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Abstract

The carbonate skeletons of azooxanthellate coral groups are important archives of past subsurface ocean
conditions. Previous work has focused on anthozoan coral groups, while hydrozoan corals, such as the
Stylasteridae, remain largely unexplored. Stylasterids are widely distributed in the modern ocean, and build
hard carbonate skeletons from either aragonite or high-Mg calcite. Recent work has shown that the skeletal
geochemistry of stylasterid skeletons correlates with seawater temperature, while the boron isotopic
composition of stylasterid skeletons (8''B) may reflect seawater pH. However, the palacoceanographic
utility of stylasterids is currently limited by a paucity of data.

In this thesis, I develop new calibrations between stylasterid inorganic skeletal geochemistry and seawater
conditions, and investigate the application of U-series and radiocarbon dating techniques to stylasterid
skeletons. I show that stylasterid Ba/Ca is a novel proxy for the dissolved concentration of Ba in seawater,
and that stylasterid 3!'B is a robust archive of seawater pH. Application of U-series dating techniques to
stylasterids is complicated by their low skeletal [U]. Conversely, coherent radiocarbon growth chronologies
are generated for large, live-collected stylasterids, which grow over decadal to centennial timescales. With
robust proxies for seawater temperature, [Bajsw and pH now established, large, live-collected stylasterids
represent important archives of recent variations in subsurface ocean conditions.

The decadal-centennial timescale of stylasterid growth underscores the importance of protecting these
corals and the ecosystems they support from destruction or damage. More broadly, the geochemical data
presented also provides insights into stylasterid biomineralisation. Aragonitic stylasterid 8!'B is in
equilibrium with the borate anion in seawater, including when ambient seawater is undersaturated with
respect to aragonite. This finding is consistent with stylasterids employing reduced levels of pH upregulation
during calcification, compared to scleractinian corals. The implications of these findings for the future
vulnerability of stylasterids in a changing ocean is, as yet, uncertain.
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Chapter I: Introduction



l. Motivation

I.I  Climate change and the ocean

Anthropogenic activities — primarily the burning of fossil fuels - ate releasing CO3 into the atmosphere at
a geologically-unprecedented rate (Zeebe et al., 2016). In 2022 - the last full year of observations at the
time of writing this thesis — global surface atmospheric [COz] averaged 417 ppm, 50 % above pre-
industrial levels and the highest in over 4 million years (Lan et al., 2023). Global average sutrface
temperatures have responded accordingly, and in 2022 were 0.86 °C higher than the 20t century average
(NOAA, 2023).

The implications of anthropogenically-induced climate change for ecosystems and civilisations depend
critically on the interactions between multiple components of the Earth system, including the atmosphere,
cryosphere, terrestrial biosphere and the ocean. The global ocean plays a particularly important role in the
wider earth system, and is intricately linked to Earth’s climatic state on decadal to millennial timescales,
partly as a result of the large-scale, thermohaline ocean circulation (Figure 1; e.g. Broecker, 1991;
Rahmstorf, 2002; Talley, 2013). As a result of this circulation, the global ocean stores large amounts of
heat, carbon and nutrients, distributes these around the planet, and exchanges them with the atmosphere
to provide a critical link to the global climatic state (e.g. Macdonald and Wunsch, 1996; Ganachaud and
Wunsch, 2000; Rahmstorf, 2002; Bigg et al., 2003; Reid et al., 2009). For example, the ocean holds a
significant and climatically-relevant reservoir of dissolved CO: (e.g. Falkowski et al., 2000; Sigman and
Boyle, 2000; Rae et al., 2018; DeVries, 2022), while the poleward transport of warm, equatorial surface
waters in the Atlantic supplies heat which heavily influences the climate of northern Europe (e.g.

Ganachaud and Wunsch, 2000; Figure 1).

As a direct result of anthropogenic climate change, the global ocean is undergoing significant changes

(e.g. IPCC, 2019). The ocean has taken up some 26 % of anthropogenic CO, emissions since 1850
(Friedlingstein et al., 2022), and has accounted for the majority (> 90 %) of the resulting increase in global
thermal energy (Levitus et al., 2012; IPCC, 2019). As a result, global surface ocean pH has decreased,
surface marine heatwaves have become more common, stratification in the upper 200 m of the ocean has
increased, and associated changes in ocean mixing, circulation and productivity have led to a decrease in

upper-ocean (< 1000 m) oxygen levels (IPCC, 2019).

These changes in ocean conditions are having a substantial impact on marine ecosystems globally (e.g.
Doney et al., 2012; IPCC, 2019). It is estimated that the ocean hosts ~ 15 % of described species (Reaka-
Kudla, 1997), and their vulnerability to future changes in ocean conditions will have important
implications for the human communities which rely on them (e.g. Doney et al., 2012; Mora et al., 2013;
Thurber et al., 2014; IPCC, 2019). There is also increasing concern that anthropogenic emissions are
affecting the oceanic processes which regulate Earth’s climatic state. For instance, some authors have

argued for a recent, unprecedented slowdown in the rate of the Atlantic Meridional Overturning



Circulation (AMOC), with potentially large implications for northern hemisphere climate (Caesar et al.,

2018; Caesar et al., 2021; although see Kilbourne et al., 2022).
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Figure 1. Simplified overview of the global overturning circulation, adapted from IPCC (2001).
Background colours show dissolved phosphate concentration at 1000 m water depth, taken from the

GLODAP bottle database (Lauvset et al., 2022).

Measuring the magnitude and rate of ongoing changes in ocean conditions since substantial emissions
began (i.e. ~ the last 250 years) is thus important when predicting the response of the wider Earth system
to anthropogenic greenhouse gas emissions over a range of timescales (e.g. Sarmiento et al., 1998; Reid et
al., 2009). Additionally, comparing current changes to those which have occurred in Earth’s historical and
geological past allows us to place modern trends in proper historical and geological context, and provides
valuable information on past “natural experiments” which can help elucidate the links between Earth’s
ocean and climate. For example, the increase in atmospheric CO» concentration across the last glacial to
interglacial transition has been widely attributed to the release of CO» from the deep ocean, providing
powerful evidence for the importance of the ocean in regulating global climate (e.g. Marchitto et al., 2007;
Anderson et al., 2009; Skinner et al., 2010; Rae et al., 2018).

The direct observational record of the oceans is limited in both its spatial and temporal coverage.
Systematic observations of surface ocean pH, for instance, cover only the last few decades, and are
limited to a small number of locations (e.g. the Hawaii Ocean Time-series (HOT) began in 1989 (Katl and

Lukas, 1996)). Therefore, alternative approaches are required to constrain the longer-term (i.e. > 50 year)



evolution of oceanic conditions. The field of palacoceanography is concerned with the development and

application of these approaches.
1.2 Palaeoceanographic proxies

In the absence of a direct observational record, palacoceanographic reconstructions rely on proxy
measurements, which can be conceptualised as an indirect measurement of a quantity, Y, which itself has

a known and quantifiable relation to some other quantity of interest, X:

y=fx @

A number of geological and biological materials have been developed as archives of climatic and
oceanographic conditions, including ice cores, sediment cores, and the shells and skeletons of marine
organisms including foraminifera, diatoms, bivalves and corals (e.g. Dansgaard et al., 1982; Druffel, 1997;
Wefer et al., 1999; Henderson, 2002; Calvert and Pederson, 2007; Kucera, 2007; Swann and Leng, 2009;
Robinson et al., 2014). Because these archives can be preserved for many hundreds, thousands or even

millions of years, the information they store can provide crucial windows into conditions in Earth’s past.

The development of robust palacoceanographic archives requires a number of criteria to be met. Firstly,
the archive must be formed at some time in Earth’s past, and this date must be determined accurately and
precisely. Secondly, environmental conditions at that time (i.e. the X term in equation 1) must influence
some measurable property of that archive (the Y term in equation 1), and we must be able to determine
the function (the f term in equation 1) linking X and Y. Finally, the signature Y must be preserved

without significant alteration from the time of formation until it’s measurement in the modern day.

In this thesis, I focus on the palaecoceanographic archive potential of azooxanthellate (i.e. without
photosymbionts) corals, whose occurrence at depths below the influence of daily and seasonal
fluctuations in surface ocean conditions means they are well-placed to provide constraint on important,
sub-surface processes including ocean circulation and deep-ocean carbon storage (e.g. Robinson et al.,

2014; Rae et al., 2018; Chen et al., 2020; Stewart et al., 2021).
1.3 Azooxanthellate coral resilience

In addition to the need to understand the past evolution of Earth’s ocean and climate, there is also a
pressing need to develop our understanding of the vulnerability of marine ecosystems - including
azooxanthellate corals - to ongoing changes in ocean conditions (e.g. Levin and Le Bris, 2015). As
carbonate-forming and respiring organisms, ocean acidification and deoxygenation due to climate change
(see section 1.1) are expected to have a negative impact on azooxanthellate coral ecosystems, while
changing circulation and primary productivity patterns may also affect their food supply (e.g. Feely et al.,
2004; Guinotte et al., 2006; Davies and Guinotte, 2011; Thiagarajan et al., 2013; Bostock et al., 2015).
Further, azooxanthellate corals are directly threatened by anthropogenic activities including bottom

trawling (e.g. Hall-Spencer et al., 2002; Roberts and Hirshfield, 2004; Roberts et al., 2006). Associated



changes in azooxanthellate coral health, abundance and/or distribution will have broader implications for
deep-marine ecosystems, owing to the importance of azooxanthellate corals as engineers of deep-marine

habitats (e.g. Roberts et al., 2006; Hoarau et al., 2021; section 2).
1.4  This thesis

The two broad themes outlined in sections 1.2 and 1.3 motivate the lines of inquiry addressed by this
thesis: (i) the development of tools for reconstructing ocean conditions in Earth’s past, and (ii)
understanding the vulnerability of carbonate marine ecosystems to changes in ocean conditions.
Specifically, I present novel measurements of the inorganic, skeletal geochemistry of an important, but
understudied, group of azooxanthellate coral: the Stylasteridae (herein referred to as the stylasterids). In
the following sections, I introduce the stylasterids, before detailing how the inorganic chemical

composition of their skeletons can provide insights into palacoceanography and ecosystem resilience.
2. Introducing the stylasterids

The stylasterids are one of seven coral taxa currently recognised (Cairns, 2007). The meaning of the term
“coral” is somewhat ambiguous (Cairns, 2007), but it may be defined as a polyphyletic grouping of
cnidarian animals — both anthozoan and hydrozoan - which either produce calcium carbonate secretions
ot have a proteinaceous axis (Cairns, 2007). The phylogenetic relationships between stylasterids and other
common azooxanthellate coral groups referred to in this thesis (specifically, the Scleractinia and bamboo

corals (part of the Octocorallia)) are summarised in Figure 2.

Phylum Class Subclass Order Family
Scleractinia
Hexacorallia {Zoanthidea
‘ Antipatharia
Anthozoa Octocorallia
= Cnidaria Hydrozoa eHydroidolina =——Anthoathecata - Stylasteridae

Figure 2. Simplified cnidarian phylogeny, showing the relationship of the stylasterids to the Scleractinia

and Octocorallia (including the bamboo corals). Figure follows relationships in Cairns (2007).

Consisting at last count of 247 living species and 21 species known exclusively from the fossil record, the
stylasterids are a family of entirely azooxanthellate, hydrozoan coral (Cairns, 2011). Their azooxanthellate
nature means their occurrence is not limited by the availability of light, and stylasterids have been found

across a wide range of water depths (0 — 2789 m in Cairns, 2011). More generally, stylasterids are globally



distributed in the modern ocean (Cairns, 2011; Figure 3). Their widespread distribution is reflected in the
range of samples analysed in this thesis, which includes those collected from the shallow waters of the

Great Barrier Reef, to those from the depths of the Southern and north Pacific oceans (Figure 3).

135°W 90°W 45°W 0° 45°E 90°E 135°E

135°W 90°W 45°W 0° 45°E 90°E 135°E
Stylasterid occurences Phosphate @ 1000 m (pmol/kg)
* Samples used in chapter 4 Lauvset et al. (2022)
E

© Samples in Balogh et al. (2023) (full database) 008 4

Figure 3. Distribution of stylasterid corals in the database compiled by Balogh et al. (2023), overlain on
dissolved phosphate concentration at 1000 m depth from the GLODAP bottle database (Lauvset et al.,
2022). Also shown are samples used in chapter 4 of this thesis (includes samples in Stewart et al., 2022),
which show that stylasterids are found in a wider range of locations (e.g. in the north Pacific). Note the
full database in Balogh et al. (2023) is used, rather than the pruned database, which results in some
spurious records (e.g. those on land; see Balogh et al. (2023) for details). All samples in chapter 3 of this
thesis are included in chapter 4, while samples in chapter 5 of this thesis are from sites close to those in
chapter 4. The distribution of chapter 4 samples therefore represents the geographic range covered by

samples measured in this thesis.

The vast majority of stylasterid species form hard, continuous, carbonate skeletons, which confers upon
them a wider importance to marine ecosystems. Stylasterids are recognised as a foundational taxon,
whose skeletal structures provide valuable habitats for fish and marine invertebrates (e.g. Hoarau et al.,
2021). They therefore form a crucial component of shallow and deep-marine ecosystems (e.g. Bax and

Cairns, 2014).

The gross morphology of the stylasterid skeleton formed the basis for initial attempts to constrain the
phylogenetic relationships between stylasterid species (Cairns, 1984; Cairns, 1987). More recently,
molecular analyses have been applied to this pursuit (e.g. Lindner et al., 2008; Lindner et al., 2014; Puce et

al., 2016; Maggioni et al., 2022). Gross skeletal morphology remains a primary tool for stylasterid
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identification (e.g. Cairns, 1991), and stylasterids exhibit a wide range skeletal forms (e.g. Figure 4).
Skeletal elements are often related to the 3 types of stylasterid polyp: the gastrozooids, dactylozooids and
gonophores. These are responsible for defence, obtaining food and reproduction, respectively (see
glossary in Cairns, 2011). Gastrozooids and dactylozooids are associated with surface pores termed
gastropores and dactylopores, respectively, while gonophores are housed within skeletal elements termed
ampullae (Figure 4; Cairns, 2011). Further, these skeletal elements may be spatially coordinated. For
example, some stylasterid taxa display cyclosystems - rings of dactylopores surrounding a central
gastropore — which are a key element whose characteristics (e.g. number of dactylopores, presence of lids,
irregular gaps between dactylopores (termed diastemas)) can be used in stylasterid identification (Figure 4;

e.g. Cairns, 1991).

The small number of taxonomic experts and reliance on skeletal morphology means that the accurate
identification of stylasterid specimens is challenging (see chapter 2, supplementary information). More
broadly, the uncertainties associated with stylasterid identification are echoed in our wider understanding
of this coral taxon. For example, while some published studies have addressed the stable oxygen and
carbon isotopic composition of stylasterid skeletons (Weber and Woodhead, 1972; Wisshak et al., 2009;
Black and Andrus, 2012; Samperiz et al., 2020; Stewart et al., 2020), only two studies have explored the
concentration and/or isotopic composition of trace elements in stylasterid coral skeletons (Stewart et al.,
2020; Stewart et al., 2022). Similarly, our current understanding of stylasterid skeletal growth rates is also
derived from a small number of published datasets (Chong and Stratford, 2002; Miller et al., 2004;
Wisshak et al., 2009; King et al., 2018).

This uncertainty motivates the work documented in this thesis, in which I address the paucity of
stylasterid inorganic geochemical data, targeting two main objectives. The first and primary focus of this
work is developing the use of stylasterids as palacoceanographic archives. However, the geochemical data
generated in this pursuit can also provide insights into stylasterid biomineralisation mechanisms and
growth rates, with implications for their resilience. Each of these objectives is introduced in the following

sections.



a Stephanohelia gracilis b Adelopora pseudothyron
MNHN-1K-2015-3403 JC094-B0088-HydIim-001

Cc Stylaster roseus d Stylaster sanguineus valenciennes
USNM 76585 USNM 85791

Cyclosystem

Cyclosystem
= dactylopores
surrounding
gastropore

Figure 4. Examples of stylasterid specimens used in this study. Key skeletal features discussed in the text
(section 2) are labelled in panels ¢ and d. Samples in panels a, ¢ and d were identified by taxonomic

experts, sample in panel b identified by J. Kershaw.

3. Stylasterids in palaeoceanography

Firstly, this thesis addresses two of the aspects of proxy development alluded to in section 1.2: a)
determining the function linking measurable quantities (i.e. aspects of stylasterid coral geochemistry) to
ocean conditions (chapters 3 and 4) and b) determining the age and/or growth chronologies of preserved
stylasterid coral skeletons (chapter 5). Previous work developing stylasterids as palacoceanographic
archives is limited at the time of writing to 5 published papers (Wisshak et al., 2009; King et al., 2018;
Samperiz et al., 2020; Stewart et al., 2020; Stewart et al., 2022), and significantly more work has been
carried out on anthozoan azooxanthellate coral taxa. Summarising the use of anthozoan coral taxa in
palaecoceanography provides a valuable baseline against which hydrozoan stylasterid corals can be

compared.



3.1  Anthozoan corals as palaeoceanographic archives

3.1.1 Calibrating coral geochemistry to modern conditions

Fundamental to the development of anthozoan coral groups as palacoceanographic archives has been
calibrating their skeletal geochemistry to modern ocean conditions (i.e. the development of equation 1).
Various aspects of scleractinian and bamboo coral skeletal geochemistry have been shown to covary with
a range of ocean conditions (Robinson et al., 2014). For example, scleractinian skeletal Li/Mg records
seawater temperature (e.g. Case et al., 2010; Raddatz et al., 2013; Montagna et al., 2014; Cuny-Guirriec et
al., 2019; Stewart et al., 2020; Figure 5), while the radiocarbon content of scleractinian and bamboo coral
skeletons records that of seawater, and may thus be applied as a record of changes in ocean ventilation
(e.g. Adkins et al., 1998; Frank et al., 2004; Farmer et al., 2015b; Chen et al., 2020; Chen et al., 2023; Beisel
et al., 2023).

In this thesis, I focus on two further proxy systems which have been successfully applied to anthozoan
coral skeletons to constrain past variations in ocean carbon storage, circulation and primary productivity.
These are the concentration of barium and isotopic composition of boron in coral skeletons. While the
details of these proxies are presented in the introductions to their respective chapters (3 and 4), it is worth

introducing them briefly here.

Firstly, the dissolved concentration of barium in seawater (herein, [Ba]sw) is the subject of chapter 3.
[Ba]sw is controlled by several climatically relevant processes. The formation of barite (barium sulphate)
associated with aggregated organic matter removes dissolved Ba from the shallow ocean (e.g. Dehairs et
al., 1980), resulting in a link between [Ba]sw at shallow depths and regional primary productivity (e.g.
Horner et al., 2015; Bates et al., 2017). In turn, these shallow waters sink in high-latitude regions to form
the major deep-water masses which fill the intetior ocean basins (Figure 1). Deep ocean [Ba]sw is thus in
part controlled by conservative mixing of these water masses (Horner et al., 2015; Bates et al., 2017).
Previous work has shown that the Ba/Ca ratio of azooxanthellate scleractinian and bamboo coral
skeletons is linearly related to [Balsw (e.g. Anagnostou et al., 2011; LaVigne et al., 2011; Hemsing et al.,
2018; Spooner et al., 2018; Figure 5). This proxy has in turn been applied to the reconstruction of past
changes in [Ba]sw. For example, azooxanthellate scleractinian Ba/Ca ratios have recently been used to link
changes in ocean circulation and productivity across the last deglaciation to coeval changes in Earth

climate (Stewart et al., 2021).

Secondly, chapter 4 of this thesis focuses on reconstructing changes in subsurface ocean pH, which is a
fundamental target of palacoceanographic studies. On recent (decadal to centennial) timescales,
reconstructing ocean pH allows us to extend the record of anthropogenically-induced ocean acidification,
while on longer (i.e. millennial) timescales, ocean pH is dominantly a function of climatically-relevant
parameters including biological productivity, carbon remineralisation, ocean circulation patterns and
ocean-atmosphere gas exchange (e.g. Feely et al., 2004; Lauvset et al., 2020). The most commonly applied

carbonate proxy for ocean pH is the boron isotopic composition (8''B) of marine biogenic carbonates
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(e.g. Hemming and Hanson, 1992; review in Foster and Rae, 2016). A full description of the 3!'B-pH
proxy is given in chapter 4. Here, it is sufficient to note that azooxanthellate bamboo and scleractinian
coral skeletal 8B is related to the 8''B of borate anion in seawater (3''Bpore), which in turn depends on
subsurface ocean pH (e.g. Anagnostou et al., 2012; McCulloch et al., 2012; Farmer et al., 2015a; Figure 5).
Previous work has used these relationships to infer, for example, changes in ocean carbon storage and/or

circulation across the last 20,000 years of Earth history (e.g. Rae et al., 2018; Stewart et al., 2021).
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Figure 5. Previously published calibrations between stylasterid and scleractinian coral geochemistry and
seawater temperature (a; Stewart et al., 2020), 8''Bporace (b; Anagnostou et al., 2012; McCulloch et al,,
2012; Stewart et al., 2016; Rae et al., 2018) and [Ba]sw (c; Spooner et al., 2018). Illustrative least squares
regression lines shown for Scleractinia (solid grey) and aragonitic stylasterids (red). In panel b, black
dashed line represents the 1:1 8" Bporae:8' ' Beoral line, while arrows show theoretical direction of

increasing seawater (x-axis) and coral calcifying fluid (y-axis) pH.

3.1.2 Radiometric dating anthozoan coral skeletons

A key advantage of using anthozoan azooxanthellate corals as palacoceanographic archives is our ability
to absolutely date their skeletons with a high degree of accuracy and precision. Such temporal constraint
is vital to the application of the calibrations discussed in section 3.1.1, and has generally relied on
radiometric techniques which take advantage of the U-series, radiocarbon and/or 21Pb decay series. In
chapter 5 of this thesis, I focus on dating stylasterid coral skeletons by U-series and radiocarbon

techniques, the details of which are outlined at the start of that chapter. Importantly, azooxanthellate
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scleractinian corals have high skeletal uranium concentrations and low initial skeletal Th concentrations,
making them ideally suited to dating by U-series methods. These methods can provide high-precision
ages on individual corals, which in turn can be combined to generate longer-term, centennial to millennial
scale oceanographic records (e.g. Cheng et al., 2000; Robinson et al., 2014; Chen et al., 2015; Rae et al.,
2018). For high-Mg calcitic bamboo corals, their lower skeletal U concentration means that U-series
dating techniques are potentially unsuitable (Sinclair et al., 2011). Instead, growth chronologies can be
constructed for individual corals using radiocarbon or 2!°Pb dating, with the timescale of coral growth
meaning individual specimens have the potential to provide palacoceanographic constraint on centennial

timescales (e.g. Andrews et al., 2009; Hill et al., 2011; Farmer et al., 2015b; Liu et al., 2023).
3.1.3 Caveats and constraints

Anthozoan corals have been widely applied in palacoceanographic studies, with often multi-proxy
approaches used to constrain the coevolution of Earth’s ocean and climate over centennial to millennial
timescales (e.g. Rae et al., 2018; Chen et al., 2020; Thresher and Fallon, 2021; Stewart et al., 2021; Chen et
al., 2023). Despite this, no proxy archive is without limitations, and azooxanthellate corals are no
different. Most importantly, there is significant evidence to suggest that the geochemical composition of
both bamboo and scleractinian coral skeletons is influenced by their biomineralisation process (e.g.
Gaetani and Cohen, 2006; Sinclair et al., 2006; Gagnon et al., 2007; Robinson et al., 2014; Farmer et al.,
2015a; Stewart et al., 2016; Floter et al., 2019). These effects have been conceptualised under the umbrella
term “vital effects” and can be used to provide valuable constraint on coral calcification mechanisms, as

discussed in more detail in section 4.1.

Here, it is sufficient to note that these effects can obscure the relationships between coral skeletal
geochemistry and environmental conditions, potentially complicating the application and interpretation of
anthozoan coral palacoceanographic proxies. As an example, while both azooxanthellate scleractinian and
bamboo coral 8''B have been proposed (and used) as an archive of seawater pH, both coral taxa exhibit
31B values which deviate from equilibrium with the borate anion in seawater. Scleractinian coral 8B, for
instance, is significantly heavier (i.e. enriched in "B) than would be expected if these corals derived their
boron isotopic signature directly from unmodified seawater (Anagnostou et al., 2012; McCulloch et al.,
2012; Figure 5), while bamboo corals exhibit more subtle elevations in 8!'B at lower ambient seawater pH
(Farmer et al., 2015a). In both coral taxa, these elevations have been proposed as the signature of pH
upregulation during the coral calcification process (see section 4.1; Figure 5). While the empirical 8"'B-pH
calibrations proposed for each taxon are robust, the signature of pH upregulation can complicate
interpretation of changes in ocean pH through time. For example, the azooxanthellate scleractinian coral
S31"B-pH relationship varies between genera, thus requiring application of genus-specific normalisations
(e.g. McCulloch et al., 2012; Stewart et al., 2021), while scleractinian coral 8''B can also vary significantly
within the skeleton of individual corals themselves, requiring careful consideration of sampling techniques

(e.g. Stewart et al., 2016).
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Consideration of the caveats associated with using anthozoan coral groups as palacoceanographic
archives is a primary motivation for the work carried out in this thesis. In the following section, I
introduce recent work which has demonstrated that various aspects of stylasterid coral geochemistry are
impacted to a lesser degree by calcification-related processes, and thus that this coral taxon may more

faithfully record true variations in palacoenvironmental conditions.
3.2 Stylasterids in palaeoceanography: this thesis

Although anthozoan corals have been widely developed as palacoceanographic archives, as outlined in
detail above, very few studies have addressed the palacoceanographic utility of the stylasterids. This is
somewhat surprising, given their abundance in oceanographically important regions such as the Southern
and Pacific Oceans (e.g. Cairns, 1992). Despite this, the small amount of work which has been carried out

hints at the great promise of stylasterids as archives of past ocean conditions.

Stylasterid skeletal Li/Mg and stable oxygen isotope ratios, firstly, correlate strongly with seawater
temperature, and both show less evidence for the influence of complicating vital effects than in
azooxanthellate scleractinian corals (Samperiz et al., 2020; Stewart et al., 2020). Preliminary work has also
raised the possibility that stylasterid 3!'B could be a novel and advantageous archive of past ocean pH
(Stewart et al., 2022). Although yet to be calibrated across a wide range of ocean conditions, an initial
dataset has revealed that, unlike scleractinian corals, stylasterid 8!''B is not impacted by the signature of
pH upregulation (Stewart et al., 2022; Figure 5; see discussion in section 4.2). Further, the radiocarbon
content of stylasterid skeletons records ambient seawater AC, and may be used to reconstruct changes
in ocean circulation and ventilation (King et al., 2018). This work also demonstrated that stylasterid
skeletons grow on centennial timescales, raising the possibility that large, live-collected specimens could
provide high-resolution archives of recent (i.e. last 200 year) variations in ocean conditions (King et al.,
2018). Thus, while the development of stylasterid geochemistry in palacoceanography is still ongoing,

early indications are positive and suggest that this group of coral has potential in this regard.

In this thesis, I build on this initial work, focusing on three key outstanding questions, which are

summarised in Table 1.

Firstly, various aspects of stylasterid geochemistry remain entirely unstudied. In particular, the success of
anthozoan coral Ba/Ca as an archive of past [Ba]sw (and thus ocean circulation and primary productivity;
see section 3.1.1) provides strong motivation for the exploration of this proxy in the stylasterids. Chapter

3 is thus devoted to the development of a novel stylasterid Ba/Ca vs [Ba]sw proxy.

Secondly, the tantalising prospect that stylasterid 8!'B could represent a reliable pH proxy minimally
affected by the influence of pH upregulation (Stewart et al., 2022) motivates the exploration of stylasterid

BB across a wider range of pH. This work is the focus of chapter 4.
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Finally, the application of promising stylasterid geochemical proxies requires developing tools for

chronological constraint. Thus far, no work has addressed the application of U-series techniques to

stylasterids. This evidence gap is addressed in chapter 5, along with further development of radiocarbon-

based growth chronologies for larger stylasterid specimens, building on previous work (King et al., 2018).

Chapter Measurement Palaeoceanographic Previous Knowledge gaps  This thesis
use stylasterid
publication(s)
3 Ba/Ca Proxy for [Ba]sw None No existing Relationship
stylasterid data between stylasterid
Ba/Ca and [Ba]sw
4 3B Proxy for seawater Stewart et al., Calibrated over Extends
pH 2022 small pH range calibration across
wider pH range
5 U-series Dating None No existing First application of
stylasterid data U-series
techniques to
stylasterids
5 ANMC Dating and proxy for ~ King et al,, Data limited to 14C growth
seawater Al4C 2018 small number of chronologies from

specimens in the

Southern Ocean

Pacific and
Atlantic stylasterid
specimens.
Application of
developed proxies
to those growth

chronologies

Table 1. Summary of the palacoceanographic topics addressed in this thesis.

