are relatively simple to implement, the need to
optimize computational efficiency and to tailor calculation routines to unique challenges associated with different
time periods and data sets has led many researchers to devise their own scripts. Inevitably, in such cases dis-
crepancies in scripts can arise. The contribution of Whiteford, Branson, and Mayk (2024), “Kgen” in this issue
helps to resolve one source of potential inconsistency, by providing a method of reliably and consistently
calculating equilibrium constants that can be implemented in Monte Carlo scripts, whether written in Python,
Matlab, or R. To add to this, here we provide a reference table of test values that can be used to benchmark and
compare the consistency of scripts (Table 2). We suggest that when publishing CO, records calculated using new
scripts, authors a) wherever possible use Kgen to ensure consistency (or provide a version of their data set that
does, if specific other formulation is desired), and b) provide the results that their script returns for these test
values. Furthermore, if using Monte Carlo uncertainty propagation, authors should state clearly not only which
uncertainties are accounted for, but should also make clear the nature of the probability distributions assumed for
each input parameter uncertainty. We note also, that nascent application of Bayesian approaches to calculating
boron-based CO, estimates (Harper et al., 2024), if and when applied more widely, may well warrant an anal-
ogous set of recommendations in future for this method.
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6. Emergent Boron Isotope Ocean pH and Carbon Dioxide (CO,) Proxy Archives

As is evident from the advances made in all aspects of boron-based CO, reconstruction discussed above, the
proxy is developing rapidly. Where, then, do the next frontiers in boron isotope proxy applications lie? For one, to
date the majority of boron isotope-derived CO, reconstructions have been obtained from deep-sea sediment cores.
However, critical temporal gaps in pH and CO, records exist for past carbon perturbations (PETM and Paleogene
hyperthermals), as a result of widespread chemical erosion of carbonate sediments and global ocean acidification
(Babila et al., 2018; Honisch et al., 2012). For climate reconstructions of such events, continental shelf sites are
desirable because of their high sedimentation rates and improved foraminifera preservation (i.e., located above
CCD) compared to deep-sea cores. Potentially useful for studies relying on coastal/continental shelf sediments,
Hong et al. (2024) developed a sequential leaching technique to separate carbonate phase of mixed carbonate-
silicate limestones. This provides an avenue to generate reliable 8''B measurements from heterogenous bulk
carbonates. Such sites, however, can often be affected by enhanced seasonal pH variability and potential meteoric
diagenesis (Stewart et al., 2015) complicating interpretation of boron isotopes in shallow environments. Also in
this special collection, Hardage et al. (2025) provide such a case, investigating boron isotope variability in modern
coastal benthic foraminifera species Ammonia parkinsoniana. The authors find a 8''B-pH sensitivity for A.
parkinsoniana consistent with cosmopolitan benthic foraminifera, which is promising. However, in the marginal
setting of this study, groundwater flow likely altered regional 8''B,,, values contributing to scatter in the A.
parkinsoniana boron isotope-pH relationship (Hardage et al., 2025).

Analytical innovations also allow for data to be generated from new archives. Coupling of MC-ICPMS with laser
ablation represents a major methodological advancement compared to traditional solution methods that requires
milligrams of carbonate sample, thereby offering opportunities to obtain unprecedented “snapshots” of past ocean
pH based on boron isotope analysis of a single foraminifera shell, or populations of single shells (Coenen
et al., 2024; Mayk et al., 2020; Raitzsch et al., 2021; Standish et al., 2019) (Table 1). As an example of the power
of these approaches, first such single-shell boron isotope paleo-record uncovered a hidden precursor carbon
pulse—with total emissions similar to those of anthropogenic sources—that drove ocean warming and acidification
prior to the PETM (Babila et al., 2022).