4.

Stylasterid coral biomineralisation

Although not the focus of this thesis, as alluded to in section 3.1.3, the inorganic geochemistry of coral

skeletons can also inform on coral biomineralisation mechanisms and thus their resilience in a changing

ocean. Again, most previous work in this regard has focused on anthozoan coral taxa, and in particular

the Scleractinia. This taxon thus provides a natural comparison against which to assess stylasterid coral

biomineralisation.

4.1  Geochemical signatures of azooxanthellate scleractinian coral biomineralisation

It is widely accepted that scleractinian corals calcify from a seawater-derived, (partially) isolated calcifying

fluid, and that they modify the composition of this fluid via the Ca-ATPase pump to increase pH and

therefore promote carbonate formation (e.g. Al-Horani et al., 2003). As alluded to in section 3.1.1, the
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signature of pH upregulation is recorded in the 8!'B of azooxanthellate scleractinian skeletons

(Anagnostou et al., 2012; McCulloch et al., 2012; Figure 5).

The geochemical vatiability found in the skeletons of individual azooxanthellate scleractinian corals has
also been used to constrain their calcification process. For instance, substantial variations in scleractinian
skeletal 8''B and element/Ca ratios (e.g. Mg/Ca, St/Ca, U/Ca and Ba/Ca) have been attributed to
variations in factors including (but not limited to) pH upregulation, growth rates, and degrees of calcifying
fluid isolation (e.g. Gaetani and Cohen, 20006; Sinclair et al., 2006; Blamart et al., 2007; Gagnon et al.,
2007; Stewart et al., 2016; Jurikova et al., 2019; Fietzke and Wall, 2022).

The ability to isolate their calcifying fluid from external seawater and upregulate its pH may in turn
explain how azooxanthellate scleractinian corals can exist in waters undersaturated with respect to
aragonite (e.g. McCulloch et al., 2012; Bostock et al., 2015; Wall et al., 2015), and is often cited as a form
of resilience to ocean acidification (e.g. McCulloch et al., 2012). However, other authors have highlighted
the increasing energetic burden associated with pH upregulation in an acidifying ocean (e.g. Gagnon et al.,

2021).

The skeletal inorganic geochemistry of scleractinian corals has thus provided valuable insights into their
calcification mechanism, with implications for their resilience in an acidifying, warming and
deoxygenating ocean. It follows that equivalent measurements on stylasterid corals have the potential to

provide similar insights.
4.2  Stylasterid coral biomineralisation: this thesis

The limited available inorganic geochemical evidence has already provided important and intriguing
evidence regarding stylasterid calcification. Importantly, despite also building carbonate skeletons, it
seems that stylasterids employ a markedly different mode of calcification to azooxanthellate scleractinian

corals.

Firstly, stylasterids can build their skeletons from either dominantly aragonite, dominantly high-Mg
calcite, or a mixture of both polymorphs (Cairns and Macintyre, 1992; Samperiz et al., 2020). This is in
direct contrast to other coral groups: scleractinian corals, for instance, are almost all entirely aragonitic,
with only one recorded instance of a species showing evidence for the use of both aragonite and high-Mg
calcite (Paraconotrochus antarcticus; Stolarski et al., 2021). In addition to suggesting fundamental differences
between the calcification strategies of these two coral groups, variability in stylasterid mineralogy has
potentially important implications for their vulnerability to ocean acidification. The proportion of Mg in
stylasterid high-Mg calcite Mg/Ca ~ 80 mmol/mol; Stewart et al., 2020) is relatively low compared with
other biogenic high-Mg calcites (e.g. coralline algae, Mg/Ca ~ 100 to 180 mmol/mol; Hetzinger et al.,
2009). At these concentrations of Mg, high-Mg calcite has an equivalent or slightly lower solubility than
aragonite (Ries, 2011). Stylasterid taxa which build their skeletons from high-Mg calcite may therefore be

more resilient to ocean acidification than those which use dominantly aragonite.
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Secondly, stylasterid inorganic geochemical signatures also suggest strong differences in biomineralisation
to scleractinian corals. Stylasterid oxygen and carbon stable isotopic ratios (8180 and 8'3C) are closer to
equilibrium with seawater than the same ratios in scleractinian corals (Samperiz et al., 2020). It has also
been shown that bulk stylasterid 8''B values are in equilibrium with 8!'Bporae (Stewart et al., 2022; Figure
5). Taken together, this stable isotopic evidence suggests that stylasterids employ far less pH upregulation

than scleractinian corals (Stewart et al., 2022).

In turn, this raises fundamental questions regarding how stylasterids build their skeletons, given they have
been reported from waters undersaturated with respect to aragonite (e.g. Auscavitch et al., 2020; Stewart
et al., 2022). Additional controls on the boron isotopic composition of coral carbonate could decouple
stylasterid calcifying fluid pH from their skeletal 5!'B, meaning some degree of pH upregulation cannot
be discounted (Gagnon et al., 2021; Stewart et al., 2022). Alternatively, a number of studies have provided
evidence for the direct involvement of organic molecules in coral calcification (e.g. Cuif and Dauphin,
2005; Tambutté et al., 2007; Drake et al., 2013; Mass et al., 2013; Von Euw et al., 2017; see reviews in
Tambutté et al., 2011; Falini et al., 2015). In some cases, these studies have suggested that the presence of
these organic molecules alone is sufficient to begin the process of calcification (e.g. Von Euw et al., 2017).
It is thus possible that stylasterids employ a more organically-mediated calcification strategy, with a

reduced reliance on pH upregulation (Stewart et al., 2022).

The mechanism by which stylasterids build their skeletons is important to predicting their future
resilience in a changing ocean. An inability to upregulate calcifying fluid pH may make stylasterids less
resilient to ocean acidification (e.g. following McCulloch et al., 2012). Alternatively, it is possible that, by
not relying on pH upregulation and instead employing an organically-mediated calcification strategy,
stylasterid calcification has a lower energetic burden, which may in fact increase their resilience (e.g. Von

Euw et al,, 2017; Stewart et al., 2022).

Overall, a number of questions regarding the stylasterid calcification mechanism remain unanswered, and
their resilience in a changing ocean is uncertain (Stewart et al., 2022). The inorganic geochemical data
presented here can begin to provide insight into these questions. In particular, to develop stylasterid 6!'B
as an archive of seawater pH (chapter 4), I analyse a number of stylasterid individuals from particularly
acidic, low pH waters, which represent an ideal opportunity to study stylasterid calcification in a
particularly extreme environment. Where possible, this thesis therefore includes discussion of stylasterid
biomineralisation. Specific themes addressed include the comparison of stylasterid and scleractinian
inorganic geochemistry (chapters 3 and 4), the interpretation of stylasterid skeletal 8''B across a wide
range of environments (chapter 4), and the construction of radiocarbon-based growth chronologies
(chapter 5). The latter permits discussion of the timescales of ecosystem recovery, following disturbances

by activities such as bottom trawling.
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5. Thesis structure

In summary, this thesis addresses key gaps in our current understanding of the inorganic geochemistry of
stylasterid coral skeletons, to explore the palacoceanographic potential of these corals and assess their

resilience to future changes in ocean conditions. The thesis is structured in 5 main chapters:

Chapter 2 outlines the analytical methods employed in this thesis. Many of these methods are shared
between chapters, and are therefore addressed in detail here. Other, chapter-specific aspects of the

methodology are summarised in each chapter separately.

Chapter 3 develops stylasterid Ba/Ca as an archive of past [Ba]sw, as well as providing comparative
discussion of stylasterid and scleractinian coral geochemistry, and the possible biomineralisation-related

origins of those differences.

Chapter 4 develops a stylasterid 5!'B vs pH proxy, and provides additional constraint on their
biomineralisation mechanism. In particular, this chapter focuses on analyses of stylasterids from a wide

range of ocean conditions, permitting a comprehensive assessment of their calcification process.

Chapter 5 explores the radiometric dating of stylasterid coral skeletons, including both U-series and
radiocarbon-based approaches. In addition to applying the proxies developed by previous work and in
chapters 3 and 4 of this thesis, this chapter also provides novel constraint on the growth rates of

stylasterid skeletons.

Chapter 6 provides a summary of the main conclusions of this thesis, as well as perspectives on future

work.
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l. Introduction

This thesis presents an examination of the inorganic, geochemical composition of stylasterid coral
skeletons. The new data comprise element/Ca ratios, stable boron isotopic ratios, and U-series and

radiocarbon measurements, all of which were generated by mass spectrometry techniques.

Owing to the similarity of the laboratory and analytical procedures employed across this thesis, I here
provide an overview of these techniques, to avoid replication of methods in each individual chapter.
Additionally, a vast amount of time and effort was spent on method development and trouble-shooting,
and while the results of many of these experiments and experiences do not contribute directly to the data

presented in this thesis, they are worthy of discussion in their own right.

Analytical procedures aside, the contextual relevance of each type of measurement and other study-
specific aspects of the methodology are presented separately in each of chapters 3, 4 and 5, including
information on sample selection, mineralogical determination, hydrographic data pairing and the statistical
methods and calculations used. One aspect of the methodology which will not be covered elsewhere is
the identification of stylasterid specimens, which is instead summarised in the supplementary information

of this chapter (section 8.1).

The rest of this chapter documents the common laboratory and analytical methods associated with the
mass spectrometry techniques employed during this thesis, addressing in turn the different measurements

made.
2. Equipment cleaning and preparation

The determination of precise and accurate trace elemental and isotopic ratios requires high levels of lab
cleanliness. Many of the elements of interest here are present in the natural environment, introducing the
possibility of sample contamination during preparation. For example, boron is enriched in products
including cosmetics and washing powders (e.g. Eisenhut et al., 1996), while Th is highly particle-reactive,
meaning any contaminant particulate phase could remove Th from dissolved sample solutions. This
section therefore provides a brief overview of the steps taken during this thesis to minimise sample

contamination.

Firstly, the procedures used onboard the cruises and in the museums which collected and provided the
specimens used in this thesis were screened to minimise the risk of sample contamination. For
radiocarbon measurements, specific efforts were made to ensure that samples had not been exposed to
materials enriched in *C (e.g. equipment used in carbon isotope tracer experiments). Further, museum
specimens preserved in formalin were avoided, primarily because formalin preparations are commonly
buffered using borax, a Na-borate salt with a negative 8''B signature that contrasts greatly with the
sample boron isotope ratios in this study (e.g. Kasemann et al., 2004). Once in Bristol, all samples were

stored dry in closed containers in the Bristol coral collection.
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All sample handling after initial collection and cutting was carried out in the same clean laboratory in the
Bristol Isotope Group, fitted with boron-free membrane air filters. The time that samples were exposed
to air was minimised, since air exposure is known to cause contamination of various elements, in

particular boron (Foster et al., 2006). For element/Ca ratios and boron isotopic measurements, no stage
of the sample preparation was carried out in high airflow (extracted) fume hoods, aside from addition of

HF to samples immediately prior to boron isotopic measurements (see section 4).

Analysis type Step Equipment Cleaning procedure*
All Sample cleaning 1.5 mL plastic** Rinse X 3 with Milli-Q
tubes
All Sample cleaning Plastic pipette tips 3 M HCI (TM**¥), 1 week
El/Ca ratios, Sample dissolution 1.5 mL plastic tubes 3 M HCI (TM) overnight @ 80 °C & 1.5 M
1B HNO:; (distilled****) overnight
U-series Sample dissolution Teflon vials 7 M HNOj; (TM) in Teflon jar & 6 M HCI

(TM) in Teflon jar & 7 M HNO; (distilled)
inside vials, all overnight @ 80 °C

El/Ca ratios, Sample dissolution Plastic pipette tips 3 M HCI (distilled) overnight @ 80 °C &

811B, U-series 0.3 M HNO;j (distilled), 2 hours @ 80 °C

El/Ca ratios, U-  Sample dilution Plastic pipette tips 3 M HCI (TM), 1 week

series

3B Column chemistry and ~ Plastic pipette tips 3 M HCI (distilled) overnight @ 80 °C &
sample dilution 0.3 M HNO; (distilled), 2 hours @ 80 °C

El/Ca ratios, Solution (e.g. Plastic pipette tips 3 M HCI (distilled) overnight @ 80 °C &

3B, U-series standard) preparation 0.3 M HNO; (distilled), 2 hours @ 80 °C

1B Sample collection Teflon vials 7 M HNO:; (TM) inside vials, 2 houts @ 80
during column °C & 7 M HNO; (TM) in Teflon jars,
chemistry, sample overnight @ 80 °C & 0.75 M HNO:;
measurement (distilled) in Teflon jats, overnight @ 80 °C

&

1.5 M HNO:s (distilled) inside vials
immediately ptior to use, 2 hours @ 80 °C
El/Ca ratios Sample measurement 2 mL plastic vials 3 M HCI (TM) overnight @ 80 °C & 1.5 M
HNO; (distilled) overnight
U-series Sample measurement 1.5 mL plastic vials 3 M HCI (TM), 1 week

*All steps involving acids were followed by 3 rinses with Milli-Q.
**All plastic vials and pipette tips were composed of Polypropylene.
*FHFTM refers to trace metal grade specification of acid cleanliness (undistilled).

*H*Acid distillations were performed in-house.

Table 1. Summary of cleaning procedures for vials and pipette tips used during geochemical analyses.
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Pipette tips and vials used in sample preparation, dissolution, storage and measurement requite propet
cleaning prior to use. Cleaning procedures adopted here vary for each type of equipment and analysis, and
become increasingly stringent from sample preparation through to measurement. The procedures

adopted are summarised in Table 1.
3. Element/Ca ratios

The primary technique applied to all coral samples in this thesis was determination of the concentrations
of various elements in the coral skeleton, expressed as element/Ca ratios (chapters 3, 4 and 5). Treatment
of samples from the period immediately after collection until prior to analysis varied between research
cruises, museum collections, and aims of the chapter in question, and the reader is referred to specific
chapters for this information. Here, I focus on the common sample preparation and analytical procedures
employed in making these measurements. It is worth noting that for chapter 4 of this thesis, boron
isotopic measurements (section 4) were paired with measured element/Ca ratios. To ensure these
different analyses were truly paired for each sample, the same powders and dissolved solutions were
measured, as summarised in Figure 1. Where additional analyses were carried out (14C and U-series
dating), the relationships between measured aliquots were more complex, and the reader is referred to

chapter 5 for details.

Specific to study aims

Element/Ca
| / ratios

Small piece J

e.g. 1g)cut s /

Coral sample | ( gang) || Powderedand | ,| Oxidatively | | Dissclved
\ homogenised cleaned

mechanically Y

cleaned \

1 5B

Figutre 1. Flowchart showing the relationship between element/Ca ratio and §''B measurements made in
this thesis. Where C and U-series dating measurements were made, the relationship between measured

sample aliquots is summarised in chapter 5.

3.1 Sample preparation

In all cases, samples of finely crushed carbonate were obtained for analysis of elemental (and boron
isotopic) compositions. These carbonate samples were cleaned using standard oxidative cleaning
techniques, adapted for paired elemental and boron isotopic analysis (adapted from Boyle, 1981; Boyle
and Keigwin, 1985; Barker et al., 2003; Ni et al., 2007). Procedures are documented in detail in Table 2.
Briefly, approximately 5 mg of each sample (or less, if samples were small) was treated with 250 - 500 pL.
(dependent on sample size) of a warm (80 °C) oxidising solution consisting of 1 % H>O; buffered by 0.1

M NH4OH, to remove organic matter.
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After rinsing 3 times with Milli-Q, samples were transferred to an acid-cleaned 1.5 mL plastic vial and
subjected to a weak acid leach (0.0005 M HNO3), to remove any contaminant phases which had re-
adsorbed onto sample surfaces (Boyle and Keigwin, 1985). Samples were rinsed a further 2 times with
Milli-Q, before dissolution in the minimum required volume of distilled 0.5 M HNO;. The minimum
amount of acid was used to in turn minimise the amount of buffer required for boron isotopic analysis
(see section 4.1). Immediately after dissolution, samples were centrifuged to separate the dissolved sample
from any remaining dissolution-resistant phases (e.g. organic matter, silicates). The dissolved phase was

then transferred to a clean 1.5 mL plastic vial, tightly sealed and refrigerated until analysis.

It is notable that the reductive cleaning steps designed by Boyle and Keigwin (1985) were not used here.
These steps were designed to remove Fe-Mn oxy-hydroxides, which can contain significant amounts of
elements including Fe, Mn, Cd and Ba (Boyle, 1981; chapter 3). However, this step can lead to partial
carbonate dissolution, which can itself significantly alter ratios including Mg/Ca (Barker et al., 2003).
Given that most coral samples were collected alive or in pristine condition, the effects of Fe-Mn
oxyhydroxides were considered to be minimal. Furthermore, the large size of coral samples generally
allows for the vast majority of coatings on sub-fossil samples to be removed by physical cleaning, in
contrast to foraminifera for which reductive cleaning techniques were originally designed. Therefore, 1
chose not to employ reductive cleaning steps, and instead monitored for the possible effects of Fe-Mn

oxy-hydroxides using Fe/Ca and Mn/Ca ratios (e.g. see chapter 3 and chapter 5).

Step Description

Sample cleaning
1 Weigh ~ 5 mg of sample into vial
2 Oxidative mixture* (250 to 500 pL) in water bath at 80 °C for 5 minutes. Ultrasonicate for 10 seconds. Repeat a
further 2 or 3 times (depending on amount of CO; released)
Remove supernatant
Milli-Q rinse (fill vials and lids) x 3
Transfer to clean, acid-leached vial
Add 250 to 500 uL 0.0005 M HNO3, leave for 30 seconds
Ultrasonicate (10 seconds) and fill vial with Milli-Q) to quench reaction

Remove supernatant

O o0 N1 & Ut A~ W

Milli-Q rinse (fill vials and lids) x 2

Sample dissolution

1 Add 50 pL Milli-Q to slow initial reaction

2 Dissolve by stepwise (100 to 200 pL) addition of distilled 0.5 M HNO3
3 Centrifuge sample

4 Transfer dissolved phase to clean plastic vial for storage

*Oxidative mixture: 30 x dilution of 30 % H,O»in 0.1 M NH,OH

Table 2. Summary of oxidative sample cleaning and dissolution procedures applied for measurement of

element/Ca and boron isotopic ratios.
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3.2 Analytical techniques

Coral element/Ca ratios were measured at the University of Bristol using a Thermo-Element ICP-MS.
Equipment and relevant instrument parameters are summarised in Table 3. Initially, small aliquots (20 uL)
of each sample were diluted (20 x dilution factor), and intensities of ¥*Ca measured against a standard of
known concentration. A further aliquot of each sample was then taken and diluted accordingly (total
volume > 0.5 mL) to derive a solution with [Ca] of 4 mM, matched with the chosen bracketing standard.
This process of concentration matching is important to minimise matrix effects, which are known to vary

with solution [Ca] and can affect element/Ca ratios (e.g. Yu et al., 2005).

Intensities of various elements were then measured for samples, blanks (0.5 M HNO3) and a well-
characterised bracketing standard, Bristol Multi-Element 1 (BME1; introduced in 0.5 M HNO3). Prewash
and wash solutions (0.5 M HNO3 + 0.3 M HF; see below) were used to clean the introduction system
after each sample and bracketing standard. Intensities of all elements measured on samples and bracketing
standards were corrected for background by subtracting the average of blanks before and after each

sample. In general, measured blank intensities were << 1 % for all elements, except for B and Li.

Considering B, firstly, it is well-established that the volatilisation of boric acid in the spray chamber causes
a boron memory effect, coating the inside of the spray chamber and thus contributing to boron measured
in the subsequent sample (Al-Ammar et al., 1999). Various solutions have been proposed to reduce the
boron memory effect (e.g. Al-Ammar et al., 2000; Misra et al., 2014; Rae et al., 2018; see section 4.2.2 for
detailed discussion). Here, we add HF to the prewash and wash to form 0.5 M HNOs3, 0.3 M HF
solutions (following Rae et al., 2018; Zeebe and Rae, 2020). Li blanks were also found to be high after
cone cleaning, which may result from the increased size of the 7N beam, the high-mass end of which
overlaps and interferes with the 7Li peak. By conditioning the cones for 30 to 60 minutes before starting
cach sequence, Li blanks could be reduced to acceptable levels (always < 2 % of sample intensities,
generally falling to < 1 % over the course of the sequence). This conditioning was achieved by aspirating
Ca-rich solutions (e.g. the BME bracketing standard), and could be done as part of the [Ca] checks
outlined above. Finally, for elements with low concentrations in coral skeletons compared with
background (e.g. Cu, Sn), measurements were only considered significantly different from the background
(i.e. above the limit of detection) if they were > 5 standard deviations larger than the average background

intensity for that analytical session.

Blank corrected intensities were then ratioed to ¥*Ca, and sample element/Ca ratios detived by
normalisation to BME1. "Li, "B, 26Mg, 27Al, 55Mn, 60N, ¢3Cu, 66Zn, 86Sr, 111Cd, 118Sn, 138Ba, 14Nd and 238U
were measured in low resolution, while intensities of 22Na, 56Fe and 3Co were measured in medium
resolution. $3Ca was measured in both low and medium resolution, with the appropriate resolution used
to ratio each respective element. Target resolution (R) in medium resolution was ~ 4000 (where R =
(molar mass of target peak) / (difference in molar mass between target and next resolvable peak)), and

was tuned using the ArO gas peak.
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Equipment/Condition

Type/comment

Nebuliser
Spray Chamber
Injector
Sampler cone
Skimmer cone

Tuning

Oxide production
Runs
Passes

Detection mode

Resolution

Take-up time

Wash time

PFA microflow 50 pL./min

PFA HF-resistant barrel

ESI Sapphire

Pt - standard

Pt—H

Sensitivity tuned using Li, In and U

Parameters typically tuned for sensitivity: torch position (x, y, z), sample
gas, focus, x-deflection, y-deflection, shape

Parameters tuned for peak shape (medium resolution): focus quad (other
lenses made only a small difference)

< 5 %, assessed using counts of UO compared to counts of U

40 in low resolution, 24 in medium resolution

1 (both low and medium resolution)

All elements in analog, except for Li, B, Cu, Zn, Cd, Sn, Nd, U, which
were in counting

All elements in low resolution, except for Na, Fe and Co which were
measured in medium resolution. Ca was measured in both low and
medium resolution, and the appropriate (i.e. matching) resolution used to
ratio each respective element.

60 to 90 s (variable dependent on sample gas)
100 to 120 s

Table 3. Equipment and instrument settings used duting measurement of element/Ca ratios.

Analytical reproducibility was assessed using repeat measurements of reference materials NIST RM 8301
(Coral) (Stewart et al., 2020) and JCp-1 (Hathorne et al., 2013). Long-term reproducibility for all
element/Ca ratios presented here (Li/Ca, B/Ca, Na/Ca, Mg/Ca, St/Ca, Ba/Ca, U/Ca) was better than 2
% (RSD; 2 o) for both reference materials (Table 4).

Analytical accuracy was assessed by comparison to interlaboratory consensus values published for NIST
RM 8301 (Coral), which is known to be more homogeneous and reproducible than JCp-1 (Stewart et al.,
2020). Long-term average values for all elements of interest differed from published values by < 3.5 %.
All element/Ca ratios were adjusted by appropriate correction factors, to facilitate direct comparison with
previous work. Correction factors were used to the nearest percent, reflecting uncertainty in both the
literature and laboratory mean values. Long-term average values, reproducibility and correction factors are
summarised in Table 4 and Figure 2. Finally, accuracy and reproducibility of ratios including Fe/Ca was
found to be worse than for other elements, in agreement with previous work (e.g. Stewart et al., 2020;
Table 4). These values were not corrected for interlaboratory offsets, and are used as guides for

monitoring sample contamination only.
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Figute 2. Mean-normalised Li/Ca, B/Ca, Mg/ Ca, St/Ca, Ba/Ca and U/Ca measurements for NIST RM
8301 (Coral). Analysis period ran from February 2020 (n = 1) to January 2023 (n = 36). Grey shaded

region shows analytical reproducibility (RSD; 2 o). Dashed horizontal lines show interlaboratory

consensus values (Stewart et al., 2020) normalised to mean values from this study, and therefore

represent the correction factors applied in this study. In practise, correction factors were rounded to the

nearest

1 %.
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Reference Ratio n Mean (mmol/mol) RSD (26) Literature value Correction

material (mmol/mol) factor

8301c (Stewartet Li/Ca 36 0.00533 1.3 0.00540 1.01

al., 2020) B/Ca 36 0.521 1.0 0.528 1.01
Mg/Ca 36 4.13 1.3 4.11 1.00
St/Ca 36 8.24 0.9 8.10 0.98
Ba/Ca 36 0.00612 1.2 0.00592 0.97
U/Ca 36 0.000828 1.6 0.000829 1.00
Na/Ca 34 20.1 0.9 20.0 1.00
Fe/Ca 34 0.0106 3.8 0.0154 Not used
Mn/Ca 36 0.00248 1.1 0.00259 Not used

JCp-1 (Hathorne  Li/Ca 34 0.00615 1.2 0.006185 Not used

et al., 2013) B/Ca 36 0.456 1.3 0.4596 Not used
Mg/Ca 36 4.23 1.2 4.199 Not used
St/Ca 36 8.88 0.8 8.838 Not used
Ba/Ca 36 7.50 1.8 7.465 Not used
U/Ca 36 0.00120 1.4 0.00192 Not used
Na/Ca 34 20.0 2.0 - Not used
Fe/Ca 33 0.013 15 - Not used
Mn/Ca 36 0.0012 15 - Not used

Table 4. Reference material reproducibility and accuracy during this study. NIST RM 8301 (Coral) was
used to assess accuracy, with samples corrected to be in line with interlaboratory consensus values
(Stewart et al., 2020). Reference material JCp-1 (Hathorne et al., 2013) was also used to assess

reproducibility.
4. Boron isotopic analysis

The boron isotopic composition (i.e. 8''B) of a subset of coral samples was measured on the same
dissolved solutions as element/Ca ratios (chapters 4 and 5; see Figure 1). Initial cleaning and dissolution
of samples for boron isotopic analysis thus follows the procedures outlined in section 3.1. The following

sections outline the boron-specific procedures which follow sample dissolution.
4.1  Column chemistry

Measurement of the boron isotopic composition of marine carbonates requires separating boron from the
carbonate matrix. To this end, a small aliquot of each dissolved sample was passed through microcolumns
containing an Amberlite IRA 743 boron-specific anionic exchange resin (Lemarchand et al., 2002). The
adherence of boron to this resin is highly pH dependent, with boron having a higher affinity for the resin
at higher pH. This allows boron to be separated from the carbonate matrix using careful combination of
solutions with varying pH (Lemarchand et al., 2002). The full column procedure is outlined in Table 5,
and follows Foster (2008).
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Briefly, columns were cleaned at the start of each session using repeated rinses of 0.5 M HNO; followed
by Milli-Q, to remove any boron accumulated during storage. During this procedure, the resin was
disturbed using a clean pipette tip, to remove any channels or air bubbles formed during the previous
column batch which could reduce column efficacy. Small amounts of each sample were then buffered
with an appropriate amount of a buffer solution, which comprised 2 M Na acetate and 0.05 M acetic acid,
and was itself passed through columns to remove any boron (see Table 5). The amount of sample used
was vatied based on B/Ca ratios to ensure the final boron isotope sample had a [B] close to 50 ppb
(sample volumes varied from 10 to 80 wL). Meanwhile, the volume of buffer solution added to each
sample was varied to ensure sufficient buffering of the acidic sample solution while using the minimum

amount of buffer (Foster, 2008). In practise, buffer:sample volume ratios were between 3:1 and 1:1.

Samples were then loaded onto columns by stepwise addition of small volumes (typically 3 additions of
40 uL). Stepwise sample addition is thought to result in greater removal of boron from the sample than
passing the entire sample through the column in one application, owing to the greater reaction time
between resin and the sample (e.g. Lemarchand et al., 2002). The carbonate sample matrix was then
washed from the resin by repeated addition of Milli-Q), added as drops around the rim of each column.
Droplets descended onto the column resin after drumming on the lab bench or gently tapping column

holders.

Samples were then collected in acid-cleaned Teflon beakers (see Table 1) using 550 pL of distilled 0.5 M
HNO:3, again added stepwise in small amounts (55 to 110 uL). Column elution tails were also collected in
150 pL of 0.5 M HNO:s. Finally, columns were cleaned at the end of each analytical session using
repeated rinses of 0.5 M HNO; and Milli-Q, before storage in Milli-Q. Column resin can be reused
multiple times (Foster, 2008) and was replaced 3 times over the course of the thesis period, at times when

columns had stopped dripping freely.
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Step Description Reagent Volume Timing

1 Column cleaning 0.5 M HNOs3 Fill column Allow to drip completely

2 Column cleaning 0.5 M HNO;3 1 mL Allow to drip completely

3 Column cleaning Milli-Q 1 mL Allow to drip completely

4 Column cleaning Milli-Q 1 mL Allow to drip completely

5a Load buffered samples Sample + Na- Sample added 2 to 4 minutes between each
acetate buffer stepwise in small stepwise addition

(e.g. 10 to 40 uL)

amounts
5b Na-acetate buffer Uncleaned Na- Two stacked Allow to drip completely
cleaning acetate buffer columns, Na-acetate
passed through
both and collected
6 Remove carbonate Milli-Q 10 X 160 pL, added 5 - 10 minutes between each
matrix in drops around rinse

column rim

7 Collect sample 0.5 M HNO; 550 uLL (4 X 55 pL. 5 to 10 minutes between
+3 X 110 pL) each rinse. Third step (first
110 pL application) left for
20 minutes.
8 Collect column tails 0.5 M HNO;3 1 X150 pL. Allow to drip completely
9 Column cleaning 0.5 M HNOs3 Fill column Allow to drip completely
10 Column cleaning 0.5 M HNO; 1 mL Allow to drip completely
11 Column cleaning Milli-Q 1 mL Allow to drip completely
12 Column cleaning Milli-Q 1 mL Allow to drip completely

Table 5. Summary of column chemistry procedures for separating boron from the carbonate matrix.
Note that after step 5b, the columns used to clean the Na-acetate buffer are cleaned (skip to step 9

onwards).

4.2  Analytical techniques

Boron isotope values were measured on the separated boron fraction using a Thermo Neptune Multi-
Collector ICP-MS at the University of Bristol, following techniques in Foster (2008). The analytical set up
is summarised in Table 6. Prior to sample analysis, a number of tests were performed, to check column
elution tails, carbonate matrix removal, sample [B] and procedural blanks. These checks are outlined first,

before sample analysis techniques are detailed in section 4.2.2.
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Equipment/Condition Type/comment

Nebuliser PFA microflow 50 pL./min

Spray Chamber PFA HF-resistant barrel

Injector ESI Sapphire

Sampler cone Ni - standard

Skimmer cone Ni—-X

Cup configuration 1B measured on cup H3, 1B on cup L3
Amplifiers used Either 2 X 1012 Q or 2 X 103 Q

RF power 1200 W

Tuning Sensitivity tuned using ''B

Parameters typically tuned for sensitivity: torch position (x, y, z), sample
gas and the focus, x-deflection, y-deflection and shape lenses

Parameters tuned for peak shape: shape lens, focus quad

Cycles per measurement 30

Integration time per cycle 4s

Resolution Low

Take-up time 60 to 80 s (variable dependent on sample gas)
Wash time 120 s

Table 6. Equipment and instrument settings used during boron isotopic analysis.

4.2.1 Column quality control

Firstly, the efficacy of column chemistry procedures was checked using four distinct measurements,

which were carried out prior to analysis of sample boron isotopic compositions.

It is well-established that boron isotopes are fractionated during elution of samples from the column
resin, with "B preferentially removed at the start of the elution and 1B at the end (Lemarchand et al.,
2002). It is therefore important that all the boron which adheres to the resin during sample loading is
removed during sample collection (step 7 in Table 5). To test ensure that all B was collected, the
concentration of boron remaining on each column after sample collection (the so-called elution tail, step
8 in Table 5) was measured for all samples, and compared to the amount of boron in the collected
sample. The amount of boron present in elution tails for samples measured as part of this thesis averaged
0.1 % of the total boron collected in samples, and was at most 0.6 %. Therefore, incomplete recovery of

boron during column chemistry is unlikely to affect the boron isotopic values presented here.

Secondly, incomplete removal of the carbonate matrix during column chemistry (step 6 in Table 5) can
lead to the sample and bracketing standards having different matrices, and thus potentially differing mass
fractionation behaviour during measurement (Foster, 2008; Guerrot et al., 2011). To check whether
carbonate matrix removal was complete, 2*Na intensities were measured on small aliquots of each sample

(10 L sample diluted in 140 pL distilled HNO3). Although there is no hard limit for acceptable 2Na
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intensities, measured intensities of 22Na > 0.3 V (i.e. around 4 X greater than background levels) were

considered problematic and were generally measured separately from other samples (Figure 3).

Testing for 2Na intensities also revealed the importance of thoroughly cleaning the equipment used
during analysis. At the start of the analytical period, multiple column batches appeared to suffer from
»Na intensities exceeding acceptable limits, with 2*Na intensities in diluted aliquots exceeding 1 V (Figure
3). These issues continued after replacement of the column resin and all reagents used in the column
process. Eventually, I measured the intensity of 22Na in an undiluted sample immediately following
column chemistry, by placing the autosampler probe directly into the Teflon collection vial. The intensity
of 2Na measured was indistinguishable from background, however, after pipetting a small aliquot of this

sample into another vial, the intensity of 2>Na measured increased significantly.

~
1

! Distilled HCI used
! to clean tips

2Na intensity (V)

0 100 200 300 400 500 600 700 800
Analysis number

Figure 3. Na intensities (101" Q amplifier) measured on sample aliquots from the petiod October 2019
(Ieft) to February 2023 (right). Plot includes data from all samples measured at the Bristol Isotope Group
during this period, comprising samples from this thesis and measurements made by Dr Joseph Stewart,
Maoyu Wang and Elliot Robson. Dashed vertical line shows time at which pipette cleaning procedure

was changed. Solid black line shows the 5-point, centred, rolling mean.
The origin of elevated *Na intensities therefore appeared to be contamination by pipette tips, which at
that time were cleaned using cold, 3 M trace metal grade HCI for a period of 1 week (see Table 1; “Pipette
tips for sample cleaning”). I therefore switched to using pipette tips cleaned overnight at 80 °C in distilled
3 M HC], followed by 2 hours at 80 °C in 0.3 M distilled HNOj3 (Table 1). This change in approach is
cleatly visible in measured 2*Na intensities over the course of the thesis period (Figure 3). Data from all

but 5 measured samples (representing 3 corals) presented here had 2Na intensities = 0.3 V. For 2 of the 3

corals whose subsamples were measured with high Na intensities, sample replicate 3!'B values (i.e.
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different cut pieces of the same coral) agree to within 0.12 %o, indicating these data are likely robust and

justifying their inclusion here.

The concentration of boron in collected sample fractions was measured as part of the same sequence
used for checking 2Na intensities. Intensities of !B in samples were measured against a standard of
known concentration to derive sample [B]. Samples were then diluted if required to be close to the target

concentration for the analytical run (25 ppb or 50 ppb).

Finally, procedural blanks were also monitored for every batch of columns used in this thesis, and were
typically small (mean = 47 pg; n = 20; Figure 4). The size of the procedural blank showed a subtle
decrease over the course of the analysis period, correlating with column batch number (a proxy for time)
at a 90 % significance level (= 0.4, p = 0.06; Figure 4). The origin of this decrease is uncertain.
Conversely, procedural blank 8''B showed no visual systematic change over time and was not
significantly correlated with column batch number (» = 0.2, p > 0.3; Figure 4). Implied blank corrections
using the long-term average procedural blank 8'B (— 8 31 %o; 2 6) were < 0.12 %o for all samples aside
from one replicate of calcitic sample ErfeO4ac (implied correction + 0.28 %o). The correction for this
sample was larger owing to its small [B] (resulting both from its calcitic mineralogy and small sample size),
rather than high [B] in the respective procedural blank. Owing to the small magnitude of - and large

uncertainty in — implied blank corrections, I chose not to correct sample 5!'B for this effect.

44



@ 4101  Blank size over course of thesis period

100+

807 Dashed LOBF:
704r=-04,p=0.06 ]

=

60 - N T~ | — Solid line shows
50 ~ o mean = 47 pg

T

40 1 == =

I

30 1

Procedural blank [B] (pg)
T
]

201
104

O-

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Column batch number

b 30 Blank composition over course of thesis period
20 -
= A A
& 10- A A
@ | ol line shows A A JAN
o mean = - 8 %o A === m
£ -101 = A
£ A-- AN A A A
% 204 Dashed LOBF: A\ A
5 r=02,p=0.36 A
Y 30+
(& ]
o
& 401
.50 A
-60 1

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Column batch number

Figure 4. a) [B] and b) 8''B, measured in procedural blanks associated with samples presented in this
thesis. Solid lines show mean values, dashed lines show representative linear fits of the correlations with

column batch number (Pearson rand p values indicated in each plot).

4.2.2 Sample analysis

Once quality control was complete, sample 8!'B was measured and reported relative to NIST SRM 951

(Foster, 2008; Rae et al., 2018), given by the equation:

1lB 1lB
@) l - <@>NIST951
sample
6llBsample (%0) = (11913) x 1000 (D
1B NIST951
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Samples, standards, blanks and wash solutions were introduced in mixed 0.5 M HNOs; and 0.3 M HF, and
the prewash solution in a slightly higher [HF] (0.5 M HNOj and 0.9 M HF), to prevent excessive build-up
of boron in the introductory system (following Rae et al., 2018; Zeebe and Rae, 2020). This so-called
boron memory effect is well-established, and results from volatilisation of boric acid in the spray
chamber, coating the inside of the spray chamber and contributing to measured boron in later samples
(Al-Ammar et al., 1999). A number of solutions have been proposed to this problem, including
introducing samples with a small amount of ammonia gas (Al-Ammar et al., 2000; Foster, 2008) and
introducing samples in 0.3 M HF (Misra et al., 2014). The option chosen here is to introduce samples in
mixed 0.5 M HNO; and 0.3 M HF, with the HF added after column chemistry immediately prior to
sample analysis (Rae et al., 2018). The rationale behind introducing samples in an HF matrix is that boron
will form fluoroboric acid (HBF4.H>O), which is highly water soluble and has a boiling point > 100 °C,
meaning it will not be volatile under normal measurement conditions (Misra et al., 2014). Using HF only

at the final step of sample preparation is preferred because this reduces the use of HF in the laboratory.

Intensities of ''B and '°B in blanks, bracketing standards and samples were measured simultaneously on
Faraday cups H3 and L3, respectively, with the signal amplified by either two 1012 Q amplifiers or — later
in the analysis period — two 1013 Q amplifiers. In practise, the choice of amplifiers used made no
difference to the quality (i.e. precision and accuracy) of sample measurements, except at very low [B] (see
section 4.2.4). Measurements were carried out using 30 cycles, with a 4 s integration time and a 2 minute
wash cycle between each measurement (Table 6). Intensities of both isotopes measured on samples and
standards were corrected for background using blanks measured every three samples. Background
corrections were always < 1 %. Each sample was bracketed by measurements of NIST SRM 951, and
S3MB values derived by normalisation to this standard (Foster, 2008). This procedure corrects for variable
instrumental mass fractionation, which changes both between and - to a lesser extent — during analytical

sessions (e.g. Foster, 2008; Guerrot et al., 2011; see section 4.2.3; Figure 6).

Analytical reproducibility and accuracy were assessed using repeat measurements of two reference
materials: boric acid standard BAM ERM-AE121 (Vogl and Rosner, 2012) and NIST RM 8301 (Coral)
(Stewart et al., 2020) (Figure 5). BAM ERM-AE121 was used to monitor instrument performance, and
repeat measurements yielded an average value of 19.61 %o * 0.15 (n = 36; 2 0; measurement period
October 2019 to February 2023). This long-term value is in excellent agreement with the current
interlaboratory consensus value of 19.64 %o * 0.17 (Stewart et al., 2020; revised from Vogl and Rosner,
2012; Figure 5). The reproducibility and accuracy of BAM ERM-AE121 measurements was consistent
over the course of the analysis period. Samples were measured in two main periods: a semi-continuous
petiod from October 2019 to August 2021, followed by a second continuous period from June 2022 to
February 2023. The average BAM ERM-AE121 values from these two periods are indistinguishable and
have similar reproducibility, indicating consistent instrument performance over the course of the thesis

period (Figure 5; 2019 to 2021: 19.62 % 0.12 (2 6) %o, 2022 to 2023: 19.58 % 0.11 (2 6) %o).
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Repeat measurements of NIST RM 8301 (Coral) were used to monitor performance of the entire
analytical procedure (column chemistry through to sample measurement). It is worth noting that the
reproducibility estimate derived from repeat measurements of NIST RM 8301 (Coral) does not account
for variability introduced by sample collection, cutting, cleaning and dissolution techniques. These yielded
an average value of 24.18 £ 0.29 %o (n = 34; 2 0; measurement period October 2019 to February 2023),
in good agreement with both the interlaboratory consensus value (24.17 %o; Stewart et al., 2020; Figure 5)
and the value reported for the previously published stylasterid dataset used in this compilation (24.27
0.16 %o; Stewart et al., 2022).

Unlike BAM ERM-AE121, the reproducibility of NIST RM 8301 (Coral) improved over the course of

the analysis period. In the period from October 2019 to August 2021, the average value was significantly
higher and more variable than that from the period encompassing June 2022 to February 2023 (Figure 5;
2019 to 2021: 24.27 £ 0.33 (2 6) %o, 2022 to 2023: 24.11 £ 0.16 (2 6) %o). The cause of this difference is

unclear, as outlined in the following discussion.

Firstly, as outlined in more detail in section 4.2.3, a number of air leaks in the instrument were fixed in the
period between August 2021 and June 2022. If these repairs were the cause of improved NIST RM 8301
(Coral) reproducibility, one would expect to see a similar improvement for the BAM ERM-AE121
reference material. However, BAM ERM-AE121 exhibits similar reproducibility across both periods, in
turn suggesting that improved instrumental performance is not the root cause of improved NIST RM

8301 (Coral) reproducibility.

Improvements in reproducibility also cannot be explained by changes in the size and/otr composition of
procedural blank contributions. As shown in Supplementary figure 1, the difference in reproducibility

between the two time periods identified remains robust after correcting each NIST RM 8301 (Coral) for
its respective procedural blank (i.e. the size and composition of the blank specific to the relevant column

batch; Supplementary figure 1).

The shift in reproducibility also does not correlate with either replenishment of the column resin or any
change in matrix-removal efficacy (assessed by the Na-screening procedure outlined in section 4.2.1).
Instead, it is notable that the step change in NIST RM 8301 (Coral) reproducibility aligns with a change in
the column chemistry procedure, and specifically the proportion of NIST RM 8301 (Coral) stock solution
to Na-acetate buffer loaded onto the columns. For the 2019 to 2021 period, 3 pL. of NIST RM 8301
(Coral) was loaded onto columns, mixed with 60 pL buffer (1:20 standard:buffer ratio). However, for the
period 2022 to 2023, 3 L. NIST RM 8301 (Coral) was mixed with 45 pL buffer (1:15 standard:buffer
ratio). This observation could suggest that the boron column chemistry procedure is sensitive to the ratio
of solution:buffer, and that over-buffering may lead to variable boron isotopic fractionation. This may be
consistent with the observed pH and ionic strength controls on the boron partition coefficient of the
Amberlite IRA 743 resin (Lemarchand et al., 2002), or with larger volumes of liquid passing through

columns more quickly, resulting in variable boron recovery (e.g. Stewart et al., 2020). However, the
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change in buffer:sample ratio is small, and it thus seems unlikely that this is the origin of the vatiable

NIST RM 8301 (Coral) reproducibility observed.

The origin of the change in NIST RM 8301 (Coral) reproducibility is unclear. Fortunately, the difference
between NIST RM 8301 (Coral) values measured in each period is small, and both values are accurate to
within 0.1 %o of the interlaboratory consensus value (Figure 5). When coupled with consistently good
instrument performance (assessed by BAM ERM-AE121), our low procedural blanks and effective matrix
removal screening (section 4.2.1), we have high confidence in our measurements of coral sample 5!!B.
The question remains as to which measurement period is most representative of our coral samples, and
thus which reproducibility to use as the analytical error. Given the robust difference between the two
periods, I choose to assign each sample the appropriate reproducibility for the period it was measured in

(see values in Figure 5).

@ 2474 NIST RM 8301 (Coral) P 2021 BAM ERM-AE121
54 6- Oct19tofé)ug21 20.14
24.54 O 20.04
24 .4+ o 00 19.94
J Jun 22 to Feb 23 d
24.3 Toe_ceg un 0 Oe 19.8 O Oct 19 to Aug 21 Jun 22
24.2 1 O g0OO

19.74 to Feb 23
241 5 @J-OQ 196__%__(:@{0@_%6_- -

M O O .07
24.01 Q)QZD o © 19.51 D & )j%

5B (%)

©)

D!

o}
5""B (%o)

23.94 O 19.4

Red: 2019 to 2021 = 24.27 + 0.33 %o Red: 2019 to 2021 = 19.62 £ 0.12 %o
23.81  Blue: 2022 to 2023 = 24.11 £ 0.16 %o 19.37  Blue: 2022 to 2023 = 19.58 + 0.11 %o
23.74 Dashed line: Literature value = 24.17 %o 19.2-1 Dashed line: Literature value = 19.64 %o

Overall average: 24.18 £ 0.29 %o Overall average: 19.61 £ 0.12 %o
23.6 19.11

5 10 15 20 25 30 5 10 15 20 25 30
Analysis number Analysis number

Figure 5. Reproducibility of boron isotopic standards a) NIST RM 8301 (Coral) (Stewart et al., 2020) and
b) BAM ERM-AE121 (Vogl and Rosner, 2012). Red and blue shading represents two semi-continuous
analysis periods from October 2019 to August 2021 (red) and June 2022 to February 2023 (blue). Solid
lines are the long-term laboratory averages for each period, shading indicates precision (+ 2 6). Dashed

lines show current interlaboratory consensus values, both taken from Stewart et al. (2020).

4.2.3 Ratio stability during analytical sessions

As alluded to in section 4.2.2, boron isotopic mass fractionation (i.e. the measured 1'B/1B ratio of a given
solution) can vary significantly between instruments, laboratories and over time, necessitating the use of a

bracketing standard (NIST SRM 951) against which sample 8''B values are reported. However, obtaining

S1B values in this manner requires minimal variation in instrumental mass fractionation over the time

period of analysis (i.e. for a single sample, the measurements of blanks, the sample itself and bracketing
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standard NIST SRM 951) (Foster, 2008). For the analytical setup employed here, this equates to requiring

mass fractionation stability over the course of ~ 60 minutes.

Factors affecting the stability of instrumental mass fractionation include the sample gas flow rate (Foster,
2008), time between switching the plasma on and analysis (Guerrot et al., 2011) and, through experience,
the torch z position and RF power used (in practise, the torch z position, RF power and sample gas flow
rate all interact). Further, the most stable ''B/19B ratio generally does not occur at the range of conditions
which also lead to maximum instrument sensitivity (Foster, 2008; Figure 6). Therefore, prior to each
analytical session, the instrument was tuned for the most stable sample gas flow rate, by increasing the
sample gas in small steps (0.01 L./min) and measuring the 1'B/19B ratio (Figure 6). The sample gas flow
rate used for the analytical session was chosen to optimise ratio stability, and the blank-corrected 'B/1'B
of NIST SRM 951 monitored over the course of every analytical session. In general, two stability plateaus
were identified during each sample gas test (Figure 6). Through experience, it was found that the plateau

at higher sample gas flow rates gave better within-run stability than the plateau at lower flow rates.

Stability for all samples presented in this thesis was generally good, however over the course of the thesis
period, significant problems with ratio stability were encountered (Figure 6). The root cause of these
problems was never fully identified, and was likely a combination of multiple factors. After identifying
and fixing leaks in the torch, introductory system tubing (i.e. sample gas, waste line) and internal

instrumental tubing, stability was improved markedly (Figure 06).
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4.2.4 Effect of amplifier choice on measurement precision and techniques

Boron isotope measurements presented in this thesis were initially made using 102 Q amplifiers attached

to both cups (H3 and L3). However, in early 2021, the Bristol Isotope Group replaced these with newly

purchased 1013 Q amplifiers. Unfortunately, the nature of the straight swap of these amplifiers meant I

could not do a like-for-like comparative test. However, a number of 10" € amplifiers remained fitted to

the Neptune, permitting compatison of 10" and 10'3 Q amplifier performance.

I therefore measured NIST SRM 951 bracketed against itself (i.e. theoretical 3''B = 0 %o) at

concentrations ranging from 1 ppm to 50 ppb, using three separate amplifier configurations (Table 7):
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using 1013 Q amplifiers to measure both !B (cup H3) and B (cup L3),
using 101! Q amplifiers to measure both !B and 1°B, and

using a 10" Q amplifier to measure "B and a 1013 Q amplifier to measure B.

H3: 108 Q & L3: 1013 Q H3: 10" Q & L3: 1083 Q H3: 101 Q & L3: 101 Q
Concentration 6'B + 2SE n 81B + 2SE n 61'B +2SE n

NIST (%0) NIST (%0) NIST (%0)

SRM 951 SRM 951 SRM 951

(Y%o) (%) (Y%o)
1 ppb 0.30 0.19 5 0.28 0.40 6 0.82 1.30 6
5 ppb -0.02 0.13 6 0.16 0.11 6 0.19 0.34 6
10 ppb -0.04 0.10 6 0.07 0.09 6 -0.07 0.20 6
15 ppb 0.02 0.08 6 0.04 0.09 6 0.12 0.11 6
25 ppb 0.06 0.03 6 0.04 0.09 6 -0.08 0.12 6
50 ppb = - - -0.01 0.05 6 -0.05 0.05 6

Table 7. Reproducibility of NIST SRM 951 8''B measurements as a function of [B], using different

amplifier combinations.

Each concentration was measured 5 or 6 times in each configuration, and the standard error (£ 2SE) used
to assess analytical performance. All measurements were made in the same analytical session (i.e. without
turning the plasma off), to minimise run-to-run variability in instrument performance. Finally, the
maximum potential difference measurable on 1013 Q amplifiers is 0.05 V (or 0.5 V on the Neptune
display, which displays voltages as though they are measured across 10! Q resistors), and therefore NIST

SRM 951 was not measured at 50 ppb as intensities for 1'B this exceeded that limit.

The performance of all three amplifier combinations was largely equivalent at [B] = 15, 25 and 50 ppb
(Table 7). It was only at low [B] (i.e. < 10 ppb) that the advantages of using 1013 Q amplifiers became
clear, with vastly improved measurement precision. The average sample [B] measured in this thesis was 48
ppb, meaning that the advantages of changing to 1013 Q amplifiers were, in general, minimal. However,
some samples were measured at lower [B], with the lowest presented here measured at 9 ppb. 5 repeat
measurements of NIST RM 8301 (Coral) at [B] between 5 and 8 ppb yielded a mean average 8''B of
24.03 £ 0.50 %o (n = 5; 2 o). This is within error of both the robust interlaboratory consensus value
(Stewart et al., 2020) and the long-term average value derived from measurements at 50 ppb [B] from this
thesis (section 4.2.2), suggesting that the small number of low [B] measurements presented here are

robust.
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Notably, initial problems were found when using 101> Q amplifiers during the paired checks for the [B] in
each sample and removal of the carbonate matrix by monitoring 2’Na intensity (see section 4.2.1). When
1012 Q amplifiers were used, "B was initially measured on cup H3, before the beam was moved to
measutre 2’Na on the centre cup. However, when using the 1013 Q amplifiers, it was observed that during
this beam switch, a transient pulse of signal would appear on cup H3, which measured multiple volts
(normalised to 101! Q resistors) in intensity. This pulse of signal was likely due to a major ion (e.g. related
to H2O) with mass between "B and ?’Na being passed over cup H3 during the beam movement, and was
only seen on 10'3 Q amplifiers due to their faster response time. In turn, this signal would take multiple
minutes to decay (since it far exceeded the 0.5 V intensity limit for 1013 Q amplifiers) potentially
impacting on the next measurements of [B]. To address this, we therefore switched to measuring both "B
and 2Na intensities using a 101! Q amplifier on the centre cup. An alternative solution would be to write
the 22Na and ''B intensity measurements as separate method files and sequence lines, as the switch
between methods/sequence lines results in a shut down of the extraction voltage duting beam switching.
Conversely, the extraction voltage is not switched off when the two measurements are made in a single

method, as was the case for our chosen method.
4.2.5 The importance of torch box extraction for blank control

Finally, as outlined in section 4.2.2, controlling boron background levels requires careful consideration.
However, to the best of my knowledge, the importance of effectively extracting air from the instrument
torch box to control boron background levels has never been demonstrated. During one analytical
session in eatly 2020, the boron background levels increased quickly and plateaued at an unusually high
level (52eviati. 1.8 % of sample intensity; samples at 50 ppb; Figure 7). It was observed that the blank
could be reduced after prolonged periods in the wash solution, suggesting that this build-up was not due
to contamination of the solutions or introductory system being used. Instead, it was observed that
opening the doors of the torch box reduced the background levels slightly, and further that ventilating the
torch box by pointing a desk fan into the torch box very quickly reduced background boron intensity to
acceptable levels (Figure 7). I then confirmed that the air extraction which normally ventilates the torch
box (arrow A in Figure 7) was indeed broken, and fixing this returned the background to normal levels.
Therefore, ventilation of the torch box is key to controlling boron background levels, and intriguingly
suggests that volatilised boron accumulates in the torch box. While the desk fan approach proved a useful
demonstration of this effect, I do not recommend it for every-day Neptune operation as plasma

conditions are extremely unstable under this turbulent air flow.
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Figure 7. a) Graph showing the effects of various methods of torch box ventilation on boron
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measured at [B] = 50 ppb. Blank numbers are directly comparable representations of time for each run.
B. Labelled photo of set up showing “working” torch box extraction (arrow a) and the desk fan trial

(arrow c) used in this study.

5. U-series dating methods

A number of coral samples were dated by U-series isotope dilution methods in chapter 5 of this thesis.
The following methods desctibe the chemical sample cleaning, sample dissolution, separation of U and
Th fractions and analytical methods applied, which were common to all samples (with the exception of
cleaning procedures, see chapter 5). The statistical methods associated with the calculation of U-series

ages and 824U ratios are briefly introduced, with more detailed discussion provided in chapter 5.
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5.1  Sample cleaning and separation of U and Th fractions

Approximately 150 mg of each sample was obtained, and in most cases cleaned using established
oxidative and reductive techniques (Cheng et al., 2000a; Shen and Boyle, 1988; Adkins et al., 2002; see
chapter 5 for exceptions). The full cleaning procedure is outlined in Table 8. Separation and purification
of the U and Th in coral skeletons followed established procedures which have been described elsewhere
(e.g. Edwards et al., 1987; Burke and Robinson, 2012; Chen et al., 2015). The full procedure is
summarised in Table 9, and can be broken down into the following constituent steps. First, cleaned
samples were dissolved in 7.5 M HNOs3, and spiked gravimetrically with a 23U — 2Th mixed spike, the
236 /229Th ratio of which is known to within £ 4.1 %o (2 6) (Burke and Robinson, 2012; spike addition
step in Table 9). After drying the sample down and redissolving in 2 M HCI, U and Th were removed
from the carbonate matrix by co-precipitation with Fe hydroxides (Chen et al., 1986; Edwards et al., 1987;
Fe coprecipitation step in Table 9). Finally, samples were redissolved in 7.5 M HNOs, the U and Th
fractions separated by anion-exchange column chemistry (Edwards et al., 1987; Burke and Robinson,
2012; Chen et al., 2015; column chemistry step in Table 9), before dissolution in 1.2 M HNOs; (+ 0.08 M

HF, for the Th fraction) ready for analysis (measurement step in Table 9).

Step Time Repeats
1 Milli-Q rinse with ultrasonication 20 minutes 1
2 Oxidising solution* with ultrasonication 20 minutes 1
3 Mili-Q 3
4 Milli-Q with ultrasonication 1 minute 2
5 Perchloric solution** with ultrasonication 1 minute 1
6  Milli-Q 3
7 Milli-Q with ultrasonication 1 minute 2
8  Milli-Q rinse with ultrasonication 20 minutes 1
9  Oxidising solution with ultrasonication 20 minutes 1
10 Milli-Q 3
11 Milli-Q with ultrasonication 1 minute 2
12 Methanol with ultrasonication 20 minutes 1
13 Milli-Q 2
14 Milli-Q with ultrasonication 1 minute 2
15 Perchloric solution with ultrasonication 1 minute 1
16 Milli-Q 3
17 Milli-Q with ultrasonication 1 minute 2
18 Milli-Q 1 minute 3
19 Methanol with ultrasonication 20 minutes 1
20 Milli-Q 2
21 Milli-Q with ultrasonication 1 minute 1
22 0.2 % HNO; with ultrasonication 1 minute 1

54



Step Time Repeats

23 Milli-Q 2
24 Milli-Q with ultrasonication 1 minute 1
25  Oxidising solution with ultrasonication 20 minutes 1
26 Milli-Q 2
27  Milli-Q with ultrasonication 1 minute 2
28  Reducing solution*** with ultrasonication 20 minutes 1
29  Milli-Q 2
30 Milli-Q with ultrasonication 1 minute 2
31 Oxidising solution with ultrasonication 20 minutes 1
32 Milli-Q 2
33 Milli-Q with ultrasonication 1 minute 2
34 0.2 % HNO3 with ultrasonication 1 minute 1
35  Milli-Q 2
36  Milli-Q with ultrasonication 1 minute 2
37 EDTA solution™** with ultrasonication 20 minutes 1
38  Milli-Q with ultrasonication 1 minute 2

39  Transfer to acid-cleaned plastic vial
40 0.2 % HNO3 with ultrasonication 20 minutes 1

41 Milli-Q 2

*Oxidising solution = 1:1 mixture of 30 % H2O, and 1 M NaOH

**Perchloric solution = 1:1 mixture of 30 % H»>O, and 1 % HclOy4

**Reducing solution = 3.5 % hydrazine in 1:1 mixture of NH4OH and citric acid (30 g powder in 250 mL solution)
#FEDTA solution = 1:1 mixture of 2 M NaOH and EDTA solution (3.7 g powder in 55 mL Milli-Q)

Table 8. Chemical cleaning procedures for U-series and radiocarbon dating. Method includes oxidative

(white shading) and reductive (grey shading) steps.