Outside of calcite archives, in this special collection Donald et al. (2024) present the first down-core application of
the boron isotope proxy to diatom silica, after its relationship with environmental pH and thus CO, had previously
been established in culture (Donald et al., 2020). The ability to generate pH records from diatoms represents a
breakthrough, notably in areas of the ocean where carbonate accumulation may be low or preservation chal-
lenging, such as in the high latitude Pacific and Southern Oceans. Donald et al. (2024)’s new data from the North
Pacific show a CO, decline associated with the intensification of Northern Hemisphere Glaciation, in agreement
with comparable data derived from foraminifera (Martinez-Boti et al., 2015). Sedimentologically, this period is
also marked by a collapse of opal production in the region, implying a major climatic shift, but one that neither
impacts the 8''B g;4om 10T the [B]giaom, instilling confidence that the proxy is insensitive to opal production rates.

Finally, while CO, over the Cenozoic is increasingly well understood, further back into Earth's past, re-
constructions of CO, are limited to a few studies, as preservation and fossil material availability becomes
increasingly limited, and uncertainty in parameters such as 8''B,, become even larger. Emerging boron isotope
methods (e.g., low number/single shell LA-MC-ICPMS analyses) and sample substrates such as for example,
biogenic silica, or non-foraminifera carbonates may well play a significant role in expanding ocean pH and at-
mospheric CO, reconstructions deeper into the Phanerozoic Era; some such as brachiopods are already emerging
(Jurikova et al., 2020; Legett et al., 2020; Miiller et al., 2020). Alongside this, improvements in our understanding
of the controls on seawater 5''B (Ring et al., 2025), and how to quantify uncertainty in this parameter deeper in
Earth history (Jurikova et al., 2025; Whiteford, Heaton, et al., 2024) will permit greater confidence in our un-
derstanding of the geological evolution of atmospheric CO, deeper in Earth's climate history.

7. Conclusion and Future Community Outlook

Boron-derived estimates of seawater pH and atmospheric CO, have come a long way since their conceptuali-
zation, but remain short of the spatial and temporal coverage of other more established proxies (e.g., oxygen
isotopes, carbon isotopes, Mg/Ca). Despite the plethora of recent studies (Figure 2), limited orbitally-resolved
''B-CO, data exists, and none prior to the Pliocene. Multi-million-year gaps remain in the continuous record
of for example, the Paleogene (Honisch et al., 2023). In addition, most Cretaceous-Cenozoic boron derived CO,
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reconstructions are single-site records, mostly within the tropics/subtropics, leaving these susceptible to uncer-
tainty stemming from their ocean environment, preservation quality and/or regional oceanography. Particular
intervals of interest due to lack of data are the Early Pleistocene, the Middle to Late Miocene, Oligocene,
Paleocene and Cretaceous. The maturity of the boron isotope-pH proxy is such that such issues can now be
addressed, not least thanks to a number of advancements highlighted in this special issue. Moving forward, we
propose a number of suggestions to the community:

1. The generation and integration of more multiproxy records of CO, (e.g., Honisch et al., 2023), carbonate
system (e.g., B/Ca, CCD, %CaCO;), and seawater temperature (Mg/Ca, clumped isotopes, organic bio-
markers). Combination of such multiproxy records requires careful harmonization of age models (e.g., de
Vleeschouwer et al., 2020; Westerhold et al., 2020, an active field of research currently).

2. Further studies focusing on understanding the origin of vital effects and quantifying vital effects in extinct
species.

3. Generation of new constraints on 8''B,,, from different proxy archives, focusing on periods where few es-
timates exist (e.g., Paleogene and Cretaceous), and where such estimates are highly uncertain (Miocene).

4. Focused studies on the impact of preservation on data validity, and strategies to reliably identify diagenetic
issues, including recording of metadata in 5''B publications (e.g., Mg/Ca, Mn/Ca, Fe/Ca, Ti/Ca, Al/Ca,
Na/Ca, Sr/Ca, i.e. the full set of element/Ca measured).

5. Use of community-tested scripts for data processing to ensure consistent results wherever applicable.

The paleoceanographic community has moved toward more collaborative efforts at understanding past climate.
Initiatives like MioMEET, DeepMIP, and CenCO,PIP have brought the community together in a constructive and
collegial manner. We hope that this initiative, supported by PAGES and AGU, is equally successful in advancing
what is a crucial proxy for our understanding of past and future global change.
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