Step Procedure

Spike addition 1 Weigh sample in clean Teflon beaker
2 Dissolve in 7.5 M HNO; (2 mL)
3 Add 1 drop of 22°U-??Th spike per 100 mg coral sample (1 drop ~ 0.0025 g)
4 Dry down

Fe coprecipitation 1 Dissolve sample in 2 M HCI (15 mL)
Reflux at 150 °C for 2 hours
Transfer to 50 mL centrifuge tube

Add 2 drops of concentrated FeCl, solution

[ 2 B L N \V)

Add concentrated NH4OH solution dropwise and shake until solution changes from
yellow to clear and rust precipitate forms
7 Centrifuge for 5 to 10 minutes, decant and discard supernatant

8  Rinse X 2 with 15 mL pH 8 Milli-Q (adjust pH by addition of NH4OH)
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Step

Procedure

10
11
12

Transfer sample to original Teflon beaker, dissolve in minimum volume of concentrated
HNO:;

Dry sample down, redissolve in minimum volume of concentrated HNOj3

Repeat step 10

Dry sample down, redissolve in 2 M HNO; (2 mL)

Column chemistry

oIS e S

Fill Environmental Express R1010 columns (12.9 cm length, 9.3 mm inside diameter) with
a 0.5 mL thick bed of organic anionic exchange resin (eichrom, 1x8, 100-200 mesh)
topped with 2 mL thick bed of pre-filter resin (TRISKEM PF-B100-A, 100-150 um
particle size)

Clean anion exchange resin: fill with 10 M HCI (TM grade), rinse X 2 with Milli-Q. Add
10 mL 10 M HCI (distilled), rinse X 2 with Milli-Q. Add 10 mL 7.5 M HNOj3 (distilled),
rinse X 2 with Milli-Q

Condition resin: 2 X 5 mL 7.5 M HNOj (distilled)

Load samples

Collect Nd fraction*: 2 X 4 mL 7.5 M HNO; (distilled)

Collect Th fraction: add 10 M HCI (distilled) as: 1 X 0.5 mL, 1 X 2mlL, 1 X 4 mL
Collect U fraction: add Milli-Q as: 2 X 2 ml,, 2 X 4 mL

Dry down samples

Measurement

~N & AL N -

Dissolve samples in 0.1 mL HNOj; + 0.1 mL H>O» (concentrated)
Add 1 drop (~ 0.0025 g) pure 23U spike to Th fraction

Reflux all samples overnight, dry down

Redissolve in concentrated HNO3 (minimum volume), dry down
U fraction: redissolve in 1 mL. 1.2 M HNO3;

Th fraction: redissolve in 0.6 mL. 1.2 M HNO; + 0.08 M HF

Reflux all samples for 2 hours

*Nd fractions collected during column chemistry but not measured.

Table 9. Procedures for U and Th separation prior to isotopic analysis.

5.2  Analytical techniques

U and Th fractions were measured separately on a Thermo Neptune Multicollector ICP-MS at the

University of Bristol, following established methods (For U: Robinson et al., 2002; for Th: Burke and
Robinson, 2012; Chen et al., 2015).

Samples were introduced into the instrument using a CETAC Aridus, and the instrument was tuned for

maximum sensitivity by adjusting the torch position and argon (sweep) and nitrogen gas flow rates.

Nitrogen gas flows were then adjusted to minimise oxide production, which was assessed by the

comparison of UO at mass 254 to 238U intensities, and was always < 0.005 %. Equipment and instrument

settings are summarised in Table 10.
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For U, intensities of 235U, 236U and 238U were measured using Faraday cups with 10" Q amplifiers, while
234U intensities were measured on a Secondary Electron Multiplier Ion Counter (SEM IC). Note that at
the start of each session, the 2>*U concentration of each sample was measured against a standard of
known concentration, and samples diluted to ensure counts of 24U did not exceed the ion counter limit.
Blanks (1.2 M HNOs3) were measured either side of each sample, and measured sample intensities
corrected accordingly. As is standard practise for U-series measurements, mass bias and detector yield (i.e.
relative efficiencies of the SEM IC and Faraday cups) corrections were carried out by normalising
measured sample isotope ratios to international bracketing standard U112a, measured before and after
each sample (average of each U112a measurement used to derive correction factor) (e.g. see Boulyga et
al., 2016). It is notable that since U112a doesn’t include 236U, the correction for 236U isotopic ratios is
based on that for 25U /238U, using the ratio between measured and natural 235U /238U. For Th, 22Th
intensities were measured on a Faraday cup using a 10! Q amplifier, while 2°Th and 2'Th were measured
using a SEM IC by peak hopping (Burke and Robinson, 2012; see cup sub-configurations in Table 10).
Intensities were again corrected for blanks (1.2 M HNO; + 0.08 M HF), with mass bias and detector
efficiency corrections carried out by normalisation to Th standard SGS. Again, correction factors were
based on the average of the Th SGS measurements made before and after each sample. The procedure of
peak hopping means that 29Th and 2*°Th intensities were not measured simultaneously, leading to the
possible introduction of analytical uncertainties owing to signal instability. Therefore, a pure 23U spike
was added to Th fractions after column chemistry (Table 9), and 2%°U simultaneously measured on a
Faraday cup (10" Q amplifier). The 22°Th /236U and 2°Th/236U ratios wete then used to detive

29Th /23T ratios, normalised for signal instability (Burke and Robinson, 2012).

For both U and Th isotopic measurements, some authors have carried corrections for the effects of peak
tailing using a variety of methods (e.g. Cheng et al., 2013; Kerber et al., 2023). Here, however, no tailing
corrections are applied, since the effects of peak tailing on our results are likely minor. Considering U,
firstly, no accurate measurements of peak tailing were made during this thesis, making quantification of
the possible effects of tailing difficult. However, the abundance sensitivity of the instrument (assessed by
measuring the tail of the 28U peak at 257U) was checked prior to each analytical session and was always <
3 ppm. By assuming an abundance sensitivity of 3 ppm at 237U, we use previously recorded tailing
patterns to estimate the magnitude of the effect of 238U peak tailing on our measurements. Cheng et al.
(2013) record a typical abundance sensitivity (also measured on a Thermo Neptune ICP-MS) of ~ 2 ppm
at 27U, ~ 0.8 ppm at 2°°U and ~ 0.4 ppm at 24U. Assuming the ratio of abundance sensitivity measured
at 27U here and in Cheng et al. (2013) remains the same across the entire mass range (i.e. that the 23U tail
is a factor 50 % larger at all masses in our study), the beam sizes typical of the samples measured in this
thesis (38U ~ 15 V; 26U ~ 0.05 V; 24U ~ 0.0006 V (i.e. ~ 40,000 cps)) suggest the 238U tail contributes
0.04 % of the total measured 236U beam and ~ 0.7 % of the total measured 23*U beam. Therefore, the
effects of peak tailing on U-series isotope measurements are apparently minor, and we note these will be

further reduced for 234U by sample-standard bracketing.
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Considering Th, studies measuring Th isotopes in seawater and shallow-water corals may correct for the

effects of the tail of the 22Th peak on ?*Th and #0Th (e.g. Shen et al., 2008; Auro et al., 2012). However,

the 20Th/232Th ratios of deep-sea coral samples are generally significantly larger (e.g. Edwatds et al.,

2003), and U-series dating of azooxanthellate corals is routinely carried out without correcting for 22Th

tailing (e.g. de Carvalho Ferreira et al., 2022). Here, no measurements of abundance sensitivity were made

for Th isotopes, however all measured 222Th beams were < 1 V while 230Th/22Th ratios were generally >

10~ (or close to this threshold, even for uncleaned isochron samples). The effects of 232Th tailing are

known to be minimal at these 20Th/232Th ratios (e.g. < 1 %o in Hoffmann et al., 2007), supporting the

assumption made here that no tailing correction is required (e.g. Hoffmann et al., 2007; Cheng et al.,

2013). As for U, any effects of 232Th peak tailing will be further reduced by sample-standard bracketing.

Internal reproducibility was assessed using repeat measurements of reference materials during each

analytical session. For the analytical sessions presented here, measurements of the 234U /238U ratio of the

Harwell uraninite reference material (HU-1) and the 29Th/229Th ratio of the ThB reference material

(Auro et al., 2012) yielded internal precision better than 0.14 % (RSD; 2 o). The efficacy of the full

analysis procedure (including column chemistry) was assessed using HU-1, which was processed through

column chemistry with each batch of samples. The small number of repeat measurements carried out

here yielded an average 20Th /23U activity ratio of 0.9948 + 0.0041 (2 o; n = 4). The small number of

measurements means it is uncertain whether this slight deviation from secular equilibrium is significant,

although we note that this would be consistent with other studies (Hoffmann et al., 2007; Cheng et al.,

2013).

Equipment/Condition

Type/comment

Sample introduction
Injector

Sampler cone
Skimmer cone

Cup configuration

Detectors used
RF power
Tuning

Cycles per measurement

Integration time per cycle

Resolution

CETAC Aridus, 50 pL/min nebuliser

Quartz
Ni — standard
Ni—-X

U: 24U on central SEM, 2**U on cup H1, 23U on H2, 2U on H3

Th: Sub-config. 1*: 2°Th on central SEM, 2*2Th on cup H1, 2*°U on H3
Th: Sub-config. 2: 2Th on central SEM, 2?Th on cup H2, 2%U on H4
234U, 29Th and °Th on SEM, all others Faraday Cup with 10! Q resistor
1200 W

Parameters typically tuned for sensitivity: Aridus gas flow rates, torch
position (x, y, z), sample gas, the focus, x-deflection, y-deflection and shape
lenses.

Parameters tuned for peak shape: shape lens, focus quad

U: 100

Th: 50 for each sub-configuration*

45

Low
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Take-up time 70 to 90 s (variable dependent on sample gas)
Wash time 240 s

*Th isotopic analysis involved peak-hopping between two cup sub-configurations, as outlined in section 5.2.
Table 10. Equipment and instrument settings used during uranium and thorium isotopic analysis.

5.3 Calculating isotope ratios and ages

The use of a synthetic 20U-229Th spike with precisely determined isotope concentrations permits the
calculation of the concentrations of the natural U (234U, 235U, 238U) and Th (3*'Th, 232Th) isotopes in coral
samples, corrected for the contribution from the procedural blank (which was run with every column set).
Activity ratios (indicated by square brackets throughout this thesis) for the natural isotopes were then
calculated using decay constants chosen to be consistent with those used to calibrate the spike solution
used here (4230 = 9.1577 X 106 a! (Cheng et al., 2000b); 4232 = 4.947500 X 10-1" a'l; A23* = 2.8263 X 10¢
a'l (Cheng et al., 2000b); A238 = 1.5513 + 0.0004 X 1010 a1 (1 o) (Jaffey et al., 1971)). Errors in 1230, 1232

and A2 were assumed negligible, following Cheng et al. (2013).

The activity ratios [20Th/23U] and [?**U/23U] can be used to solve for the U-series age equation

(Edwards et al., 2003), which is given by:

230 234
— | —1 = —e A2zt m 1 — e~ (A230 ~A234)t 2
where #is the age since carbonate formation and 824Uy, is defined as the present-day deviation of the

2341J /238U ratio from secular equilibrium, calculated as:

234

823U, (%o) = ([W] - 1) x 1000  (3)

Application of equation 3 relies on two assumptions. Firstly, this equation requires that all the 2°Th
measured in the sample has come from decay of 28U (i.c. initial [20Th/238U] = 0). For deep-sea corals,
this assumption is generally not appropriate (e.g. Cheng et al., 2000a), and a modified form of the age

equation uses 2?Th measured in the sample to estimate the initial [20Th/233U] (Edwards et al., 2003):

2307, 232717 2307, s
2387 |~ |"238) 232Thl.(e 230) -1

= —/1230’5+ 5234Um ( /1230 )(1 —(/1230‘/1234)t) 4
- 1000 ) \Tpzo — Agaa/ '~ € )

where [#2Th/238U] is measured and [2'Th/232Th]; is either assumed from seawater values (e.g. Cheng et

al., 2000a) or constrained by isochron techniques (e.g. Lomitschka and Mangini, 1999). The estimation of
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initial 2°Th in stylasterid coral skeletons and the implications for age uncertainties is the subject of

extensive discussion in chapter 5.

The second assumption implicit in the calculation of U-series ages is that the sample has remained in a
closed-system state with respect to the U-series decay chain from the time of formation to the time of
measurement (Edwards et al., 2003). The initial 234U (823U, criterion is used to test for this assumption

here (e.g. Cheng et al., 2000a; Edwatds et al., 2003), calculated as:
8234Ui — 8234Umelz34t (5)

where 8234Up, is the 623U of the measured coral sample and t is the time since carbonate formation. The
824U value of seawater is thought to vary within a relatively small range over relevant timescales (i.e. £ 15
%o; Henderson, 2002). Therefore, samples with §23U; more than 15 %o from modern seawater 624U
(146.8 %o0; Andersen et al., 2010) are considered likely to have undergone open-system processes, and
calculated ages are regarded with caution. Again, the susceptibility of stylasterid skeletons to diagenetic

alteration and the implications for their dating are discussed in detail in chapter 5.

Equations 2, 3 and 4 were solved using Monte-Catlo approach with 100,000 iterations (e.g. Chen et al.,
2015). Analytical uncertainties, uncertainties in instrumental and procedural blank contributions,
uncertainties in decay constants, and uncertainties in spike concentrations and masses were propagated
through calculations to the point of calculating the number of atoms of each isotope present in each
sample. At this point, uncertainties were propagated into activity ratios, ages and 62**U values by inclusion
of error terms in the Monte Catlo simulation. Errors were assigned to quantities during each iteration by
multiplying the propagated etror (e.g. on the number of 28U atoms) by a factor chosen randomly from
the standard normal distribution (i.e. mean = 0, standard deviation = 1). Note that for consistency, all
reported activity ratios and their uncertainties were also calculated during the same Monte Carlo

simulations.
6. Radiocarbon analysis

Certain stylasterid samples were also analysed for their radiocarbon (*C) content, including those used in
U-series dating experiments and large corals which were subsampled to generate *C growth chronologies
(see chapter 5). As for U-series analyses, coral sampling procedures were varied between specimens,
however the methods of sample cleaning and analysis, as well as data processing, were common to all

samples. These procedures are therefore outlined in the following sections.
6.1  Sample cleaning

For all radiocarbon analyses, approximately 20 mg of each sample (far less for small samples) was cleaned
by established oxidative cleaning procedures, which are detailed in Table 8 (steps 1 to 17; Adkins et al.,
2002). In brief, samples were exposed to 2 X 20 minute rinses in a buffered (1 M NaOH) H»O, oxidising

solution, with a 1 minute rinse in a solution of 1 % HclO4 and 30 % H>O:z after each oxidative step. Each
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cleaned sample was then leached with a prescribed volume of 0.1 M HCl, to remove any adsorbed
modern CO; which may have accumulated during sample storage (Adkins et al., 2002). Generally, this
leaching step removed 1 to 5 mg of each sample, and the remaining sample (between 3 and 12 mg) was

sent for analysis.
6.2 Analytical techniques

All radiocarbon analyses were performed at the University of Bristol Radiocarbon Accelerator Mass
Spectrometry Facility BRAMS; Knowles et al., 2019). Carbonate samples were first converted to CO2 by
reaction with HsPOq, before conversion to graphite by reaction with H» in the presence of an Fe catalyst
using an IonPlus automatic graphitization (AGE3) system (Knowles et al., 2019). The #C/12C and
13C/12C of samples, blanks and standards were then measured using a MICADAS accelerator mass

spectrometet.

The 8'3C-normalised and blank corrected #C/12C ratio of samples was reported relative to the 4C/12C
ratio of the reference material NBS Oxalic Acid IT at 1950 CE, and used to derive blank-corrected 14C
modern fractions (Fm; equivalent to F'4C in Reimer et al., 2004) for each sample. Repeat measurements
of Fm for a coral sample with age ~ 10 kyr are shown in Table 11 and yielded an average value across 2
measurement sessions of 0.2971 £ 0.0018 (2 o, n = 9). Repeat measurements of Fm for a radiocarbon-

dead coral were used to assess the procedural blank, which averaged 0.0037 (n = 9).

Measurement BRAMS ID# 14C age (years BP) Error (£ 10) Fm  Error (x 10)

Coral standard 4992 97006 28 0.299  0.001
Coral standard 4993 9747 28 0.297 0.001
Coral standard 4994 9736 28 0.298  0.001
Coral standard 6410 9731 35 0.298 0.001
Coral standard 6411 9761 58 0.297  0.002
Coral standard 6412 9769 34 0.296  0.001
Coral standard 6413 9748 57 0.297 0.002
Coral standard 6414 9783 34 0.296  0.001
Coral standard 6415 9772 57 0.296  0.002

Table 11. Radiocarbon standard data measured as part of this thesis. Radiocarbon dates given as

conventional *C ages.

Sample Fm can be converted to D*C (in %o) following the equation:
DC (%o0) = 1000 X (Fm — 1) (6)

where D1#C is an expression of the isotopic composition of a sample compared with the NBS Oxalic
Acid II standard. The Fm can also be converted to a radiocarbon age. The number of atoms (N) of a

radioactive element remaining after a given time (t) is given by the following equation:

N = Nye *t 7
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where No is the number of atoms at the start of the time period and A is the appropriate decay constant.

Equation 7 can be rearranged to give:

£ = %xln(%) 8)

where No/N is equivalent to the Fm. 4 can also be expressed in terms of the half-life (ti/2) of the isotope

in question:

L_h@
t1/2

)

Substituting equation 9 into equation 8, and using the Libby half-life of radiocarbon (5568 years), sample

radiocarbon age (in years before present (BP), where present is defined as 1950) can be expressed as:
“Cage = —8033 X In(Fm) (10)

Note that the Libby half-life is used here for consistency with common radiocarbon age reporting,
however the half-life of radiocarbon has more accurately been determined as 5730 years (Godwin, 1962).

The age calculated in equation 10 is thus often referred to as the conventional radiocarbon age.
Finally, it is worth noting that the quantity DC (equation 0) is not equivalent to the commonly-reported

quantity AC (see definitions in Stuiver and Polach, 1977). A#C can be related to Fm by the equation:

A4C (%) = 1000 X (— 1) A1)
(y—1950)
e 8267

where y is the sample collection year.

Calculation and calibration of true radiocarbon ages is addressed, along with sample-specific

considerations, in chapter 5.
7. Summary

In the following chapters of this thesis, I present measurements of the elemental and stable boron
isotopic compositions of stylasterid coral skeletons, as well as measurements of the isotopes involved in
the U-series and radiocarbon decay series. The analytical techniques employed in the generation of these
data largely follow published protocols. However, trouble-shooting was required over the course of the
analysis period, and the procedures and solutions presented in this chapter provide useful practical
guidance for future work. Most importantly, this chapter demonstrates that the wide range of
geochemical measurements presented here were generated by robust and well-documented methods, and

that the data itself is both accurate and reproducible.
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8. Supplementary information

8.1  Stylasterid identification

The methods and uncertainties associated with stylasterid identification were outlined in chapter 1. Here,
we additionally note that, where possible, the specimens used in this study were identified by experts in
stylasterid taxonomy who are credited as required at the start of each chapter. Otherwise, specimens were
identified to the best of the ability of ]. Kershaw, following published taxonomic guides (e.g. Cairns, 1983;
Cairns, 19806; Cairns, 1991; Zibrowius and Cairns, 1992). Identification used a binocular microscope and
focused on gross skeletal morphology, broadly following the keys to genera outlined in Cairns (1991).
Specimens were not analysed by Secondary Electron Microscopy, which can provide additional
information on skeletal architecture useful for species-level identification. Recognising this, and the
inherent uncertainty in stylasterid identification, all discussion is henceforth restricted to the level of
genus. Where possible, species-level identifications are provided, with indications of confidence in those
identifications including whether they were made by a taxonomic expert and, if not, a qualitative

assessment of our confidence in the ID.
8.2 Effects of the boron TPB correction on reference material reproducibility

As discussed in detail in section 4.2.2, the reproducibility of boron isotopic measurements derived from
repeat measurements of NIST RM 8301 (Coral) exhibits 2 distinct periods. Supplementary figure 1 below
shows that the distinction between these periods remains robust even after correcting for the

contribution of the procedural blank to measured NIST RM 8301 (Coral) 3!'B values.

@ 5474 No TPB correction b 24.74 TPB correction
24 6- Oct19to/6ug21 2461 Oct 19 to Aug 21
24.54 o 24.5 4 O
24 .41 O OO 24 .4 O O gzO
Zaur] T 0 °C WNONSSIN | Eol | D OSQY
m QQ m @) o0
= 2411 N®) D = 2411 O
w0 o O % OOJ ®) o) O QID @) O
24.01 Q) 24.0 QJ
1 O ]
23.9 23.9
Red: 2019 to 2021 = 24.27 + 0.33 %o Red: 2019 to 2021 = 24.36 + 0.30 %o
23.871  Blue: 2022 to 2023 = 24.11 + 0.16 %o 23.81  Blue: 2022 to 2023 = 24.14 + 0.16 %o
2374 Dashed line: Literature value = 24,17 %o 22374 Dashed line: Literature value = 24.17 %o
Overall average: 24.18 + 0.29 %o Qverall average: 24.24 £ 0.32 %o
23.61 23.6
5 10 15 20 25 30 5 10 15 20 25 30
Analysis number Analysis number

Supplementary figure 1. NIST RM 8301 (Coral) 8''B values both uncorrected (a) and corrected (b) for
the contribution of the total procedural blank. Note that the correction for each measurement uses the

specific size and isotopic composition of the relevant blank (i.e. those in Figure 4). The difference
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between the red (October 2019 — August 2021) and blue (June 2022 — February 2023) periods is robust

regardless of whether or not a correction is applied.
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l. Introduction

The dissolved concentration of barium in seawater ([Ba]sw) has a nutrient-like profile with depth (Chan et
al., 1977; Jeandel et al., 1996). Scavenging by sinking particles and the formation of barite associated with
aggregated organic matter largely removes dissolved Ba from the shallow ocean, while the subsequent
regeneration of barite below its saturation horizon results in increasing [Ba]sw with depth (e.g. Dehairs et
al., 1980; Collier and Edmond, 1984; Bishop, 1988; Dymond et al., 1992; Ganeshram et al., 2003;
Sternberg et al., 2005; Tang and Morel, 2006; Griffith and Paytan, 2012). The coupling between the cycling
of barite and organic matter results in a link between [Ba|sw at shallow depths and regional primary
productivity (Horner et al., 2015; Bates et al., 2017). Additionally, surface ocean [Ba]sw is sensitive to the
position of oceanic fronts, perhaps in response to differing phytoplankton assemblages (Pyle et al., 2018).
In high-latitude regions, shallow waters sink to form the major deep-water masses which fill the interior
ocean basins. Below the depths of barite formation, [Ba]sw is primarily controlled by conservative mixing
of these deep-water masses, combined with non-conservative addition and/or removal of Ba along the
water-mass flow path (Horner et al., 2015; Bates et al., 2017). Reconstructing past changes in subsurface

[Ba]sw therefore has the potential to constrain past variations in these important oceanographic processes.

The skeletal Ba/Ca ratio of marine biogenic carbonates including foraminifera , bivalves and both shallow-
and deep-water corals has been shown to covary with [Balsw;, facilitating the use of these ratios in
palacoceanography (e.g. Lea et al., 1989; Lea and Spero, 1994; Anagnostou et al., 2011; Hénisch et al.,
2011; LaVigne et al., 2011; Poulain et al., 2015; LaVigne et al., 2016; Spooner et al., 2018). In subsurface
environments, Ba/Ca ratios of azooxanthellate coral groups are of particular interest, with linear
relationships established between [Ba]sw and skeletal Ba/Ca of azooxanthellate scleractinian (Anagnostou

et al., 2011; Spooner et al., 2018) and bamboo corals (LaVigne et al., 2011; Thresher et al., 2016).

However, there remain unexplained aspects of Ba-incorporation into azooxanthellate corals. For instance,
azooxanthellate scleractinian Ba partition coefficients (Dg, = Ba/Cacoral / Ba/Caseawacer) vaty systematically
with [Ba]sw (Spooner et al., 2018), while scleractinian corals collected from the Rekyjanes Ridge (south of
Iceland) have lower Dg, values than those from other locations (Hemsing et al., 2018; Spooner et al.,
2018). Additionally, bamboo corals display a negative relationship between coral D, and water depth
(Geyman et al.,, 2019). This suggests that Ba-incorporation into azooxanthellate coral skeletons may be
influenced by biological mediation of the coral calcification process (Spooner et al., 2018; Geyman et al.,

2019).
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Scleractinian corals calcify from a partially-enclosed calcification fluid, whose carbonate chemistry is
modified by Ca-ATPase pumping to promote mineralisation (Al-Horani et al., 2003; Sinclair and Risk,
2000). The balance between coral growth rate, replenishment of the calcifying fluid with external seawater,
and ion pumping, can alter the composition of the coral skeleton by Rayleigh fractionation processes (e.g.
Gaetani and Cohen, 2006; Gagnon et al., 2007), which may explain variations in Ba/Ca ratios in
zooxanthellate scleractinian (Gaetani and Cohen, 2006; Reed et al., 2021) and azooxanthellate bamboo
corals (Geyman et al., 2019). Additionally, coprecipitation of witherite (BaCO3) within the domains of
aragonite may also occur due to high degrees of carbonate oversaturation in the scleractinian calcifying
fluid, leading to elevated Ba-incorporation into coral aragonite (Mavromatis et al., 2018; Liu et al., 2019).
These biocalcification-related effects on coral Ba/Ca ratios have the potential to introduce uncertainty into
reconstructions of past [Ba|sw, and therefore require characterisation. Discussion of these themes has thus
far been limited to anthozoan coral groups (including Scleractinia and bamboo corals), while Ba/Ca ratios

of hydrozoan corals remain entirely unexplored.

Stylasteridae (Class Hydrozoa: Order Anthoathecata) are the second most diverse group of hard corals and
are found across a wide bathymetric and geographic range (Cairns, 2007; Cairns, 2011). The vast majority
of stylasterid species form calcium carbonate skeletons, constituting an important, substrate-forming
component of shallow and deep marine ecosystems (Cairns, 2011). Despite their widespread abundance
and ecological importance, studies of stylasterids remain few, and their skeletal geochemistry is largely

unknown.

Stylasterids can build their skeletons from aragonite, high-Mg calcite or a mixture of both polymorphs,
with this suite of mineralogical variability found within individual stylasterid genera (Cairns and Macintyre,
1992; Samperiz et al., 2020). Stylasterid geochemistry can therefore be compared to both azooxanthellate
scleractinian (aragonitic) and bamboo (high-Mg calcitic) corals, while controlling for their differing
mineralogies. This also permits phylogenetically-controlled investigation of the role of mineralogy in

determining coral geochemistry.

Recent studies reveal important distinctions between the geochemical composition of stylasterid and
scleractinian skeletons. Stylasterid skeletal 5180 and 8'3C are closer to equilibrium with seawater (Samperiz
et al., 2020), while 8!'B, U/Ca and B/Ca measurements suggest that Stylasterids calcify from a fluid with
pH and [COs)%~ closer to seawater than Scleractinia (Stewart et al., 2022). Furthermore, stylasterid Li/Mg
and Str/Ca correlate more strongly with seawater temperature and appear less impacted by biological
mediation of the calcification process (Stewart et al., 2020a). This combined evidence for reduced
modification of the stylasterid calcifying fluid suggests that stylasterid skeletons may be particularly useful
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palacoceanographic archives. In the case of Ba, other aspects of stylasterid skeletal geochemistry also
suggest that the biologically mediated vital-effects impacting Ba-incorporation into scleractinian (Spooner

et al., 2018) and bamboo (Geyman et al., 2019) corals, may be less pronounced in stylasterids.

Here we present the first measurements of stylasterid skeletal Ba/Ca, supplemented by new measutrements
of Ba/Ca from azooxanthellate Scleractinia. All Ba/Ca data ate presented with paired Sr/Ca values (this
study; Stewart et al., 2020a). Through inclusion of aragonitic, high-Mg calcitic and mixed mineralogy
stylasterids, our data facilitate investigation of the biogenic and abiotic controls on Ba-incorporation into
azooxanthellate stylasterid and scleractinian coral skeletons. By pairing Ba/Ca measurements with
proximal [Ba]sw data (Figure 1) we assess both the biomineralisation mechanisms and palacoceanographic

utility of these different coral groups.
2. Methods
2.1 Coral samples

We present new data from stylasterid (n = 41) and scleractinian (n = 88) coral skeletons. All corals were
either collected alive (with associated organic tissue) or were preserved in “pristine” condition (i.e. no
visible mineral or biological overgrowths or borings). Samples were collected from the Labrador Sea (LS;
RRS Discovery DY081), the northeast Atlantic (NE Atl.; RRS James Cook JC136; R/V Celtic Explorer
CE14001), the equatorial Atlantic (Eq. Atl.; RRS James Cook JC094), the Californian Channel Islands in the
northeast Pacific (NE Pac.; NOAA ship Bel/ M. Shimada SH-15-03), the Drake Passage region of the
Southern Ocean (SO; R/V Nathaniel B. Palmer 1103 and 0805; R/V Laurence M. Gould 0802) and the South
Orkney Islands (SO (Ork); RRS James Clark Ross JR15005) (see Figure 1).

We organise our sample set by both taxonomic affiliation and skeletal mineralogy (see section 2.3), and
stylasterid samples include aragonitic (Adelopora, Conopora, Errina, Errinopsis, Inferiolabiata and Stylaster), high-
Mg calcitic (Cheiloporidion, Errina and Errinopsis) and mixed mineralogy (Errina) corals. Nine scleractinian
genera are included in this study (Balanophyllia, Caryophyllia, Desmophyllum, Enallopsammia, Flabellum, 1.ophelia,
Paraconotrochus, Solenosmilia and 1V anghanella). Our new scleractinian data were combined with previous work
to create a compiled scleractinian dataset, spanning a range of locations (Figure 1; Hemsing et al., 2018;
Spooner et al., 2018). All relevant data (including sample metadata, paired hydrographic data and analytical

data) are included in the online supplementary data tables.
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Figure 1. Map showing coral locations overlain on [Ba]sw at 1000 m water depth. All stylasterids were
measured in this study, Scleractinia include samples measured here and by previous work (Hemsing et al.,
2018; Spooner et al., 2018). Location codes used throughout are shown in brackets. [Ba]sw data taken from
sources listed in section 2.2, in addition to Falkner et al. (1994), Smetacek et al. (1997) and Hsieh and

Henderson (2017). Figure made using Ocean Data View software (Schlitzer, 2022).

2.2 Hydrographic data

Proximal [Ba]sw data were compiled from published sources (GEOSECS data (corals paired with stations
discussed or presented in Chan et al. (1977) and Ostlund et al. (1987)); Hoppema et al., 2010; Roeske and
Rutgers van der Loeff, 2012; Bates et al., 2017; Serrato Marks et al., 2017; Hemsing et al., 2018; Le Roy et
al,, 2018; Pyle et al., 2018; Geyman et al., 2019; GEOTRACES Intermediate Data Product Group, 2021).
Where necessaty, data reported in units of nM were converted to nmol/kg by assuming a seawater density
of 1025 kg/ m? (i.e. assuming measurements were made at atmospheric pressure and ambient room
temperature). For each coral sample, the geographically closest [Ba]sw profile was identified, before a
representative [Ba]sw value was calculated by linearly interpolating between the nearest two measurement
depths. [Basw measurements in the modetn ocean remain spatse, and some coral samples are more
proximal to [Ba]sw measurements than others. The average distance between coral locations and the

nearest [Ba]sw profile was less than 350 km (all distances reported in online supplementary data tables).
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Uncertainty on matched [Ba]sw values was estimated using the largest of either the variability in values
from the three most proximal measurements to each coral location (+ 2 SD), or an analytical uncertainty
of = 3 nmol/kg (calculated by applying a representative, high-end analytical uncertainty from the [Ba]sw
datasets used (£ 3 %; e.g. Hemsing et al., 2018) to the highest [Ba]sw value in our dataset (100 nmol/kg)).
[Ba]sw was converted to seawater Ba/Ca ratios (umol/mol) using a seawater [Ca] value of 10.3 mmol/kg

(Nozaki, 1997). Seawater [Ca] was assigned an error of + 5 % to account for variations in salinity.

Coral samples were also paired with ancillary hydrographic data (temperature, salinity, concentrations of
phosphate, dissolved silica and oxygen, alkalinity and dissolved inorganic carbon (DIC)). Data were taken
from co-located CTD or ROV measurements where possible, or extracted from the GLODAP bottle
database (Lauvset et al., 2021). Temperature uncertainties were estimated from the variability between the
three most proximal measurements. Hydrographic data were used to calculate carbonate system
parameters including pH (total scale) and aragonite saturation state (Carag, = %) using the
seacarb package in R (Gattuso et al., 2021). Input parameters were alkalinity and DIC, with dissociation
constants of carbonate (K; and Kz) taken from Lueker et al. (2000), dissociation constants of HSO4~ from
Dickson (1990) and the boron/salinity ratio from Lee et al. (2010). All pressure cotrections follow
methods outlined in detail in the seacarb documentation (Gattuso et al., 2021). More information on the
choice of hydrographic data and a comparison of the ancillary hydrographic data used here and in chapter
4 is included in the supplementary information (section 6.9). All relevant hydrographic variables (including

all data required for carbonate system parameters) can be found in the online supplementary data tables

which accompany the published version of this chapter.
2.3 Specimen mineralogy

The skeletal mineralogy of four stylasterid samples (Ervina sp. (species: Errina gracilis), n = 2; Errinopsis sp.
(species: Errinopsis reticulum), n = 2) was measured using x-ray diffraction techniques (e.g. Kontoyannis and
Vagenas, 2000; Dickinson and McGrath, 2001). Samples of 0.2 to 0.5 mg were cut using a diamond-coated
rotary blade and ground to a fine powder using a pestle and mortar. X-ray diffraction measurements wete
made using a Bruker D8Advance diffractometer at the University of Manchester and the University of
Bristol. Instrument settings used at the University of Manchester were wavelength () = 1.54060 A and 26
ranging from 5 to 70, while at the University of Bristol, A = 1.54056 A and 26 ranged from 10 to 55. The two
samples of Errina gracilis are composed dominantly of aragonite, with minor calcite (5.5 to 7.0 %). One sample
of Errinopsis reticulum is composed entirely of aragonite, while the other is formed dominantly from calcite

with minor (1 %) aragonite.
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The mineralogy of other stylasterid samples has either been directly measured previously (n = 17; Samperiz et
al., 2020) or was inferred based on published data for that species (n = 20; Cairns and Macintyre, 1992;
Samperiz et al., 2020). High-Mg calcitic stylasterid corals have Sr/Ca ratios ~ 4 times lower than aragonitic
specimens (Stewart et al., 2020a), and these ratios were also used to check specimen mineralogy. All
scleractinian samples were assumed to be aragonitic besides one sample from the genus Paraconotrocus, which

contains both aragonite and high-Mg calcite (Stolarski et al., 2021).
24  Element/Ca measurements: sample preparation

Coral samples were air dried and organic matter removed by physical scraping and treatment in dilute
NaClO4. A diamond-coated rotary blade was used to cut pieces of each coral for analysis. Large (e.g. 0.1 to
1g ~0.5cm X 0.5 cm) pieces of coral were sampled to reduce the effect of intra-skeletal variability (e.g.
Gagnon et al., 2007). The apical tips of stylasterid branches were also avoided, since these may be further
from equilibrium with seawater than the rest of the stylasterid skeleton (Samperiz et al., 2020). Photos
showing examples of sampling are included in the supplementary information (section 6.1). Samples were
ground to a fine powder using a pestle and mortar, and ~ 5 mg aliquots of each powder taken for analysis.
Two replicate samples were taken for each coral, with each replicate cut, cleaned, dissolved and analysed

separately. Additional samples of two Errina sp. (mixed) corals were taken for cleaning experiments.

Most samples were cleaned following the oxidative cleaning procedures outlined in detail in chapter 2. A
warm 1 % H>O» (80 °C; buffered in NH4OH) oxidative leach was used to remove organic matter (adapted
from Boyle, 1981; Barker et al., 2003; Rae et al., 2011). At this stage, three samples of mixed mineralogy
stylasterids from the genus Erina (JR15005-113-2421-Egr2421 (1 set of replicates) and JR15005-113-2426-
Egr2426 (2 sets of replicates)) were dried, and half of each transferred to a new acid cleaned vial for
additional cleaning. These new aliquots were treated with a warm, 0.002 M diethylene-triaminepentaacetic
acid (DTPA) solution buffered to approximately neutral pH by 0.2 M NaOH (Lea and Boyle, 1991; Lea and
Boyle, 1993; Bates, 2016). DTPA is a chelating agent, capable of dissolving contaminant barite (barium
sulphate) by complexing Ba. After treatment, these samples were thoroughly rinsed using concentrated
ammonia solution followed by Milli-Q) (Lea and Boyle, 1993). All samples (both oxidatively cleaned and those
with additional DTPA treatment) were then transferred to new acid-leached vials and subjected to a weak

acid leach (0.0005 M HNO3) before dissolution in distilled 0.5 M HNO:s.
2.5 Element/Ca measurements: analytical techniques

Element/Ca analyses were cartried out using similar techniques (outlined in detail in chapter 2) at the

University of Bristol (including all samples measured by J.K. in this thesis) and the National Institute of
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Standards and Technology (NIST; Hollings Marine Lab; measured by Joseph A. Stewart) using a Thermo
Element ICP-MS, or at the University of St Andrews (measured by Joseph A. Stewart) using an Agilent
7500 ICP-MS. Intensities of 13Ba, 86Sr and “*Ca were measured in coral samples, blanks and well-

characterised, synthetic calibrating standards to derive Ba/Ca and St/ Ca ratios for coral samples.

Analytical reproducibility (RSD; 2s) and accuracy were assessed using repeat measurements of NIST RM
8301 (Coral) (Stewart et al., 2020b) and (uncleaned) coral reference material JCp-1 (Hathorne et al., 2013).
Long-term reproducibility on both materials was better than 2 % (RSD; 2s) for Ba/Ca and Sr/Ca. Small
systematic analytical offsets (< 5 %) between the labs and different calibrating standards used were
quantified and corrected using NIST RM 8301 (Coral) results. To bring values into line with
intetrlaboratory consensus values (Stewart et al., 2020b), Ba/Ca ratios measured at Bristol (BME bracketing
standard), St Andrews, and at both NIST and Bristol (NBF bracketing standard) were adjusted by factors
0f 0.97, 1.03 and 0.95 respectively (see chapter 2 for discussion of correction factors and reporting of
Bristol measurements). St/Ca measurements from most samples used here have been published previously
(using the same dissolved solutions, Stewart et al., 2020a). To facilitate compatison, all new Sr/Ca data
were normalised to NIST RM 8301 (Coral) (Stewart et al., 2020b), using a small correction factor of 0.98
(see chapter 2). Reference material mean values, reproducibility and correction factors for all labs are

summarised in the online supplementary data tables.

Fe/Ca and Mn/Ca ratios were also measured to screen for the influence of non-carbonate phases
including iron oxyhydroxides (e.g. Boyle, 1981). The effects of such phases on our coral Ba/Ca data are
detailed in the supplementary information (section 6.2). In short, sample replicates with Fe/Ca ratios > 40
mmol/mol were excluded, following the protocol in Spooner et al. (2018). This resulted in 12
measurements from eight corals being removed from our dataset, which in practise had no effect on the

principal findings of this study.

Our scleractinian Ba/Ca vs [Ba]sw relationship includes data from two previous studies (Spooner et al.,
2018; Hemsing et al., 2018). These data were previously compiled with interlaboratory offsets accounted
for using coral reference material JCp-1 (Spooner et al., 2018; see supplementary information, section 6.3
for details). We find no clear analytical offsets between these previously published data (adjusted to JCp-1)
and our own, justifying direct comparison of these datasets (supplementary information, section 6.3).
Seven scleractinian samples measured in our study were replicates (different cut pieces) of corals analysed

previously by Spooner et al. (2018) and/or Hemsing et al. (2018). Results from each study were averaged.
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2.6 Statistical analyses

For all relationships and regressions in this study, we use the Pearson correlation coefficient (7) to assess the
degree of linear relationship between the two variables. p-values < 0.05 were considered significant. We
report the results of both Type 1 (Ordinary Least Squares; OLS) and Type II (Deming) regression analyses for
both our Ba/Ca vs [Ba]sw and St/Ca vs temperature calibrations. OLS regression minimises the sum of the
squared residuals in the y-vatiable (Ba/Ca or St/Ca) and assumes no uncettainty on the x variable ([Ba]sw ot
temperature). Conversely, unweighted Deming regression minimises the sum of the squared residuals
orthogonal to the line of best fit, recognising that both the x and y regression variables have uncertainty.
Deming regressions were performed using the deming package in R (Therneau, 2018), using an unweighted

approach (i.e. assuming all x and y variables have equal error).

For OLS regressions, the uncertainties associated with prediction of [Ba]sw from coral Ba/Ca and seawater
temperature from coral St/Ca are also estimated. Calculating these uncertainties is far from straightforward
(McClelland et al., 2021), and often calibration studies either do not include these uncertainties or do not give
details of the methods used to derive them. In an addition to the published version of this chapter (Kershaw

et al,, 2023), I here provide additional discussion of this theme.

It is straightforward to calculate prediction intervals associated with an OLS regression line (in this case a
particular Ba/Ca vs [Ba]sw or Sr/Ca vs temperature relationship; henceforth referred to as calibration
prediction intervals), and standard statistical packages can be used to perform such calculations (e.g. the
predict function in R, as used here). In this case, prediction intervals represent the range of Ba/Ca (or St/Ca)
that a future measurement can be expected to fall within (at a particular significance level, generally 95 %),
given the coral grew at a given ambient [Ba]sw (or seawater temperature). Complexity then arises because the
desired prediction uncertainty is actually that associated with prediction of [Ba]sw (temperature) from a
measured coral Ba/Ca (St/Ca) value, which represents the inverse of the calibration situation (see McClelland

et al., 2021).

One intuitive approach for estimating these inverse prediction uncertainties involves reading the width or
height of the calibration prediction intervals, with the latter used in the published version of this chapter
(Table 1). However, in chapter 4 of this thesis, I employ a more mathematically rigorous approach, following
McClelland et al. (2021). This simple method takes the y-axis scatter about the calibration line (expressed as
the standard deviation of the calibration residuals; RMSE) and translates this onto the x-axis by dividing by

the calibration gradient (McClelland et al., 2021). This “Simple Inverse Prediction Interval” (Simple IPI)
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approach gives a single estimate of the uncertainty associated with future predictions, which depends only on

the y-axis scatter about the calibration line and its gradient (McClelland et al., 2021).

For consistency across this thesis I here add these calculations to Table 1, and investigate the implications of
different estimation methods in the supplementary information (section 6.4). Similar additions are made for
St/Ca vs temperature calibrations, outlined in the supplementary information (section 6.5; Supplementary

table 2).
3. Results
3.1 Coral Ba/Ca

Ba/Ca values of aragonitic stylasterid skeletons range from 7 to 19 umol/mol, and samples span [Ba]sw
from 40 to 100 nmol/kg. Ba partition coefficients (Dga) for stylasterid aragonite range from 1.5 to 2.3,
with a mean value of 1.9 (£ 0.4, 2SD). Calcitic stylasterid Ba/Ca is lower for a given [Ba]sw, ranging from 8
to 15 pmol/mol and covering [Ba]sw from 60 to 100 nmol/kg. D, values for stylasterid calcite range from

1.3 to 1.6, with a lower mean value of 1.4 (£ 0.2, 28D).

Scleractinian Ba/Ca data presented here were combined with existing data from Spooner et al. (2018) and
Hemsing et al. (2018) to create a full scleractinian dataset consisting of 156 individual corals, 78 of which
were measured for the first time in this study. Ba/Ca values of the compiled dataset range from 7 to 24
umol/mol, spanning [Ba]sw from 40 to 100 nmol/kg. Aragonitic scleractinian Dg, values range from 1.4 to

3.0, with a mean value of 2.0 (+ 0.6, 2SD).

Four mixed mineralogy stylasterids have Ba/Ca values which are around 1 umol/mol higher than entirely
aragonitic stylasterids living in similar [Ba]sw conditions (Figure 2a), corresponding to Dg, values of 2.2 to 2.3
(Figure 3a). The mixed mineralogy scleractinian coral Paraconotrochus has a similar Dg, value of 2.3. Three
additional replicate pairs of mixed mineralogy stylasterids were selected for further analysis to test for the
presence of barium sulphate contaminant phases, as outlined in section 2.4. The choice of cleaning procedure

had no effect on Ba/Ca ratios in these samples (supplementary information, section 6.6).
3.2 Coral Ba/Ca vs [Ba]sw calibrations

Stylasterid (aragonitic and high-Mg calcitic) and scleractinian (aragonite only) Ba/Ca ratios are lineatly related
to [Ba]sw (Figure 2) by the regression relationships shown in Table 1. Mixed mineralogy corals were not used
in regression analyses. For all taxa, OLS and Deming regressions produced gradients and intercepts within
error of one another (Table 1). For the sake of simplicity and comparability with previous studies, we

recommend using OLS regression calibrations for palacoceanographic purposes. In practise, the choice of
81



regression method makes no difference to our interpretations. Aragonitic stylasterids are more sensitive to

changes in [Ba]sw than high-Mg calcitic stylasterids. For Scleractinia, our new relationship between Ba/Ca and

[Balsw is significantly steeper than that reported previously by Spooner et al. (2018) (Table 1). [Ba]sw

prediction intervals (95 %) were narrowest for aragonitic stylasterids, and imply [Ba]sw can be reconstructed

to better than 16 nmol/kg for all three coral taxa (Table 1).

Ba/Ca (umol/mol)

26+ a) Stylasteridae 261 b) Scleractinia
24 - 24 1
22 4 221
20 201 Scleractinia: —}Iﬁ--—
Ba/Ca=[Ba]s,, x 0.20-0.33
18 4 Aragonites: 18 4
Ba/Ca=[Ba]sy x 0.21-1.55
16 - 16 1
14 4 14 4
12 1 121
Spooner et al. [2018]
10 104 Ba/Ca=[Balsy x 0.15+2.5
e
8 / 8 4
Calcites:
6 Ba/Ca=[Ba]sy x 0.14-0.42 6
44 44
20 40 60 80 100 20 40 60 80 100
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Errina sp. calc.
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Figute 2. a) Stylasterid Ba/Ca ratios plotted as a function of [Ba]sw. b) Compiled scleractinian Ba/Ca ratios

including samples from this study, Spooner et al. (2018) and Hemsing et al. (2018) plotted as a function of

[Ba]sw. Previous calibration from Spooner et al. (2018) is shown (black dashed line). Lines of best fit were

calculated using Ordinary Least Squares regression, and exclude mixed mineralogy corals. Dark shading

represents 95 % confidence intervals, lighter shading represents 95% prediction intervals. Horizontal error

bats on data from this study show range of [Ba]sw measurements from the three closest profiles + estimated



analytical uncertainty. Vertical error bars are the largest of the analytical uncertainty or = 2SD of replicate

samples.
Taxon Source r p Regression Gradient, (*2SE) Intercept, (* R? 95%
type m c 2SE) prediction
interval*

Stylasterids ~ This 0.98 <0.05 OLS 0.21 0.02 —1.55 1.20 096 £9.3(8.8)

study Deming 021 002  —157 138 -
(arag. all)
Errina sp. This 0.98 <0.05 OLS 0.24 0.05 —3.83 3.20 0.96
(arag.) study
Stylaster sp.  'This 0.98 <0.05 OLS 0.20 0.02 —0.72 1.56 0.96
(arag.) study
Stylasterids ~ This 0.94 <0.05 OLS 0.14 0.04 —0.42 3.56 0.88 £14.8(11.4)
(cale.alh — study Deming 0.14 0.05 —045 375 -
Errinopsis sp.  This 0.96 <0.05 OLS 0.13 0.04 0.45 3.10 0.93
(calt.) study
Scleractinia ~ This 0.90 <0.05 OLS 0.20 0.02 —0.33 0.96 0.81 £16.0 (15.8)
(all) study;

Deming 0.21 0.02 —0.44 1.31 -

S18; H18
Caryophyllia  This 0.92 <0.05 OLS 0.18 0.02 1.02 1.51 0.85
p. study;

S18; H18
Desmophyllum This 0.95 <0.05 OLS 0.18 0.03 0.03 1.56 0.89
p. study;

S18; H18
Flabellum sp.  This 0.93 <0.05 OLS 0.23 0.04 —0.24 2.74 0.87

study;

S18; H18
Scleractinia  S18; H18 - - OLS 0.15 0.02 25 1.4 0.7 +~14
Bamboo L11 - - OLS 0.079 0.008 4.205 0.870  0.77
coral
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*Prediction intervals in original publication calculated for Ba/Ca = 13 pmol/mol and 11 pumol/mol for aragonitic and
calcitic calibrations, respectively as outlined in section 2.6. For consistency with chapter 4, prediction intervals in
brackets show those calculated by the Simple IPI method in McClelland et al. (2021) (see section 2.6 for details).

Comparison of the results of these two methods is addressed in the supplementary information (section 6.4).

Table 1. Relationships between azooxanthellate coral Ba/Ca and [Ba]sw in the general form: Ba/Ca = m (£
2SE) X [Ba]sw *+ ¢ (* 2SE). Results of both Ordinary Least Squares (OLS) and unweighted (orthogonal)
Deming regression shown (see section 2.6). Published data compiled from LaVigne et al. (2011) (L11),
Hemsing et al. (2018) (H18) and Spooner et al. (2018) (S18). For stylasterids and Scleractinia, we recommend
use of bold highlighted relationships when reconstructing past changes in [Ba]sw. For details of regtession

types used and the meaning of statistical indicators, see section 2.6.

3.3 Coral Sr/Ca

St/Ca data for most samples in this study have previously been published (Stewart et al., 20202), and ate in
good agreement with the new stylasterid (n = 20) and scleractinian (n = 17) measurements. Aragonitic corals
have higher Sr/Ca (average 10.7 mmol/mol) than corals formed from high-Mg calcite (average 3.0
mmol/mol). Previously reported relationships between seawater temperature and coral St/Ca (Stewart et al.,
2020a) are within error of those including our new samples (supplementary information, section 6.5), and
aragonitic stylasterid St/Ca retains a stronger correlation with temperature (» = — 0.80) than Scleractinia (r =
— 0.58) (supplementary information, section 6.5). Subsample St/Ca and Ba/Ca ratios of mixed mineralogy

corals are negatively correlated in three out of four cases (supplementary information, section 6.5).
4. Discussion
4.1  [Ba]sw and sample mineralogy controls on stylasterid Ba/Ca

When split by mineralogy, stylasterid Ba/Ca ratios cotrelate strongly with [Ba]sw (Figure 2a), suggesting
that [Ba]sw exerts a dominant control on stylasterid Ba/Ca ratios. This result is not unexpected, given
stylasterids calcify from a fluid derived directly from seawater (Stewart et al., 2022). As reflected in
stylasterid Dg, values (Figure 3a), high-Mg calcitic stylasterids contain less Ba than their aragonitic
counterpatts, and their Ba/Ca ratios are less sensitive (shallower slope) to changes in [Ba]sw (Table 1). This
difference is observed when comparing samples from the same genus (Erna sp. and Errinopsis sp.; Figure
2a), and, crucially, those from the same collection locations and depths (e.g. compate aragonitic sample
NBP1103-DH22-Stc1-01-Sde22aw (Dp. = 1.9) and calcitic sample NBP1103-DH22-Stc1-01-Efe22ax (Dpa
= 1.3)). This strongly suggests these differences have a mineralogical origin, rather than being attributable

to taxa- or location-specific variations in the calcification process (e.g. Mavromatis et al., 2018; Ulrich et al.,
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2021). Although mixed mineralogy stylastetids from the genus Erina have higher Ba/Ca than co-located,
entirely aragonitic stylasterids (Figure 3a), the reasons for this are likely specific to the species in question

(supplementary information, section 0.6).

Mineralogical controls on Dg, of carbonate (bio)minerals are widely acknowledged (e.g. Mavromatis et al.,
2018; Ulrich et al., 2021) and may also be reflected in other azooxanthellate coral taxa. This control is
demonstrated by the similar Dg, values of aragonitic stylasterid and scleractinian corals, and of high-Mg
calcitic stylasterid and bamboo corals, respectively (Figure 3a). This similarity provides further support for
a common process of Ba-incorporation into coral carbonate via cationic substitution (e.g. Anagnostou et
al,, 2011; LaVigne et al., 2011; 2016; Serrato-Marks et al., 2017), and therefore suggests that Ba2*
substitutes more easily into coralline aragonite than high-Mg calcite. Indeed, abiogenic precipitation
experiments have shown that Ba incorporates more easily into aragonite than low-Mg calcite, due to the
differing crystal structures of these two minerals (e.g. Mavromatis et al., 2018; Figure 3b). However, high-
Mg calcitic corals (Geyman et al., 2019; this study) have higher Dg, than low-Mg calcite produced by
molluscs, planktonic foraminifera and in abiogenic precipitation experiments (e.g. Lea and Spero, 1994;
Gillikin et al., 2006; Gillikin et al., 2008; Honisch et al., 2011; Mavromatis et al., 2018; Ulrich et al., 2021,
Figure 3b). This could suggest that Ba-incorporation increases with Mg-content, due to increasing levels of

lattice distortion (e.g. Mucci and Morse, 1983; Geyman et al., 2019).

An additional explanation for the difference between coral high-Mg calcite and low-Mg calcite is that Ba-
incorporation is influenced by taxa-specific effects related to the calcification process (e.g. Mavromatis et
al., 2018; Ulrich et al., 2021). Aragonitic coral (stylasterid and scleractinian) Dg, values are also elevated in
comparison to aragonite produced by bivalves (Gillikin et al., 2008; Figure 3b), fish (otoliths; Bath et al.,
2000) and in some precipitation experiments (Mavromatis et al., 2018; Figure 3b). This has led to
suggestions that Ba-incorporation into coral carbonate is elevated by the coral calcification process
(Mavromatis et al., 2018), and this hypothesis is explored in more detail in section 4.6. Identifying
mineralogical controls on Ba-incorporation into marine carbonates by comparison of disparate calcifying
taxa (e.g. Figure 3b) is therefore difficult. Stylasterids, however, provide a phylogenetically-controlled
natural mineralogical expetiment, and our finding that mineralogy influences azooxanthellate coral Ba/Ca
is robust. More broadly, this approach illustrates the utility of stylasterid skeletal geochemistry to
deconvolve the environmental, mineralogical, and biological controls on the geochemistry of marine

calcifiers (e.g. Ulrich et al., 2021).
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Figure 3. Boxplots showing Dg, values of a) azooxanthellate coral taxa (this study; LaVigne et al., 2011;
Hemsing et al., 2018; Spooner et al., 2018), and b) a wider range of marine calcifiers and abiotic precipitates,
grouped by mineralogy (Dietzel et al., 2004; Gaetani and Cohen, 2006; Gonneea et al., 2017; Mavromatis et
al., 2018; Ulrich et al,, 2021). HMC = high-Mg calcite, LMC = low-Mg calcite.
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4.2 Comparing azooxanthellate coral Ba/Ca vs [Ba]sw relationships

Ba/Ca vs [Ba]sw relationships have now been established for a range of azooxanthellate coral taxa.

Compating these reveals the dominant [Ba]sw and mineralogical controls on coral Ba/Ca (Figure 4).

Our new high-Mg calcitic stylasterid relationship has a steeper gradient than the bamboo coral calibration
published by LaVigne et al., 2011 (Table 1). This difference is driven by bamboo coral samples paired with
higher [Ba|sw than represented in our high-Mg calcitic stylasterid sample set (LaVigne et al., 2011,
supplementary information, section 6.7). These bamboo corals from deeper, Ba-enriched waters are impacted
by decreasing Dg, with increasing water depth (Geyman et al., 2019). While we find no such relationship
between our high-Mg calcitic stylasterid Dg, values and depth (supplementary information, section 6.8), our
samples are generally from shallower depths, with only one sample from > 1000 m. Directly comparing these
datasets is therefore difficult, and considering data from the range of [Ba]sw represented in both studies (i.e.
[Ba]sw < 105 nmol/kg only) reveals good agreement between the Dg, values and Ba/Ca vs

[Balsw relationships of these two coral taxa (Figure 3; Figure 4).

Similarly, aragonitic stylasterid and scleractinian Ba/Ca ratios are strongly related to [Ba]sw, with similar slopes
and similar average Dg, values (Figure 4; Table 1; sections 3 and 3.2). While this suggests that [Ba]sw exerts a
primary control on Ba/Ca ratios of both these coral taxa, more detailed comparison reveals important
differences between them. Ba-incorporation into aragonitic stylasterid skeletons is less variable than into
scleractinian skeletons, illustrated by the improved fit and narrower prediction interval of the regression
between [Ba]sw and stylasterid Ba/Ca (Figure 2; Table 1), the smaller variability of stylasterid Dg, values
(mean 1.9 £ 0.4, 2SD) compared with Scleractinia (mean 2.0 * 0.6, 2SD; Figure 3a), and the smaller average
difference between stylasterid sample replicates (Table 2). Additionally, our updated scleractinian Ba/Ca vs
[Ba]sw relationship is significantly steeper than that reported previously (Spooner et al., 2018; Figure 4),

indicating that the addition of new samples has had a significant impact on the calibration.

These robust differences between stylasterid and scleractinian Ba/Ca ratios strongly suggest that contrasting
secondary processes impact Ba-incorporation into their skeletons. In the following sections, we therefore
examine the nature of these putative secondary controls, focusing firstly on stylasterids, then Scleractinia,

before addressing the causes of the differences in Ba-incorporation between these two coral groups.

87



Ba/Ca (umol/mol)

264 Calibration comparison
244 W Bamboo, high-Mg calc. (subset of LaVigne et al. [2011])
294 Scleractinia, arag. (previously published)
o0 Scleractinia, arag. (new) « Scl (all)
2 5 g = Styla. (arag.)
® Scleractinia, mixed (new)
184 A A
A Stylasterid, arag.
16 4 . .
A Stylasterid, high-Mg calc.
14 -
A Stylasterid, mixed 'AV
124
104 2
A Bamboo coral data
8 & > 105 nmol/kg
N i Bamboo coral (dashed) and omitted
&1 A V v high-Mg calcitic stylasterid (solid)
44 LOBF within error
2'0 3'0 4'0 5'0 6I0 7'0 BIO 9'0 1 60 1 1 0
[Balsw (nmol/kg)

Figute 4. Compatison of Ba/Ca vs [Ba]sw calibrations (Otdinary Least Squates) for different azooxanthellate

coral groups, including Scleractinia (this study; Hemsing et al., 2018; Spooner et al., 2018), stylasterids (this

study) and bamboo corals (LaVigne et al., 2011). Data from LaVigne et al. (2011) include only data points at

[Ba]sw < 105 nmol/kg. Error bars removed for clarity. Shading shows 95 % confidence intervals.

43

Assessing the robustness of the stylasterid [Ba]sw proxy

[Ba]sw and sample mineralogy exert primary controls on stylasterid Ba/Ca, suggesting this ratio may be a

powerful archive of past [Ba|sw. However, the possible influence of additional factors necessitates assessment

of the reliability of stylasterids as archives of [Ba|sw. In the following section, we investigate potential further

influences on their Ba/Ca ratios, including genus-specific effects, a suite of additional hydrographic

parameters, depth and location. Of these, only seawater temperature appeats to influence stylasterid Ba/Ca,

and the magnitude of this effect is small compared with the overriding [Ba]sw and mineralogical controls.

Our stylasterid sample set includes a range of genera, which could exhibit contrasting geochemical behaviour

and influence our results. However, genus-specific relationships between Ba/Ca and [Ba]sw which span a

substantial range in [Ba]sw are within error of the relationship for the full sample set (Table 1). This result

suggests that our stylasterid relationships are not significantly biased by individual coral genera. We also find

that most stylasterid genera display low variability between Ba/Ca of teplicate samples (Table 2). Congpora sp.

and Ervina sp. (cal.) have relatively high variability, but these are based on one pair of replicates, while higher

variability for mixed mineralogy stylasterids likely results from replicates incorporating variable amounts of

each carbonate polymorph. This suggests that no single stylasterid genus measured here is significantly
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impacted by intra-skeletal variability in Ba/Ca, and all are suitable targets for use in reconstructing [Bajsw

using the bulk sampling methods employed here.

Taxon Genus No. pairs Mean difference Ba/Ca (pmol/mol)
Scleractinia (all) - 79 0.39
Balanophyllia sp. 1 0.28
Caryophyllia sp. 20 0.22
Desmophyllum sp. 10 0.17
Enallopsammia sp. 8 0.25
Flabellum sp. 21 0.45
Lophelia sp.(bulk calyx) — 12 0.99
Solenosmillia sp. 4 0.13
Vaunghanella sp. 3 0.17
Scleractinia (mixed) Paraconotrochus sp. (mixed) 1 0.53
Stylasterid arag. (all) - 28 0.26
Adelopora sp. 2 0.05
Conopora sp. 1 0.97
Errina sp. 6 0.20
Errinopsis sp. 1 0.04
Inferiolabiata sp. 2 0.35
Stylaster sp. 16 0.27
Stylasterid high-Mg calc. (all) - 8 0.24
Cheiloporidion sp. 1 0.20
Errina sp. 1 0.68
Errinopsis sp. 6 0.18
Stylasterid (mixed, arag.) Errina sp. 3 corals 1.42

Table 2. Mean difference between Ba/Ca of replicates (different cut pieces) of corals analysed in this study.

Averages for each taxon are also shown. Values > 0.50 pmol/mol ate shown in bold. For mixed minetalogy

89



Errina sp. samples, between 2 and 6 replicates were measured on 3 corals, difference between maximum and

minimum Ba/Ca values shown.

Secondly, we examine the residuals of our stylasterid Ba/Ca vs [Ba]sw telationships (i.e. Ba/Cameasured —

Ba/ Carclationship) and stylasterid Dg, values to explore the influence of secondary environmental controls. These
do not correlate with salinity, pH, Qaxg., and dissolved phosphate concentrations (p > 0.05, — 0.28 < < 0.35;
supplementary information, section 6.8). Additionally, while the residuals of the aragonitic calibration are
significantly — but weakly — correlated with depth (p = 0.02, » = — 0.45), similar correlations are not observed
between depth and either the residuals of the calcitic calibration, or stylasterid D, (p > 0.05, 0 < < 0.32;
supplementary information, section 6.8). Furthermore, although aragonitic stylasterid Dg, values are
significantly correlated with dissolved oxygen concentrations (p = 0.04, » = 0.39), a similar correlation is not
observed for calcitic stylasterid Dg, values (= 0.08) or for the residuals of the aragonitic or calcitic stylasterid
calibrations (p > 0.05, 0 < r < 0.29; supplementary information, section 6.8). Together, these results suggest
that these parameters do not significantly influence Ba-incorporation into stylasterid skeletons. The strongest,
consistent correlations for both aragonitic and calcitic stylasterid Dg, values are with temperature and
dissolved silica concentrations (Figure 5; supplementary information, section 6.8). Although neither
temperature nor dissolved silica concentrations are significantly correlated with regression residuals
(supplementary information, section 6.8), this does not preclude their influence on stylasterid Ba-
incorporation. Both temperature and dissolved silica concentrations are strongly correlated with [Balsw in our
dataset. This correlation with the x variable ([Ba]sw) means that regression residuals will not reflect their
possible influence in a straightforward manner. Instead, Dg, values are a better indicator of their possible
effects, and the observed correlations suggest that one - or both - of these parameters may exert a secondary

control on stylasterid skeletal Ba/Ca.

The tight negative correlation between temperature and dissolved silica concentration in our stylasterid
sample set (» = — 0.87) makes it difficult to isolate the effects of each variable. However, to our knowledge
there is no published work examining the effects of dissolved silica concentration on Ba-incorporation into
marine carbonates. Conversely, multiple experimental studies have shown that aragonite Dg, values are
negatively correlated with ambient temperature (e.g. Dietzel et al., 2004; Gaetani and Cohen, 2006; Gonneea
et al., 2017). Therefore, while we cannot discount that dissolved silica concentrations impact stylasterid Dg,,
we suggest that temperature is more likely the controlling variable. The strong correlation between
temperature and dissolved silica concentration in our sample set could then lead to associated correlations

between stylasterid Dg, and dissolved silica concentration.
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Considering our stylasterid dataset more broadly, we find strong support for the role of temperature in Ba-
incorporation into stylasterid skeletons. The Dsg, of aragonite produced by abiotic precipitation experiments is
also negatively correlated with temperature (Dietzel et al., 2004; Gaetani and Cohen, 2006; Gonneea et al.,
2017), and the gradients of the lines of best fit between stylasterid Dg, and temperature reported here are
subparallel to that reported by Dietzel et al. (2004) for abiotic aragonite (Figure 5a). Furthermore, a
temperature effect can explain why aragonitic stylasterids collected from the cold waters of the Drake Passage
and South Orkney regions have mean Dg, values of 1.96 (£ 0.19, 28D) and 2.09 (£ 0.05, 2SD) respectively,
higher than those from the comparatively warm equatorial (1.77 (£ 0.29, 2SD)) and northeast (1.80 (£ 0.10,
28D)) Atlantic (Figure 6b). Finally, a temperature influence can also explain the positive correlation between
aragonitic stylasterid Dsg, values and [Ba]sw (Figure 6b). The negative covariation of temperature and [Ba]sw in
the modern ocean means that colder waters tend to have higher [Ba]sw than warmer waters. Although we find
no correlation between high-Mg calcitic stylasterid Dg, values and [Ba|sw (gradient = 0.001, » = 0.14), this

may be attributable to the smaller temperature and [Ba]sw range represented in this dataset.

The mechanism by which temperature impacts stylasterid Dg, could relate to surface entrapment, whereby
the temperature-dependent balance between crystal growth rate and element diffusivity impacts Ba-
incorporation (e.g. Watson, 2004; Gaetani and Cohen, 2006). Alternatively, the biological response of the
stylasterid calcification process to ambient temperature could lead to variations in Ba-incorporation due to
kinetic effects or Rayleigh fractionation (Gaetani and Cohen, 2000). As discussed in section 4.5, variations in
Rayleigh fractionation appear to have a relatively small influence on stylasterid Dg,. This may suggest that the

surface entrapment model is the more likely cause, however, this remains uncertain.

To constrain the magnitude of the temperature effect, we consider our aragonitic stylasterid sample set. Based
on the correlation between aragonitic stylasterid Dg, and [Ba]sw in our sample set, Dg, increases by 11 % as
[Ba]sw increases from 40 to 100 nmol/kg (Figure 6). Stylasterid Ba/Ca at the high (100 nmol/kg) [Ba]sw end
of the relationship is therefore ~ 2 umol/mol higher than the theoretical case in which Dg, remains constant
at the value which characterises stylasterids at low (40 nmol/kg) [Ba]sw. Assuming this variation in Dg, is
driven entirely by temperature, this suggests that temperature is responsible for ~ 16 % of the overall
variability in aragonitic stylasterid Ba/Ca. Therefore, while temperature does exert an influence on stylasterid
Ba/Ca, these effects are minor compared with those caused by changes in [Ba]sw, and are also smaller than
those associated with sample mineralogy (average calcitic stylasterid Dg, 27 % lower than aragonitic
stylasterids). The small magnitude and uncertain nature of the temperature influence on stylasterid Ba/Ca
(Figure 5), coupled with the uncertainties in stylasterid temperature reconstruction (Stewart et al., 2020a; £

2.3 °C for aragonitic stylasterids at average ocean temperatures) mean that quantitatively correcting for this
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effect in palacoceanographic contexts is unlikely to lead to more accurate estimates of past [Ba]sw. Indeed,

stylasterid Ba/Ca ratios are dominantly controlled by [Ba]sw and sample mineralogy, and provide a useful

recotd of [Basw. Temporal records of stylasterid Ba/Ca should, however, ideally be presented alongside

corresponding records of temperature-sensitive ratios (either Li/Mg, St/Ca or 880 (Samperiz et al., 2020,

Stewart et al., 2020a)), allowing for qualitative assessment of whether changes in temperature might

contribute to fluctuations in stylasterid Ba/Ca.
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Figure 5. Stylasterid Dg, values as a function of temperature (a) and dissolved silica concentration (b).

Abiogenic aragonite vs temperature (dashed line) from Dietzel et al. (2004) also shown. Pearson rand p-

values are shown for both aragonitic and calcitic stylasterids. Average error bars shown for data in this study,

paucity of dissolved silica concentration data precludes x-error bar estimation in panel b.

92



354a) Scleractinian Dg, vs [Ba]sy, 354¢) Stylasterid (arag.) Dg, vs [Ba]sy,
Strong colours/outline = this study .
Faded colours/outline = previous work All data from this study
3.0 3.0
8 A % Excellent agreement
254 gj 25 be;w;gn o) (IOrk.)
samples
3 B .4 2 <&
] All samples: A o A A -'é*—
204 p=09 TATAT T T T = 2.0
r=-0.01 ~ A All aragonitic 'E% K A
stylasterids: E' o
15+ 154 p<0.05
r=0.41
Average error Average error
1.049 1.04
2I0 41 0 GIO BIO 1 C'JO 2'O 4[0 6'0 BIO 1 (IJO
[Ba]sw (nmol/kg) [Ba]sw (nmol/kg)
354b) Scleractinian Dy, vs depth 35-d) Stylasterid (arag.) Dg, vs depth
3.04 3.04
AX
¢
2.54 = <> @ 2.54
: : No depth correlation
@ @ © for SO or Eq. Atl.:
o o p>05,-025<r<0
2.04 2.0
& ARO™
(] U m
1.5 SO only: p < 0.05 1.5 EFI
r=-0.59
1.04 1.04
(I) 5('10 1 0[00 15I00 20'00 25I00 30‘OO ('J S(I)O 10|00 1 5'00 20IOO 25|00 30'00
Depth (m) Depth (m)
O EqAtl & LS A so O Eq Al O NEAH ¥ SO (Ork)
Location Location
Q  Iceland ¥V NE Pac. % SO (Ork.) () LS A so

Figure 6. Scleractinian (a and c) and aragonitic stylasterid (b and d) Dg, values as a function of [Ba]sw and

depth, by location. Location codes follow Figure 1. Average vertical error bars shown in panels a and c.

4.4  Secondary controls on scleractinian Ba/Ca

Previous work found that the secondary influences on scleractinian Ba/Ca ratios were minor (Spooner et
al.,, 2018). However, as outlined in section 4.2, comparison of our expanded scleractinian dataset with

aragonitic stylasterids reveals that scleractinian Ba/Ca ratios are characterised by as-yet-unexplained
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variability. We therefore reassess the potential influence of genus-specific effects, additional hydrographic

parameters and location and depth on scleractinian Ba/Ca.

Our new scleractinian Ba/Ca vs [Ba]sw relationship includes samples from multiple genera, and relevant
genus-specific relationships are within error of the full calibration (Table 1). However, the larger mean
difference between scleractinian sample replicates - compared with aragonitic stylasterids — is driven
mostly by two genera: Lophelia and Flabeljum (Table 2). Considering Lophelia, our results are unsurprising
given other heterogeneous aspects of their skeletal geochemistry (Raddatz et al., 2013; Montagna et al.,
2014; Jurikova et al., 2019; Stewart et al., 2020a). The replicates measured here are samples of the entire
Lophelia calyx, meaning Ba/Ca variability may be attributable to incorporation of skeletal centres of
calcification (COCs) (Stewart et al., 2020a). To test this hypothesis, we also measured Lophelia samples
taken only from theca walls, whose Li/Ca, Mg/Ca and St/Ca show smaller COC influence (see Stewart et
al., 2020a, samples are same measured solutions). Theca-only subsamples have systematically lower Ba/Ca
than bulk calyx samples by around 10 % (supplementary information, section 6.8). In zooxanthellate
Scleractinia, COCs have elevated Ba/Ca compared to the rest of the skeleton (Holcomb et al., 2009),
therefore our result may be consistent with decreased incorporation of COC material into theca-only
subsamples, compared with the bulk calyx. Careful sampling of Lophelia theca apparently mitigates some of
the effects of COC incorporation, and we use these theca-only subsamples in our Ba/Ca vs [Ba]sw

relationship where available.

Equally, Flabellum sp. is prone to particularly high and variable Ba/Ca (Figure 2b). Previous studies have
concluded that other aspects of the skeletal geochemistry of Flabellum sp., including Li/Mg (Case et al.,
2010; Cuny-Guitrec et al., 2019; Stewatt et al., 2020a), St/Ca, 8'80 and 8'3C (Stewatt et al., 2020a), ate not
unusual in comparison to other azooxanthellate scleractinian genera. However, multiple studies have
recorded Flabellum from substrates dominated by fine muds and sands (e.g. Buhl-Mortensen et al., 2007;
Hamel et al., 2010; Mercier et al., 2011), and some Flabellum species are also free-living, lying sideways in
direct contact with sediment (Hamel et al., 2010; Mercier et al., 2011). This habitat may result in Flabellum
samples experiencing higher [Ba]sw due to barium efflux from sediments into the water column (e.g.
McManus et al., 1994; Hoppema et al., 2010; Bates et al., 2017). Additionally, this proximity to sediment
may mean that Flabellum is particularly susceptible to contamination by Ba-bearing phases such as barite
and/or Fe-Mn oxyhydroxides. Indeed, three of the six scleractinian corals which had Ba/Ca data excluded
due to high Fe/Ca were Flabellum (supplementary information, section 6.2). However, Ba-incorporation

into Flabellum does not differ significantly from other scleractinian genera or our overall Ba/Ca vs [Ba]sw
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relationship (Table 1). Therefore, we retain this genus in our Ba/Ca vs [Ba]sw telationship, but emphasise

the importance of screening samples for contaminant phases.

Although genus-specific effects may account for the larger average difference between Ba/Ca of
scleractinian coral replicates compared with aragonitic stylasterids, they cannot explain the overall higher
variability in scleractinian Dg,, or worse fit of the scleractinian Ba/Ca vs [Ba]sw relationship. Instead, we
suggest that Ba-incorporation in scleractinian corals varies between locations, and across depth gradients.
Previous work has shown that Icelandic Scleractinia have lower Dg, values than those collected from the
equatorial Atlantic and Southern Ocean (Hemsing et al., 2018; Spooner et al., 2018; Figure 6a). Our new
data show that Scleractinia from the northeast Pacific INE Pac.) region also have low Dg,, while those
from South Orkney (SO Ork) and Labrador Sea (LS) sites have high Dg, (Figure 6a). These samples
steepen the gradient of our scleractinian Ba/Ca vs [Ba]sw relationship relative to that published previously,
and erode the relationship between scleractinian D, and [Ba]sw (Spooner et al., 2018, their figure 10).
Locational differences become increasingly apparent when Dg, values are considered as a function of
water depth: Scleractinia from the Drake Passage and equatorial Atlantic regions show sub-parallel,
negative correlations between Dsg, and water depth (r = — 0.59 and — 0.66, respectively, p < 0.05; Figure
6b). Because [Balsw increases with increasing water depth in the modern ocean, a depth control on
scleractinian Dpg, in these two regions may explain the correlation observed between scleractinian Dsg, and

[Ba]sw when considering these two regions in isolation (Figure 6; Spooner et al., 2018, their figure 10).

No single variable can explain both the location and depth-related variability in scleractinian Dp, values.
While the decrease in scleractinian Dp, values with increasing water depth may be explained by partition
coefficients approaching unity as pressure increases (McCorkle et al., 1995), this cannot explain locational
differences. We also find no strong correlations between any of the ancillary hydrographic variables
considered here and either scleractinian Dg, values or residuals of the Ba/Ca vs [Ba]sw relationship (— 0.20
< r < 0.20; supplementary information, section 6.8). The only significant correlation found is between
scleractinian calibration residuals and temperature (p = 0.03, » = — 0.17). However, this correlation is
weak, and temperature crucially does not correlate significantly with scleractinian Dg, values (p > 0.05, » =
— 0.15). This strongly suggests that any influence of temperature on scleractinian Ba/Ca is either
substantially weaker than that observed for stylasterids, or — perhaps more likely - is overprinted by other
processes. More broadly, our results suggest that none of the additional hydrographic properties
considered here exert a dominant influence on scleractinian Ba-incorporation, in agreement with previous
work (Anagnostou et al., 2011; Hemsing et al., 2018; Spooner et al., 2018). Crucially, aragonitic stylasterids

from the same sites show less locational variability and no correlations with water depth (Figure 6). This

95



suggests the driver of the variability in scleractinian Ds, is specific to Scleractinia, and affects stylasterid

Ba/Ca to a lesser degree.

Therefore, we suggest that depth trends and geographic differences result from the scleractinian
calcification process (Spooner et al., 2018). In the following section, we consider two main mechanisms
which could cause calcification-related variability in scleractinian Ba/Ca: variations in the degtree of
Rayleigh fractionation (i.e., the relative rates of coral growth and calcifying fluid replenishment; Gaetani
and Cohen, 2000; Pretet et al., 2015; Geyman et al., 2019; Reed et al., 2021), and the precipitation of

witherite (BaCOs3) within the domains of aragonite (Mavromatis et al., 2018; Liu et al., 2019).
4.5 Comparing scleractinian and stylasterid calcification processes

Comparing Ba/Ca and St/Ca ratios of stylasterid and scleractinian corals suggests that vatiations in the
degree of Rayleigh fractionation is the most likely cause of the increased variability in scleractinian Dpg,.
The (partial) isolation of the scleractinian calcifying fluid means that Rayleigh fractionation processes can
affect the composition of the coral skeleton (e.g. Gaetani and Cohen, 2006; Gagnon et al., 2007). Because
coral Dp, > 1, barium is preferentially incorporated into the skeleton during growth, and becomes
progressively depleted in the calcifying fluid. The rate of skeletal growth relative to the timescale of
calcitying fluid replenishment — precipitation efficiency — thus affects how much Ba is ultimately
incorporated into the coral skeleton. Indeed, Rayleigh fractionation has been suggested to affect Ba-
incorporation into zooxanthellate Scleractinia (Gaetani and Cohen, 2006; Pretet et al., 2015; Reed et al.,
2021) and azooxanthellate bamboo corals (Geyman et al., 2019). In this framework, decreasing Dg, with
increasing depth suggests that Scleractinia calcify more efficiently in deeper waters, and most efficiently in

Icelandic waters, compared to other locations.

To test this hypothesis, we compare Ba/Ca data with Sr/Ca ratios measured on the same samples (same

solutions; Figutre 7). Stylasterid St/Ca ratios are sensitive to temperature, while scleractinian St/ Ca ratios

show the combined influence of temperature and Rayleigh fractionation (Gagnon et al., 2007; Ross et al.,
2019; Stewart et al., 2020a; supplementary information, section 6.5). The effects of Rayleigh fractionation
should in turn be reflected in the residuals of the scleractinian Sr/Ca — temperature relationship (Ross et

al., 2019; Stewart et al., 2020a), and should result in a positive correlation between St/Ca-temperature

residuals and Dg, because both Ds; and Dg, of coral aragonite are greater than 1 (Gaetani and Cohen,

2006).

Although both aragonitic stylasterid and scleractinian Dg, values are positively correlated with Sr/Ca ratios

(p < 0.05, > 0.61; Figure 7), we find an insignificant and comparatively weak correlation between
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aragonitic stylasterid Dg, and St/Ca-temperature residuals (p = 0.07, » = 0.35; Figure 7c). This strongly
suggests that temperature is dtiving the covariance between stylasterid Dg, and St/Ca (see section 4.3),
and that variations in the degree of Rayleigh fractionation between stylasterid coral samples are small.
Conversely, our scleractinian Dsg, values retain a significant, positive correlation with Sr/Ca-temperature
residuals (p < 0.05, »= 0.57; Figure 7b), supporting the hypothesis that Rayleigh fractionation impacts St-

and Ba-incorporation into scleractinian skeletons.

Variations in the degree of Rayleigh fractionation may explain variability in scleractinian Dp, between
locations and across depth gradients, as well as the absence of a dominant environmental control on
scleractinian Dpg, (section 4.4). This is because scleractinian growth rates and the degree of isolation of the
calcifying fluid are likely to be affected by a range of variables including food supply (e.g. Crook et al.,
2013; Bischer et al., 2017), oxygen concentrations, carbonate system parameters and temperature (e.g.
Buscher et al.,, 2017; Gémez et al., 2018), which in turn vary between locations and with depth. For
example, decreasing Dg, with increasing depth suggests that Scleractinia calcify more efficiently in deeper
waters, either growing more quickly or employing greater isolation of their calcifying fluid, as previously
suggested for bamboo corals (Geyman et al., 2019). Given that pH, oxygen concentration and food supply
all tend to decrease with increasing depth in the ocean, it seems unlikely that coral growth rate would
increase with increasing depth, and instead more efficient calcification with depth may result from
increasing isolation of the scleractinian calcifying fluid (e.g. Geyman et al., 2019). Equally, Scleractinia from
Iceland and the northeast Pacific apparently calcify more efficiently than those from other regions, perhaps
due to high growth rates during intense seasonal peaks in primary productivity (and thus food supply) in
these regions (e.g. see data in Sathyendranath et al., 2019; Sathyendranath et al., 2021). Although we cannot
isolate the controlling variable(s), Rayleigh fractionation provides a plausible explanation for the variability

in scleractinian Dg,.

A second hypothesis for the cause of variability in scleractinian Dg, is the incorporation of witherite
(BaCO:s) into the coral skeleton during growth (Mavromatis et al., 2018), which may affect Ba/Ca ratios of
zooxanthellate Scleractinia (Liu et al., 2019). It is well-established that scleractinian corals heavily modify
their calcifying fluid, increasing pH and [CO;]*~ (and therefore Q.ry,) to promote calcification (Al-Horani
et al., 2003; Sinclair and Risk, 2006). At high degrees of carbonate oversaturation, coprecipitation of
witherite (BaCOs3) within the domain of aragonite is likely, but is supressed at lower degrees of
oversaturation (Mavromatis et al., 2018). Therefore, variations in the carbonate chemistry of the

scleractinian calcifying fluid could lead to variations in witherite formation and, consequently, coral Dg,.
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However, St/Ca ratios should be unaffected by witherite precipitation, meaning this hypothesis cannot
explain the observed cotrelation between scleractinian St/Ca-temperature residuals and Dg, (Figutre 7b).
Additionally, comparing stylasterids and Scleractinia challenges the notion that the amount of witherite
precipitation is particularly sensitive to fluctuations in the carbonate chemistry of the coral calcifying fluid.
Stylasterid skeletal 81'B, U/Ca and B/Ca suggest that stylasterids calcify from a fluid with significantly
lower pH, [CO3]?~ and Carg, than Scleractinia (Stewart et al., 2022). Therefore, if witherite precipitation
were responding to variations in calcifying fluid carbonate chemistry, we would expect stylasterids to have
consistently lower Dg, values than Scleractinia. Yet, the average Dsg, values of these coral taxa are very
similar (Figure 3a), implying that comparatively small variations in the carbonate chemistry of the

scleractinian calcifying fluid are unlikely to lead to substantial differences in witherite precipitation.

Therefore, we suggest that varying degrees of Rayleigh fractionation, perhaps in response to
environmental conditions, are the most likely cause of variability in scleractinian Ba/Ca ratios. Conversely,
stylasterid Ba/Ca ratios are less variable, suggesting either they are not affected by Rayleigh fractionation,
or that the relative rates of stylasterid growth and calcifying fluid isolation are comparatively invariant
across a range of ocean conditions. This adds to the growing evidence for contrasting biomineralisation
mechanisms in stylastetid and scleractinian corals, with recent work showing that stylasterid Li/Mg, St/ Ca,
8180, 813C and 8''B are also less impacted by calcification-related effects than these same ratios in

Scleractinia (Samperiz et al., 2020; Stewart et al., 2020a; Stewart et al., 2022).
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4.6  Implications for elevated coral Dg.

The differences between stylasterid and scleractinian coral calcification may have important implications
for understanding why Dg, values of a range of coral taxa are - for a given mineralogy - both similar to one
another, and elevated compared to other marine calcifiers and experimentally-produced carbonates

(section 4.1; Figure 3).

While abiogenic aragonite with Dp, > 1 has been produced by some precipitation experiments (Dietzel et
al., 2004; Gaetani and Cohen, 2006; Gonneea et al., 2017; Figure 3b), this has recently been attributed to
the influence of witherite at high aragonite saturation states, and pure aragonite produced at lower degrees
of carbonate saturation (g, < 2) has Dg, less than 1 (Mavromatis et al., 2018; Figure 3b). Therefore, it
has been suggested that witherite precipitation in the domains of aragonite could also be responsible for
elevated coral Dp, compared with other marine calcifiers (Mavromatis et al., 2018). However, the similarity
of stylasterid and scleractinian Dg, values challenges this idea. As outlined above, while Scleractinia are
known to calcify from a fluid which is highly oversaturated with respect to carbonate (Al-Horani et al.,
2003; Sinclair and Risk, 2000), stylasterids are thought to calcify from a fluid with Que ~ 1.5 (Stewart et
al., 2022). Therefore, although stylasterid and scleractinian corals share similar average Dsg,, they likely
form their skeletons from fluids with very different degrees of carbonate oversaturation. In turn, this may
indicate that elevated coral Dg, does not result from witherite precipitation triggered by high degrees of

carbonate oversaturation in the coral calcifying fluid.

These estimates of stylasterid calcifying fluid Q. ate minimum estimates, and it is possible that a small
degree of additional pH and Qg upregulation occurs (Stewart et al., 2022), which may exceed the
threshold for witherite precipitation. In this sense, consistent amounts of witherite precipitation above its
saturation threshold could cause consistent elevation in stylasterid and scleractinian coral Dsga.
Alternatively, enrichment in coral Ba/Ca may instead result from precipitation of amorphous carbonate
phases (Mavromatis et al., 2018), or the presence of organic molecules which act as templates for
calcification (e.g. Drake et al., 2021) and can influence skeletal composition (e.g. Mavromatis et al., 2017;
2018). Although we cannot constrain the reasons for the enrichment in coral Dg, here, our data cleatly
illustrate that explanations for elevated Ba-incorporation into coral carbonate need to consider the

diversity of coral calcification mechanisms.
5. Conclusions

We present the first measurements of stylasterid skeletal Ba/Ca ratios. Mineralogy exetts a strong control

on stylasterid Ba/Ca, with aragonitic samples having higher Ba/Ca than their high-Mg calcitic
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counterparts. However, when each mineralogy is considered separately, stylasterid skeletal Ba/Ca ratios are
strongly, linearly correlated with [Ba|sw. We find that temperature exerts a secondary control on Ba-
incorporation into stylasterid skeletons, consistent with abiogenic precipitation experiments. Simultaneous
measurement of temperature sensitive Li/Mg and/or Str/Ca ratios in stylasterid samples provides a means

to qualitatively assess the possible role of temperature in palacoceanographic [Ba]sw records.

Azooxanthellate scleractinian Ba/Ca ratios are more sensitive to changes in [Ba]sw than previously thought
(Spooner et al., 2018), driven by differences in Ba-incorporation between locations and across depth
gradients. Paired Ba/Ca and St/Ca values ate consistent with the influence of Rayleigh fractionation
related to the coral calcification process. The driver(s) of this process remains unclear, likely due to the
competing influence of multiple oceanographic parameters on the scleractinian calcification process.
Crucially, stylasterid skeletal Ba/Ca ratios are impacted less by calcification processes, and with robust
[Ba]sw and temperature proxies now established (Samperiz et al., 2020; Stewart et al., 2020a), stylasterid

corals are a valuable multi-proxy palacoceanographic archive.
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6. Supplementary information
6.1  Coral sampling strategy

As outlined in the main text, large chunks of coral samples were taken and, where possible, two samples were
taken from each coral. Visually pristine areas of material were targeted, and any remaining discoloured or
altered material was removed using a hand-held Dremel tool. For stylasterid corals, the apical tips of branches
were avoided, since it has been shown their oxygen and carbon stable isotopic composition is further from
equilibrium than bulk skeletal samples (Samperiz et al., 2020). Examples of sampling of three stylasterid

specimens used in this study is shown below (Supplementary figure 1).

Errina sp. Adelopora sp. Stylaster sp.
JC094-B1041-HydIm-001- JC094-B0546-Hydls/m-001 NBP1103-DH22-
Eal41ak to 008-Adp46ap Stc1-01-Sde22aw

Apical
branch tips
avoided Sample
Example r-
location of r; Example
cut location of
cut
Samples
taken
from main

or side
branches

Supplementary figure 1. Photos of three stylasterid specimens used in this study. Red lines show examples of

where specimens were cut to obtain samples.

6.2 Fe/Ca and Mn/Ca ratios: contamination screening

Iron oxyhydroxides are common contaminant phases which can impact element/Ca ratios in marine biogenic
carbonates (e.g. Boyle, 1981). Here, we test for their influence in our dataset by measuring the Fe/Ca and
Mn/Ca of sample replicates, and reporting correlations with both coral Ba/Ca and residuals of the Ba/Ca vs
[Ba]sw relationships (Ba/Caresidua = Ba/Cacorat — Ba/ Cacaibration) (Supplementary figure 2; Supplementary figure
3).

No significant correlation is found between Ba/Ca and either Fe/Ca or Mn/Ca values for aragonitic
stylasterids, or between scleractinian Ba/Ca and Fe/Ca (p > 0.05). However, high-Mg calcitic stylasterids
show a significant (p < 0.05) positive correlation between these vatiables (7fesa = 0.69; nmsa = 0.69), while
scleractinian Ba/Ca ratios also correlate significantly with Mn/Ca (p < 0.05, » = 0.21). Furthermore, both

Fe/Ca and Mn/Ca correlate significantly and positively with residuals of the Ba/Ca vs [Ba]sw relationships
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for both high-Mg calcitic stylasterids (#re-resia = 0.90; Mn-resia = 0.89) and Scleractinia (Me-resia = 0.40; vn-resid =

0.40) (Supplementary figure 2; Supplementary figure 3).

Sample ID No. reps excluded  Type Taxon Location
NBP1103-DHO07-Bp-0 2 Scleractinia Balanophyllia sp. Drake Passage
NBP1103-DH14-Fpalive-8 2 Scleractinia Flabellum sp. Drake Passage
NBP1103-DH14-Fpalive-1 2 Scleractinia Flabellum sp. Drake Passage

DY081-008-ROV329-Ev024- 1 Scleractinia Flabellum sp. Labrador Sea

453Flab

JC094-21-EBB-ROV228- 1 Scleractinia Caryophyllia sp. Equatorial Atlantic

SLP44-B1584-Carls-001

DY081-031-ROV333-Ev037- 1 Scleractinia Lophelia sp. Labrador Sea

201-590-Loph

JR15005-40-832-Egr832 1 Stylasterid, Errina sp., mixed S. Orkney

mixed (arag.)

JR15005-44-907-mn-1-Ela907 2 Stylasterid, Errina sp., cale. S. Orkney

high-Mg
calc.

Supplementary table 1. Samples measured in this study which are excluded from calibrations due to

contamination inferred from Fe/Ca ratios. Where only one replicate was removed, the remaining replicate

was retained in the calibration.
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Scleractinia: Ba/Ca vs Mn/Ca
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Supplementary figure 2. Cortelations between Ba/Ca and Mn/Ca (a and b) and residual Ba/Ca and Mn/Ca

(c and d) for corals measured in this study. Straight lines join replicates of the same coral. Pearson 7 values

before and after screening are shown. All 7 values calculated using average values for each coral to avoid

pseudoreplication. All Lophelia sp. replicates used to calculate sample averages at this stage (i.e. both bulk

calyx and theca wall replicates; see main text section 4.4). Mixed mineralogy corals not included in goodness-

of-fit calculations. Where Mn/Ca values wete less than detection limits, values wete set to 0 pmol/mol.
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Supplementary figure 3. As Supplementary figure 2, with Mn/Ca replaced with Fe/Ca. For clarity, panels 2,

b’, ¢’ and d’ show data from panels a, b, ¢ and d in the Fe/Ca range 0 to 300 pmol/mol. When Fe/Ca values
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wete less than detection limits, values wete set to 0 pmol/mol. Symbols and colours follow Supplementary

figure 2.

We therefore exclude sample replicates which have Fe/Ca > 40 mmol/mol, following Spooner et al. (2018).
This results in 12 measurements from eight corals being removed from our dataset, with four corals having
both of their replicate analyses removed (Supplementary table 1). When these replicates are excluded, the
correlations between scleractinian Ba/Ca and Mn/Ca, and scleractinian calibration residuals and Fe/Ca and
Mn/Ca, become insignificant (p > 0.05, — 0.20 < r < 0.20; Supplementaty figure 2; Supplementary figure 3).
For high-Mg calcitic stylasterids, correlations are reduced by this screening, but not removed (7ze.. = 0.56;
Mn-Ba = 0.63; 1Feresid = 0.77; Ninresia = 0.82; Supplementary figure 2; Supplementary figure 3). These
correlations are driven almost entirely by two replicates of one Errina sp. sample which both have relatively
high Ba/Ca residuals and slightly elevated Fe/Ca and Mn/Ca. Owing to the small magnitude of Fe/Ca and

Mn/Ca enrichment in this sample, we choose to retain it in our calibration.
6.3  Scleractinian compilation: analytical offsets and uncertainties

Ba/Ca data require cotrection for analytical offsets which can occur between laboratoties (e.g. Stewatt et
al., 2020b). For data measured in out study, we normalised Ba/Ca values measured in Bristol, NIST and St
Andrews to the relatively homogenous NIST RM 8301 (Coral) solution (interlaboratory reproducibility for
Ba/Ca 2.7 % (RSD; 1s) (Stewart et al., 2020b)).

Our new scleractinian Ba/Ca data were combined with those published in previous studies (Hemsing et
al., 2018; Spooner et al., 2018) to create a compiled dataset. Laser ablation data (Anagnostou et al., 2011)
were not used due to apparent analytical differences between solution and laser-ablation techniques (see

Spooner et al., 2018).

NIST RM 8301 (Coral) was not available for previous studies, and instead, Ba/Ca data from these two
studies was previously normalised based on measurements of the coral reference material JCp-1 (see
Spooner et al., 2018). We use these JCp-1 corrected ratios in our compilation. JCp-1 Ba/Ca ratios are
known to be significantly more heterogenous than NIST RM 8301 (Coral), with an interlaboratory
reproducibility of ~ 9 % (RSD; 1s) (Hathorne et al., 2013). Therefore, while we did measure JCp-1 as part
of our study, we chose not to use this reference material for normalisation. By instead normalising our
data to NIST RM 8301 (Coral), we ensure that our dataset is compatible with future projects which may

use this more homogenous reference material (Stewart et al., 2020b).

Use of different reference materials to correct for interlaboratory offsets raises the possibility of analytical
differences between our data and previous work. To test for this, we measured additional replicates of 7
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corals which were also measured by Spooner et al. (2018) and/or Hemsing et al. (2018). We find good

agreement between coral subsamples measured in each study, and importantly find no systematic offset

between data measured in our study and these studies (Supplementary figure 4). Furthermore, our long-

term laboratory average values for JCp-1 — once corrected to NIST RM 8301 (Coral) - differed from the

published interlaboratory value by < 4 %, meaning any additional correction would have a minor impact

on our results. Therefore, direct comparison of ours and previously published datasets is justified, and in

practise, any remaining analytical offsets between laboratories are unlikely to influence our findings.

12.0 -

11.5 -

11.0

Ba/Ca (umol/mol)
> o
o (&)]

©
&)

9.0

OThis study
APrevious work (Spooner et al. [2018]; Hemsing et al. [2018])

X Average (all replicates)
A

>XO

1 1 1 1 1 1 1 ]

Coral sample

Supplementary figure 4. Replicate subsamples of corals measured in this study and by previous authors show

good agreement, after correction for analytical offsets. Analytical error bars (RSD; 2s) on individual replicates

from this study are shown.

6.4 Comparing prediction interval calculations

As outlined in section 2.6, the uncertainties associated with [Ba]sw predictions from coral Ba/Ca (and

temperature predictions from coral Sr/Ca) were calculated by two methods, and these ate briefly compared

here. Firstly, the choice of method has no effect on prediction uncertainties associated with either the

aragonitic stylasterid or scleractinian calibrations (Table 1; Supplementary table 2). Aragonitic stylasterid

Ba/Ca can be used to constrain [Ba]sw to within ~ * 9 nmol/kg (same uncertainty using either method),

representing a clear improvement on scleractinian Ba/Ca (~ * 16 nmol/kg; again same uncertainty using
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either method) (Table 1). Meanwhile, aragonitic stylasterid St/Ca ratios can be used to reconstruct
temperatute to within ~ & 6.5 °C, again representing a clear improvement on scleractinian St/Ca (~ £ 9 °C)

(Supplementary table 2).

For high-Mg calcitic stylasterids (considering Ba/Ca only, St/Ca vs temperature calibration not discussed
here), the difference between the two methods is more pronounced, and the Simple IPI method gives
narrower prediction intervals than the original approach (Table 1). This likely results from the fact that the
simple IPI approach does not incorporate any uncertainty in the calibration line itself (e.g. uncertainties in the
calibration gradient or intercept), but instead assumes that all the uncertainty is derived from scatter about the

calibration line (McClelland et al., 2021).

The robust mathematical framework associated with the Simple IPI method means this is the preferred
method of prediction uncertainty estimation, and is used in isolation in chapter 4. Encouragingly, the choice

of method makes no difference to the conclusions of this study.
6.5 Sr/Ca vs temperature correlations

St/Ca values for most samples used here were reported and analysed previously (Stewart et al., 2020a), and
the reader is directed to this work for a detailed discussion of St-incorporation into azooxanthellate
stylasterids and Scleractinia. These authors found a strong correlation between aragonitic stylasterid St/Ca
and seawater temperature, and a weaker relationship for Scleractinia. Addition of new samples reported
here (20 stylasterid and 17 scleractinian samples) results in relationships between coral St/Ca and
temperature which have intercepts and gradients within error of those reported previously (Supplementary
figure 5; Supplementary table 2; Stewart et al., 2020a). Compared to this previous work, the R? of the
aragonitic stylasterid calibration is reduced slightly, and the prediction interval made wider. However, the
obsetvation that aragonitic stylasterid St/Ca more reliably records seawater temperature than scleractinian
St/Ca remains robust (compatre R2 and prediction intervals in Supplementary table 2), consistent with
biologically-mediated ““vital effects” impacting scleractinian Sr/Ca more than stylasterid Sr/Ca (Stewart et

al., 2020a).

St/Ca values of a number of high-Mg calcitic stylasterids were also measured in this study. However, these
samples span a small temperature range, precluding assessment of whether their St/Ca values also

correlate with seawater temperature.
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Supplementary figure 5. Relationships between Str/Ca and seawater temperature for corals used in this study.
Data are measured here, or are from Stewart et al. (2020a). Lines of best fit (Ordinary Least Squares) shown

for aragonitic stylasterids (solid, red) and Scleractinia (dashed, grey).
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Taxon Source r P Regression Gradient, (£ Intercept, ¢ * R?  Prediction
type m 2SE) 2SE interval
(‘Cy*
Stylasterid, ~ Stewart <0.05 OLS —0.11 11.61 079 53
arag. etal,
(20202)
Stylasterid, ~Stewart  — <0.05 OLS —0.10 0.03  11.40 017 0.64 =£06.7(6.3)
arag: ctal. 0-80 Deming —0.10 0.02  11.40 0.20
202
(20202) (unweighted,
& this orthogonal)
study
Scleractinia ~ Stewart <0.05 OLS —0.08 11.06 031 >=%77
etal.
(2020a)
Scleractinia ~ Stewart — — <0.05 OLS —0.08 0.02 1112 014 034 £92(9.1)
ctal 0-59 Deming —0.08 002 1111 0.16
(20202) (unweighted,
& this orthogonal)
study

*95 % prediction intervals in original publication calculated at the mean aragonite St/Ca value (~ 11 mmol/mol). For

consistency with chapter 4, prediction intervals in brackets show those calculated by the Simple IPI method in McClelland et

al. (2021). Comparison of prediction uncertainty estimates can be found in section 6.4.

Supplementary table 2. Summaty of relationships between St/Ca and seawater temperatute. Results of

Otrdinary Least Squares (OLS) and Deming (unweighted, i.e. orthogonal) regressions shown, for simplicity

we recommend use of OLS regressions in palacoceanographic contexts.

Subsample St/Ca and Ba/Ca ratios of mixed mineralogy corals are positively correlated in three out of four

cases, indicating a shared mineralogical control on the incorporation of each element (Supplementary figure

6).
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Supplementary figure 6. Ba/Ca vs St/Ca of mixed mineralogy coral subsamples. Colours and symbols
represent different corals. One Ervina sp. sample had only one replicate after filtering for contaminant phases,
and so is not included in this plot. Errina sp. samples are identified by the final numbers in their sample

codes. Error bars represent analytical errors (RSD; 2s).

6.6  Origin of elevated Ba/Ca in mixed mineralogy stylasterids

The four mixed mineralogy stylasterids (genus: Erina sp., mixed (arag.); species: Errina gracilis) measured in
this study have higher Ba/Ca than co-located entirely aragonitic stylasterids, despite the robust mineralogical
control on stylasterid Ba/Ca outlined in section 4.1 of the main text. This elevated Ba/Ca signature is
apparently specific to Ba; St/Ca, Li/Ca and Mg/Ca ratios measured in the same samples (same dissolved

solutions) fall between entirely aragonitic and high-Mg calcitic stylasterids (Stewart et al., 2020a).

This Ba-specific signature could be caused by contamination by barite (BaSOy) crystals, which are a common
Ba-bearing particulate phase at mesopelagic depths (Dehairs et al., 1980). However, treatment with DTPA —a
cleaning procedure designed to remove barite from marine carbonates - had no distinguishable effect on
Errina gracilis Ba/Ca ratios, compared to standard oxidative cleaning procedutes (Supplementary figure 7).
Secondly, any effect of regional hydrographic conditions (e.g. temperature, see main text section 4.3) cannot

explain our observations, because this should also impact on co-located aragonitic samples.
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Instead, we suggest two possible alternatives. Firstly, the mixed mineralogy of this species suggests it
calcifies in a different manner to other, mono-mineralic stylasterids. Variations in growth rates and/or
modification of the coral calcifying fluid could lead to high and variable Ba/Ca ratios via Rayleigh
fractionation processes (e.g. Gaetani and Cohen, 2006; main text section 4.5). Alternatively, other phases
such as witherite (BaCOs3) may be present in the coral skeleton, leading to Ba-enrichment (e.g. Mavromatis
et al., 2018; main text section 4.6). As noted above, Ba-incorporation in Errina gracilis is the exception to
mineralogical rule, and the skeletal 8'80 and 313C of these samples are close to equilibrium with seawater
(Samperiz et al., 2020; Stewart et al., 2020a). This could indicate that calcification-related effects are
unlikely the cause of Ba-enrichment. However, the (relatively) similar partition coefficients of Ba into
aragonite and high-Mg calcite mean that calcification-related effects discernible in Ba/Ca data could be

overprinted by more extreme mineralogical controls on other elements (e.g. Mg, Li and Sr).

Alternatively, anomalously high Ba/Ca ratios may be caused by small-scale spatial and/or temporal variability
in [Balsw. All Errina gracilis samples were collected from the South Orkney region, where seasonal fluctuations
in primary productivity (e.g. Jennings et al., 1984; Clarke and Leakey, 1996), phytoplankton community
structure (Kang et al., 2002), sea ice extent (e.g. Murphy et al., 1995) and upwelling of Ba-rich deep waters all
influence Ba cycling (Hoppema et al., 2010; Pyle et al., 2017; 2018) and could plausibly generate spatial and
temporal heterogeneity in [Balsw. Whether Ervina gracilis calcifies at a different time of year to other stylasterid
species is unknown, meaning we cannot assess whether temporal variations in [Ba|sw are responsible for their
elevated Ba/Ca. However, Errina gracilis does form part of a group of four “field-forming” stylasterid species
which are commonly found together in dense aggregations, sustained by waters rich in organic carbon,
focused by local bathymetry (Post et al., 2010; Bax and Cairns, 2014). The remineralisation of barite
associated with this organic carbon may result in Errina gracilis experiencing systematically higher [Ba]sw than
other stylasterid species, although one sample of the entirely aragonitic species Inferiolabiata labiata has lower
Ba/Ca than Errina gracilis, despite being collected from the same locality and also being a member of this

“field-forming” group (Bax and Cairns, 2014).

Whether the elevated and vatiable Ba/Ca of Erina gracilis results from a calcification-related effect or is due
to its specific habitat is unknown. However, the uncertainty regarding Ba-incorporation into this species,

combined with its mixed mineralogy, means it is unsuitable for use in palacoceanographic contexts.
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Supplementary figure 7. Cleaning experiments carried out on two mixed mineralogy Errina sp. corals.
Symbols represent different replicates of the same powders. The two corals used were JR15005-113-2421-
Egr2421 (Egr2421) and JR15005-113-2426-Egr2426 (Egr2426). Open symbols were cleaned by standard
oxidative techniques (0x), filled symbols were additionally treated with DTPA (ox + DTPA). Error bars

represent analytical errors (RSD; 2s).

6.7 Bamboo coral Ba/Ca

Bamboo coral Ba/Ca has previously been shown to correlate with [Ba]sw (LaVigne et al., 2011). Our high-Mg
calcitic stylasterid Ba/Ca vs [Ba]sw relationship is steeper than that found for bamboo corals (LaVigne et al.,
2011; red line in Supplementary figure 8). However, closer inspection of the bamboo coral data reveals a
reduction in Ba-incorporation at high [Ba]sw (compare grey and red lines in Supplementary figure 8), likely
driven by decreasing bamboo coral Dg, with increasing water depth (Geyman et al., 2019). When bamboo
coral samples from the range of [Basw represented in our stylasterid study (i.e. [Bajsw < 105 nmol/kg) are
considered, the bamboo coral Ba/Ca vs [Ba]sw relationship is steeper (compate grey and red lines in
Supplementary figure 8) and agrees well with our high-Mg calcitic stylasterid relationship (main text, Figure
4). However, we note that the lack of a comparable interlaboratory standard may complicate direct

comparison of these datasets. Finally, we also note that one bamboo coral sample is plotted differently here
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to Figure 2 in LaVigne et al. (2011). Here, we are plotting this data point as it is provided in their Table 1 and

supplement. In practise, the position of this sample does not change our conclusions.

254
Red line =
204
all samples
[ O
£ 154
o
1S
=2
©
C\) 104
©
m
(O This sample is plotted
57 . differently in LaVigne et al.
Grey line = [2011] (their Figure 2), plotted
samples from according to their Table 1 here
04 < 105 nmol/kg only

20 40 60 80 100 120 140 160 180 200
[Ba]syy nmol/kg

Supplementary figure 8. Bamboo coral Ba/Ca vs [Ba]sw from LaVigne et al. (2011). Note the reduction in
gradient when including samples from higher [Ba]sw, shown by comparison of grey and red lines. For
comparability with out data set, samples from [Ba]sw > 105 nmol/kg are not used in Figure 3 and Figutre 4 in

the main text.
6.8 Additional controls on stylasterid and scleractinian Ba-incorporation
Correlations between hydrographic variables and stylasterid and scleractinian Dg, and Ba/Ca vs [Ba]sw residuals
are summarised in Supplementary table 3. As outlined in the main text (sections 4.3 and 4.4), the strongest

observed correlations are found for stylasterids, with both temperature and dissolved silica concentrations. We

find no significant correlations between scleractinian Dsg, values and any hydrographic parameter).
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Aragonitic stylasterids

High-Mg calcitic stylasterids

Scleractinia (compiled

dataset)
Dg. Ba/Cavs Dg. Ba/Cavs Dg. Ba/Cavs
[Ba]sw [Ba]sw [Ba]sw
residuals residuals residuals
Temperature r=—20.54 r=—20.16 r=—055 r=—04 r=—015 r=—01
(°C) p<0.05 »>0.05 p>0.05 p>0.05 »>0.05 p<0.05
Dissolved silica r=0.47 r=0.14 r=0.45 r=0.33 r=—20.01 r=0.07
(umol/kg) p<0.05 »>0.05 p>0.05 »>0.05 »>0.05 p>0.05
Depth (m) r=—2~0.18 r=—045 r=—018 r=—031 r=—006 r=—0.11
p>0.05 p<0.05 »>0.05 p>0.05 p>0.05 »>0.05
pH (total scale) = 0.33 r=0.24 r=0.15 r=10.27 r=10.01 r=10.03
p>0.05 p>0.05 p>0.05 p>0.05 p>0.05 »>0.05
Salinity (psu) r=—028 p r=—0.006 r=10.34 r=0.21 r=10.03 r=10.00
>0.05 »>0.05 »>0.05 »>0.05 »>0.05 p>0.05
Oxygen r=20.39 r=10.27 r=10.08 r=10.20 r=10.07 r=10.09
(umol/kg) P <0.05 »>0.05 »>0.05 »>0.05 »>0.05 »>0.05
Phosphate r=0.10 r=—0.11 r=0.12 r=0.00 r=0.01 r=0.09
(umol/kg) »>0.05 »>0.05 »>0.05 »>0.05 »>0.05 »>0.05
Qurag, r=0.02 r=023 r=0.00 r=20.13 r=20.19 r=20.13
p>0.05 p>0.05 p>0.05 »>0.05 »>0.05 p>0.05

Supplementary table 3. Correlations between coral Dg,, and Ba/Ca vs [Ba]sw residuals, and vatious

hydrographic parameters. Relationships with p values < 0.05 and/or rvalues > 0.4 or < — 0.4 are shown in

bold. For Scleractinia, the entire compiled dataset (this study, Spooner et al., 2018; Hemsing et al., 2018) is

included in this analysis, where relevant hydrographic data were previously published. Note that some

samples from Hemsing et al. (2018) were not published with associated concentrations of dissolved oxygen,

phosphate or silica. Samples from Spooner et al. (2018) and Hemsing et al. (2018) were not published with

associated Qurg., Of catbonate system parameters to facilitate 2,4, calculation.
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Supplementary figure 9. Scleractinian Dp, values as a function of various seawater parameters. Colours and

symbols represent locations. Icelandic samples from Hemsing et al. (2018) were not published with
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associated concentrations of dissolved oxygen, phosphate or silica. Samples from Spooner et al. (2018) and
Hemsing et al. (2018) were not published with associated .z, or carbonate system parameters to facilitate

Qurag, calculation.

Finally, while genus-specific effects on Ba-incorporation into stylasterid and scleractinian corals appear to be
minimal, we find that sampling approach is an important consideration when analysing Ba/Ca ratios of the
scleractinian coral Lophelia sp., owing to the systematic offset between Ba/Ca of bulk calyx and theca only

subsamples (Supplementary figure 10; main text section 4.4).

3.01
Calyx 1
2:87 Calyx 2
26 Theca

244

Sample

Supplementary figure 10. Effect of sampling on Lophelia Dp,. Whole calyx samples are thought to
incorporate centres of calcification (COCs), which results in increased Ba-incorporation compared to theca

samples. For description of sampling, see Stewart et al. (2020a).
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6.9 Effects of hydrographic data choice

As outlined in chapter 4, the method by which ancillary hydrographic variables (e.g. temperature, dissolved
nutrient concentrations, alkalinity and DIC) are estimated in this chapter differs to that used in chapter 4,
owing to the contrasting aims and priorities of these studies. In this section, I add to the published version of

this chapter by considering the origin and implications of these methodological differences.

The differing methodologies arise because the choice of paired ancillary hydrographic data is inherently
subjective (see Supplementary figure 11). For the majority of samples, there is an inevitable degree of
mismatch between the coral collection location, depth and time, compared with that of a nearby hydrographic
measurement. Further, the “best” choice hydrographic station for a given sample is generally unclear, with
some stations closer in location to the sample, some closer in depth and others more suited in terms of their
oceanographic setting. Additionally, the closest hydrographic station may, for example, have been collected
many years prior to the coral collection event, while a hydrographic station further away could be a better
temporal match. To add further complication, not all hydrographic variables will be measured at all stations.
In particular, measurements of carbonate system parameters (i.e. alkalinity and DIC) are more rare than
measurements of dissolved nutrient concentrations, which in turn are more rare than temperature and salinity
measurements. This means that the “best” temperature measurement is often not associated with the “best”

carbonate system measurement.

o
<
%]

=3
Q
]

61°S

Latitude (decimal degrees)

Gcaan Data View

85°W

Longitude (decimal degrees)

Supplementary figure 11. Example of difficulty in choosing paired hydrographic data. Map shows Drake
Passage region of the Southern Ocean. Blue dots show all stations in the GLODAP bottle database with
alkalinity and DIC data (Lauvset et al., 2022).
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In this chapter, the ancillary hydrographic variable of most interest was seawater temperature. Thus, the first
hydrographic station chosen was that with the best available temperature measurement, and the second and
third options were chosen to characterise regional variability in ambient seawater temperature, and to ensure
constraint on all other hydrographic variables (dissolved oxygen and nutrient concentrations, alkalinity and
DIC). Conversely, chapter 4 of this thesis is concerned primarily with pairing coral geochemistry with
carbonate system parameters. Therefore, the hydrographic data chosen in that chapter are the three nearest

stations which include both alkalinity and DIC measurements.

Fortunately, comparing the results of these two approaches reveals the effect of choosing one over the other
are generally negligible. Focusing for example on temperature, pH and Qv values, these differ between the
two chapters by on average < 0.1 °C, < 0.02 pH units (total scale) and < 0.05 (note Qurg, is unitless),
respectively. Maximum (absolute) differences between the two chapters are larger, at 0.9 °C, 0.13 pH units
and 0.3, respectively. However, in all instances (aside from one sample for temperature), the temperature, pH
and Q.. estimates used in this chapter are within error of those used in chapter 4. Further, the effect of this
choice has no impact on the conclusions of this study. Firstly, the St/Ca vs temperature calibration presented

in section 6.5 is unchanged by the choice of temperature measurement (Supplementary table 4).

Temperature Gradient, m £ 2SE Intercept, c +2SE r P R?
data used
This study —0.10 0.03 11.40 0.17 —0.80 <0.05 0.64

(chapter 3) and
Stewart et al.

(2020a)

Chapter 4 and —0.10 0.03 11.42 0.19 —0.77 < 0.05 0.59
Stewart et al.

(2020a)

Supplementary table 4. Comparing the results of Sr/Ca vs temperature regressions (OLS) using tempetature
estimates in this chapter and updated estimates in chapter 4 of this thesis. Note there is no significant

difference between the two methods.

Secondly, the choice of hydrographic variables also has a negligible impact on the correlations between
ancillary hydrographic variables and both Dg, and Ba/Ca vs [Ba]sw calibration residuals (Supplementary table
5). For all variables apart from seawater pH, there is no substantial change in 7 values or to correlation

significance, and importantly the observation that stylasterid Dsg, values are most strongly correlated with
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temperature and dissolved silica concentrations is robust (and actually strengthened when using the

alternative, chapter 4 choice) (Supplementary table 5).

The only substantial difference between the two datasets is that, when using chapter 4 pH values, aragonitic
stylasterid Dg, values correlate significantly with seawater pH (Supplementary table 5). Inspecting this change
in more detail reveals that this correlation is close to significance whichever set of hydrographic data is used.
Using chapter 3 pH values results in a correlation significant at the 90 % level (» = 0.33, p = 0.09), while using
chapter 4 values results in a correlation which is (just) significant at the 95 % level (= 0.38, p = 0.05). The
actual magnitude of the effect of hydrographic data choice is thus small. Further, were chapter 4 hydrographic
data to be used here, this would have minimal impact on the findings of this chapter. High-Mg calcitic
stylasterid Dga, values and both high-Mg calcitic and aragonitic stylasterid calibration residuals do not correlate
strongly or significantly with chapter 4 seawater pH values (— 0.4 < < 0.4; p > 0.05), and temperature and
dissolved silica concentrations remain the parameters which correlate most strongly with Ba incorporation

into stylasterid skeletons (Supplementary table 5).

The findings of this chapter are therefore robust to the choice of ancillary hydrographic variables. More
broadly, this analysis displays that while choosing paired hydrographic data is inherently subjective, the
approach adopted in this thesis is robust. Since the hydrographic data used in chapter 4 is the most recently
compiled (e.g. uses the most recent GLODAP bottle database (Lauvset et al., 2022)), I recommend use of

this data for any future work.
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Aragonitic stylasterids

High-Mg calcitic stylasterids

Variable Hydrographic {DBa Ba/Ca vs [Ba] S\X) Ds. Ba/Ca vs [Ba]sw
dataset residuals residuals
Temperature Chapter 3 r=—0.54 r=—20.16 r=—0.55 r=—04
(°C) P <0.05 p>0.05 p>0.05 p>0.05
Chapter 4 r=—20.56 r=—0.17 r=—20.55 r=—0.44
p<0.05 p>0.05 p>0.05 p>0.05
A
Dissolved silica  Chapter 3 r=047 r=0.14 (r=10.45 r=0.33 |
(wmol/kg) p<0.05 p>0.05 p>0.05 »>0.05
Chapter 4 r=0.47 r=0.15 r=0.47 r=0.35
p<0.05 p>0.05 p>0.05 p>0.05
pH (total scale)  Chapter 3 r=10.33 r=10.24 r=20.15 r=1027
»>0.05 p>0.05 p>0.05 p>0.05
Chapter 4 r=0.38 r=0.35 r=—20.10 r=0.03
p <0.05 p>0.05 p>0.05 p>0.05
Salinity (psu) Chapter 3 r=—20.28 r=—20.06 r=0.34 r=0.21
»>0.05 p>0.05 p>0.05 p>0.05
Chapter 4 r=—0.28 r=—0.07 r=10.34 r=20.21
»>0.05 p>0.05 p>0.05 p>0.05
Phosphate Chapter 3 r=0.10 r=—20.11 r=0.12 r=10.00
(umol/kg) »>0.05 p>0.05 p>0.05 »>0.05
Chapter 4 r=0.13 r=—0.12 r=10.33 r=10.20
»>0.05 p>0.05 p>0.05 p>0.05
ng, Chapter 3 r=0.02 r=0.23 r=0.00 r=0.13
p>0.05 p>0.05 p>0.05 p>0.05
Chapter 4 r=10.00 r=1027 r=—0.16 r=—20.03
»>0.05 p>0.05 p>0.05 p>0.05

Supplementary table 5. The effect of using hydrographic data in chapter 4 of this thesis on correlations

between coral Dg, and Ba/Ca vs [Ba]sw tresiduals with various hydrographic parameters. Chapter 3 values

taken from Supplementary table 3. Relationships with p values < 0.05 and/ot 7 values > 0.4 or <— 0.4 are
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shown in bold. Note oxygen values not used in chapter 4, while depth values did not change, so these

variables are not included here.

7. Appendix: New coral Ba/Ca data used in this chapter

Source of Sample ID Type [Ba]sw t26 Ba/Ca t20

geochemical (nmol/kg) (rmol/mol)

data

This thesis NBP1103-DH87-5t-2-01-  Stylasterid, high-Mg 92 6 12.99 0.70
Erfe87aa calc.

This thesis NBP1103-TO104-St-4-1-  Stylasterid, high-Mg 84 5 11.06 0.12
ErfeO4ac calc.

This thesis NBP1103-DH07-St-01- Stylasterid, high-Mg 61 30 8.14 0.26
01-Erre07ad calc.

This thesis NBP0805-TB04-Stps-A-  Stylasterid, arag. 69 17 13.96 0.16
01-ErreO4ae

This thesis CE14011-03-08-Sge08aj Stylasterid, arag. 44 5 7.93 0.32

This thesis JC094-B0109-Hydls-001-  Stylasterid, arag. 41 3 7.38 0.22
Sty09am

This thesis JC094-B0480-Hydls(f)- Stylasterid, arag. 41 3 7.26 0.08
001-Sty80an

This thesis NBP1103-TO104-5t-9-6-  Stylasterid, high-Mg 84 5 11.63 0.20
Erfedas calc.

This thesis NBP1103-DH22-Stc1-01-  Stylasterid, arag. 100 15 18.08 0.38
Sde22aw

This thesis JC094-B1041-Hydlm-001-  Stylasterid, arag. 52 3 7.72 0.22
Eal41ak

This thesis JC094-B0548-Hydls/m- Stylasterid, arag. 45 3 7.71 0.09
001 to 019-Eal48aq

This thesis JC094-B0546-Hydls/m- Stylasterid, arag. 53 3 9.75 0.11
001 to 008-Adp46ap

This thesis JC094-B0541-Hydlm-001-  Stylasterid, arag. 05 3 10.80 0.12
Seb41lay

This thesis NBP1103-DH22-Stc1-01-  Stylasterid, high-Mg 100 15 12.68 0.23
Efe22ax calc.

This thesis NBP1103-TB02-St-01- Stylasterid, high-Mg 61 32 8.43 0.28

Chpo02av

calc.
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Source of Sample ID Type [Ba]sw +26 Ba/Ca t20

geochemical (nmol/kg) (pmol/mol)

data

This thesis NBP1103-TO104-St-4- Stylasterid, high-Mg 84 5 11.18 0.13
2W-Erfedar calc.

This thesis JC094-B0519-Hydlm-001  Stylasterid, arag. 51 3 9.63 0.15
to 027-Adp19ao

This thesis JR15005-Ev113-2429- Stylasterid, arag. 91 5 18.56 0.26
1129bd

This thesis JR15005-Ev39-784-1139be  Stylasterid, arag. 96 4 19.29 0.72

This thesis JR15005-Ev40-831- Stylasterid, arag. 96 4 19.41 1.37
CoV831bf

IS and JS NBP0805-TB01-EanC1 Stylasterid, arag. 61 32 11.95 0.34

IS and JS STY-1-Eanl Stylasterid, arag. 58 5 10.49 0.19

IS and JS NBP1103-DH39-5t-2-02-  Stylasterid, arag. 89 3 17.51 0.68
Ebo02

IS and JS JC094-F0184-Hydlm-001-  Stylasterid, arag. 53 3 8.29 0.35
Eal001

IS and JS JR15005-38-775-Egr775 Stylasterid, mixed 96 4 20.13 0.36

IS and JS JR15005-40-832-Egr832 Stylasterid, mixed 96 4 20.59 0.37

IS, JS and JR15005-113-2421- Stylasterid, mixed 91 5 20.55 1.53

this thesis Egr2421

IS, JS and JR15005-113-2426- Stylasterid, mixed 91 5 20.54 2.05

this thesis Egr2426

IS and JS JR15005-43-844-Ela844 Stylasterid, high-Mg 94 3 14.51 0.97

calc.

IS and JS JR15005-113-2427- Stylasterid, arag. 91 5 18.26 0.33
Sro2427

IS and JS JR15005-114-2453- Stylasterid, arag. 90 9 18.71 0.53
Sro2453

IS and JS JR15005-40-835-Sro835 Stylasterid, arag. 96 4 19.20 0.34

IS and JS NBP1103-DH54-Stp-1- Stylasterid, arag. 93 4 17.48 0.31
Sde54

IS and JS NBP1103-DH37-Stp-1-1-  Stylasterid, arag. 90 5 18.59 0.88

Sde37

123



Source of Sample ID Type [Ba]sw +26 Ba/Ca t20

geochemical (nmol/kg) (pmol/mol)

data

IS and JS NBP1103-DH40-Stp-1-1-  Stylasterid, arag. 89 5 16.58 0.30
Sde40

IS and JS NBP1103-DH88-Stp-1-1-  Stylasterid, arag. 97 11 17.85 0.70
Sde88

IS and JS NBP0805-TB04-Dp-A- Stylasterid, arag. 69 17 12.96 0.23
001-Sde001

IS and JS DY081-52-339-26-1141-  Stylasterid, arag. 38 3 8.59 0.15
Sgr1141

IS and JS JC136-1901-sp-1Sbr1901  Stylasterid, arag. 47 7 8.17 0.47

IS and JS JC136-3712-sp-1-Sib3712  Stylasterid, arag. 47 7 7.95 1.50

This thesis DY081 STN36 ROV335  Scleractinia, arag. 38 3 7.49 0.27
EV53-985

This thesis DY081 STN36 ROV335-  Scleractinia, arag. 38 3 8.46 0.11
EV33-0948

This thesis DY081 STN36 ROV335  Scleractinia, arag. 38 3 7.57 0.27
EV72-612

This thesis DY081 STN36 ROV335 Scleractinia, arag. 38 3 8.14 0.09
EV53-0917

]S NBP1103-DH14-Bpalive-  Scleractinia, arag. 70 17 14.74 0.39
1

]S DY081-005-ROV327- Scleractinia, arag. 50 9 8.91 0.30
Ev051-190-97-Car

]S DY081-005-ROV327- Scleractinia, arag. 48 3 9.62 0.56
Ev072-190-6-Car

]S DY081-005-ROV327- Scleractinia, arag. 47 3 10.01 0.38
Ev074-190-85-Car

JS DY081-013-ROV331- Scleractinia, arag. 47 11 9.54 0.53
Ev011-193-469Car

]S DY081-036-ROV335- Scleractinia, arag. 38 3 9.64 0.17
Ev017-202-988Car

JS DY081-052-ROV339- Scleractinia, arag. 38 3 8.65 0.20

Ev015-210-1103Car
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Source of Sample ID Type [Ba]sw +26 Ba/Ca t20

geochemical (nmol/kg) (pmol/mol)

data

]S DY081-052-ROV339- Scleractinia, arag. 38 3 9.88 0.45
Ev017-210-1135Car

JS DY081-013-ROV331- Scleractinia, arag. 47 8 9.81 0.17
Ev005-193-471Car

JS DY081-036-ROV335- Scleractinia, arag. 38 3 7.59 0.17
Ev045-202-921Car

]S JC094-15-EBA-ROV227-  Scleractinia, arag. 56 4 10.82 0.34
SLP46-B0018-Carlm-001

JS JC094-21-EBB-ROV228-  Scleractinia, arag. 55 3 10.35 0.18
SLP28-B1206-Carlm-001

]S JC094-21-EBB-ROV228-  Scleractinia, arag. 55 3 9.90 0.37
SLP30-B1256-Carls-001

]S JC094-21-EBB-ROV228-  Scleractinia, arag. 55 3 10.29 0.18
SLP34-B1264-Carlm-001

JS& JC094-21-EBB-ROV228-  Scleractinia, arag. 55 3 9.98 0.86

Hemsing et SLP44-B1584-Carls-001

al. (2018)

JS JC094-33-VEM- Scleractinia, arag. 52 3 11.37 0.20
ROV231-SLP67-B1010-
Carlm-001

JS JC094-4-EBA-ROV222- Scleractinia, arag. 56 6 10.74 0.41
SLP-SCP-NET2-F0001-
Carlm-001

]S & JC094-5-EBA-ROV223-  Scleractinia, arag. 47 11 10.34 0.75

Hemsing et SLP9-B0244-Carls-001

al. (2018) &

Spooner et al.

(2018)

JS & Spooner  JC094-5-EBA-ROV223-  Scleractinia, arag. 47 11 10.58 0.31

et al. (2018) SLP9-B0245-Carls-001

JS & Spooner  JC094-7-EBA-ROV224- Scleractinia, arag. 55 3 10.59 0.18

et al. (2018)

SLP48-B0561-Carlm-001
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Source of Sample ID Type [Ba]sw +26 Ba/Ca t20

geochemical (nmol/kg) (pmol/mol)

data

JS & Spooner  JC094-7-EBA-ROV224- Scleractinia, arag. 55 3 10.90 0.35

et al. (2018) SCP49-B0579-Carlm-001

JS NBP1103-TB02-Cp-1 Scleractinia, arag. 61 32 13.21 0.51

MLCF JR15005-Ev114R-2911 Scleractinia, arag. 90 9 19.37 0.22

MLCF JR15005-Ev32-606 Scleractinia, arag. 93 3 20.13 0.23

MLCF JR15005-Ev113-2428-2 Scleractinia, arag. 91 5 19.08 0.60

]S DY081-036-ROV335- Scleractinia, arag. 38 3 7.88 0.57
Ev052-202-914DD-Lrg

JS DY081-005-ROV327- Scleractinia, arag. 49 3 8.56 0.15
Ev0066-190-39Dia

]S DY081-007-ROV328- Scleractinia, arag. 47 10 8.23 0.15
Ev006-191-139Dia

]S DY081-050-ROV338- Scleractinia, arag. 38 3 7.73 0.14
Ev014-208-1182Dia

JS DY081-050-ROV338- Scleractinia, arag. 37 3 7.48 0.18
Ev018-209-1228Dia

]S DY081-008-ROV329- Scleractinia, arag. 47 12 8.19 0.32
Ev061-192-445Dia

JS DY081-013-ROV331- Scleractinia, arag. 45 10 9.22 0.36
Ev023-194-473Dia

JS NBP1103-DH17- Scleractinia, arag. 100 15 17.26 0.31
Dpalive-fragments

JS CINMSDesmo-019.1 Scleractinia, arag. 44 9 8.21 0.23

]S CINMSDesmo-026.1 Scleractinia, arag. 44 9 7.68 0.33

JS & Spooner  JC094-15-EBA-ROV227-  Scleractinia, arag. 55 3 10.82 0.72

et al. (2018) ARM38-B0141-Enall-001

]S JC094-15-EBA-ROV227-  Scleractinia, arag. 55 3 9.77 0.36
ARM?38-B1585-Enals-002

JS JC094-21-EBB-ROV228-  Scleractinia, arag. 55 3 9.80 0.24
ARM33-B0027-Enall-001

JS JC094-33-VEM- Scleractinia, arag. 52 3 9.76 0.18

ROV231-ARM21-B0510-
Enall-001
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Source of Sample ID Type [Ba]sw +26 Ba/Ca t20

geochemical (nmol/kg) (pmol/mol)

data

]S JC094-33-VEM- Scleractinia, arag. 52 3 9.57 0.61
ROV231-SLP9-B1004-
Enals-001

]S JC094-42-VEM- Scleractinia, arag. 53 3 9.16 0.19
ROV233-ARM79-B0089-
Enall-001

JS & Spooner  JC094-48-VAY-ROV236-  Scleractinia, arag. 53 3 10.96 0.38

et al. (2018) SLP11-B1044-Enalm-001

JS JC094-56-GRM- Scleractinia, arag. 52 3 9.04 0.16
ROV239-SLP10-B1492-
Enall-001

JS DY081-007-ROV328- Scleractinia, arag. 47 12 11.46 0.25
Ev015-116Flab

]S DY081-007-ROV328- Scleractinia, arag. 47 12 9.45 0.17
Ev017-138Flab

JS DY081-008-ROV329- Scleractinia, arag. 47 10 9.36 0.17
Ev011-422Flab

JS DY081-008-ROV329- Scleractinia, arag. 47 11 10.10 0.18
Ev024-453Flab

JS DY081-008-ROV329- Scleractinia, arag. 47 12 10.54 0.25
Ev043-406Flab

JS DY081-008-ROV329- Scleractinia, arag. 47 12 10.49 1.33
Ev047-426Flab

JS DY081-008-ROV329- Scleractinia, arag. 47 12 11.75 0.21
Ev056-386Flab

]S DY081-013-ROV331- Scleractinia, arag. 47 8 9.64 0.35
Ev004-539Flab

JS JC094-15-EBA-ROV227-  Scleractinia, arag. 50 12 12.55 2.62
SLP59-B0020-Flall-001

JS JC094-48-VAY-ROV236-  Scleractinia, arag. 51 3 11.57 0.30
SLP51-B1042-Flalm-001

JS NBP1103-DH07-Flab-0 Scleractinia, arag. 61 30 16.39 1.58
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Source of Sample ID Type [Ba]sw +26 Ba/Ca t20

geochemical (nmol/kg) (pmol/mol)

data

]S NBP1103-DH14-Fpalive-  Scleractinia, arag. 70 17 13.48 0.24
5

JS NBP1103-DH16-Fpalive-  Scleractinia, arag. 91 12 20.30 0.56
2

MLCF JR15005-Ev80-1662 Scleractinia, arag. 90 6 21.74 0.24

MLCF JR15005-Ev44-901 Scleractinia, arag. 94 3 21.78 0.25

MLCF JR15005-Ev63-1221 Scleractinia, arag. 91 6 24.45 0.28

MLCF JR15005-Ev91-1875 Scleractinia, arag. 91 8 20.68 1.41

MLCF JR15005-Ev79-1593 Scleractinia, arag. 90 6 21.10 0.57

MLCF JR15005-Ev105-2205 Scleractinia, arag. 94 3 19.64 0.31

MLCF JR15005-Ev33-674 Scleractinia, arag. 93 3 21.29 0.55

MLCF JR15005-Ev23-451 Scleractinia, arag. 93 4 21.08 0.83

MLCF JR15005-Ev95-2080 Scleractinia, arag. 94 3 22.57 1.12

]S DY081-031-ROV333- Scleractinia, arag. 37 3 7.57 0.09
Ev032-201-583-Loph

JS DY081-031-ROV333- Scleractinia, arag. 37 3 7.51 0.08
Ev033-201-570-Loph

JS DY081-031-ROV333- Scleractinia, arag. 37 3 7.56 0.09
Ev035-201-630-Loph

]S DY081-031-ROV333- Scleractinia, arag. 37 3 7.51 0.08
Ev037-201-590-Loph

JS DY081-034-ROV334- Scleractinia, arag. 37 3 7.68 0.09
Ev004-202-678-Loph

]S DY081-036-ROV335- Scleractinia, arag. 38 3 7.86 0.09
Ev030-202-933-Loph

]S CINMSLoph-005 Scleractinia, arag. 51 15 9.43 0.11

]S CINMSLoph-043 Scleractinia, arag. 45 8 7.54 0.08

JS CINMSLoph-045 Scleractinia, arag. 50 13 8.95 0.10

JS CINMSLoph-001 Scleractinia, arag. 47 11 8.69 0.15

]S CINMSLoph-002 Scleractinia, arag. 44 9 6.97 0.08

JS CINMSLoph-004 Scleractinia, arag. 45 8 8.30 0.09

JS CINMSLoph-014 Scleractinia, arag. 50 13 9.08 0.10

JS CINMSLoph-024 Scleractinia, arag. 44 9 7.76 0.14
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Source of Sample ID Type [Ba]sw t206 Ba/Ca t20

geochemical (nmol/kg) (pmol/mol)

data

]S CINMSLoph-018 Scleractinia, arag. 44 9 7.44 0.08
MLCF JR15005-Ev142-2965 Scleractinia, mixed 91 6 19.90 0.75

Supplementary table 6. New coral Ba/Ca data used in this chapter. Ba/Ca given as the average of all
replicates with Fe/Ca < 40 pmol/mol, cotrected for analytical offsets. Corals which had no teplicates with
Fe/Ca < 40 umol/mol are not included here. For full geochemical data and metadata of all samples —
including those compiled from published sources - the reader is referred to the published version of this
chapter, where all data is freely available online (Kershaw et al., 2023;
https://doi.org/10.1016/j.chemgeo.2023.121355). As outlined in the Contributions and acknowledgements
at the start of this chapter, multiple coauthors contributed geochemical data to this thesis. These
contributions are listed here, using the following abbreviations: JS (Joseph A. Stewart), IS (Ivo Strawson) and
MILCF (Maria Luiza de Carvalho Ferreira). The 7 samples also measured by Hemsing et al. (2018) and
Spooner et al. (2018) are also indicated, coral Ba/Ca quoted here as the average of all available replicates,
corrected for analytical offsets (see section 2.5 and supplementary information (section 6.3) for details). I was
responsible for compilation of all [Ba]sw data. Errors in [Ba]sw represent the larger of either a representative
analytical uncertainty (+ 3 nmol/kg) or variability between 3 neatest measurements (2 standard deviations).
Etrors in Ba/Ca represent the larger of the analytical uncettainty or vatiability between sample replicate

analyses (2 standard deviations).
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| Introduction

Subsurface ocean pH varies as a function of a number of climatically-relevant parameters, including biological
productivity, carbon remineralisation, ocean circulation patterns and ocean-atmosphere gas exchange (e.g. Feely
et al., 2004; Lauvset et al., 2020). Reconstructing changes in ocean pH throughout Earth’s history can therefore
provide valuable constraints on the causes of coeval shifts in Farth’s climate, and contribute to our
understanding of links between the global ocean and the wider earth system. To this end, the boron isotopic
composition of marine biogenic carbonates has been developed as a tool for reconstructing ocean pH, and
applied in a variety of contexts (e.g. Hemming and Hanson, 1992; Sanyal et al., 1995; Honisch et al., 2008; Rae
et al., 2014; Martinez-Boti et al., 2015; Sosdian et al., 2018; Rae et al., 2018; Shao et al., 2019; Shuttleworth et
al., 2021).

The premise of the boron isotope-pH proxy has been widely discussed elsewhere (e.g. Hemming and Hanson,
1992; Foster and Rae, 20106). Briefly, the boron isotopic composition of a given material can be defined as the
ratio of the two stable boron isotopes (1'B, 80 % abundance, and 9B, 20 % abundance) in the material,
compared with the standard reference material NIST SRM 951 (Foster, 2008):

11p 11p
T05) ~\T0p
< B)JICIB( B>NIST951 X 1000 (1)

Tog )
( B/NisT951

8B, (%0) =

In seawater, boron occurs in two dominant forms: boric acid (B(OH)3) and the borate anion (B(OH)47). The

relative concentration of these two species depends on the pH-dependent equilibrium (Figure 1):
B(OH); + 2H,0 = B(OH); + H;0* (2)

There is also a substantial boron isotopic fractionation between B(OH); and B(OH)4—, resulting in "B being
more abundant in B(OH)s (Figure 1; Klochko et al., 20006). Together, the pH-dependence of boron speciation
and isotopic offset between the major boron species results in the 8''B of both B(OH)3 and B(OH)4~ (hereafter
3" Bhoric and 8!"Brorate, tespectively) exhibiting a strong dependence on seawater pH (Figure 1). For B(OH)4,
this pH-dependence is given by the following equation:

8 Bgy + 10PK6~PH x (§11Bgy, —10° X (ap — 1))

11 =
6 Bporate = 1+ ap ¥ 10pK§—pH (3)

(following Zeebe and Wolf-Gladrow, 2001, where: 8''Bsw = boron isotopic composition of seawater (39.61
%o; Foster et al., 2010); ap = fractionation factor between the borate anion and boric acid (1.0272; Klochko et

al., 2006); pKs" = pressure, temperature and salinity-specific equilibrium constant).
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Figure 1. a. Concentration and b. 8''B of B(OH); and B(OH)4~, both as a function of seawater pH.
Calculations follow Zeebe and Wolf-Gladrow (2001), using 8!"Bsw and o as outlined in the text, with pKg*

= 8.79 (average paired with corals in this study).

When marine calcifying organisms (e.g. foraminifera and corals) build carbonate skeletons, the elements present
in seawater can be incorporated into the carbonate lattice, with their concentration and isotopic signature
controlled by seawater composition, environmental conditions, the principles of crystal formation, and
biological mediation of the calcification process (e.g. Gaetani and Cohen, 2006; Gagnon et al., 2007,
Anagnostou et al., 2012; Marchitto et al., 2018). In the case of boron, it is thought that the charged B(OH)4~ is
dominantly incorporated into the carbonate lattice in the place of the CO3*~ ion (e.g. Hemming and Hanson,
1992; Sen et al.,, 1994; Hemming et al., 1995, although see Rollion-Bard et al., 2011; Noireaux et al., 2015;
Branson, 2018; Farmer et al., 2019 for possible exceptions). Thus, marine carbonate 8''B should reflect the
8" Bporate in the fluid from which that carbonate formed, allowing the pH of this fluid to be inferred. Since
calcification fluids are derived from seawater, this in turn permits the use of marine biogenic carbonate 3'"B to

reconstruct past changes in ocean carbonate chemistry.

A variety of marine calcifying organisms have been studied as archives of seawater pH, including foraminifera
(e.g. Spivack et al., 1993; Sanyal et al., 1995; Sanyal et al., 1996; Rae et al., 2011; Henehan et al., 2013), surface
corals (e.g. Honisch et al., 2004; Pelejero et al., 2005; Wei et al., 2009; Trotter et al., 2011) and azooxanthellate
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(also referred to as deep sea or cold water) corals (e.g. Anagnostou et al., 2012; McCulloch et al., 2012; Stewart et
al., 2016; Rae et al., 2018). Here, I focus on azooxanthellate corals, with their wide-ranging depth habitat and
geographic distribution making them ideal targets for reconstructing changes in the pH of the ocean’s interior.
Most previous work has focused on applying boron isotopic techniques to azooxanthellate scleractinian corals,
based on the observation that their skeletal 5!'B varies linearly with 8"'Bpome (e.g. Anagnostou et al., 2012;
McCulloch et al., 2012; Stewart et al., 2016). Importantly, scleractinian coral skeletons can be accurately and
precisely dated by U-series techniques, allowing temporal reconstruction of ocean pH through time (e.g. Cheng
et al., 2000; Rae et al., 2018). Furthermore, other aspects of scleractinian skeletal geochemistry can be utilised
to develop an holistic understanding of changes in ocean conditions/processes, including seawater temperature,
primary productivity, and ocean circulation patterns (e.g. Van De Flierdt et al., 2010; Anagnostou et al., 2011;

Hemsing et al., 2018; Spooner et al., 2018; Stewart et al., 2020b; chapter 3).

Despite the success of using scleractinian coral 8!'B to reconstruct changes in ocean pH, studies measuring
31B of other azooxanthellate coral skeletons are rare. While boron isotopic data has been published for some
octocorals (e.g. Corallium in McCulloch et al. (2012) and bamboo corals in Farmer et al. (2015)), the boron
isotopic composition of stylasterid coral skeletons has remained — until recently — entirely unexplored.
However, in a preliminary study, it was recently shown that stylasterid skeletal 3!'B falls close to equilibrium
with 8" Bporace, raising the possibility that stylasterids could be utilised as a new archive of past ocean pH (Stewart
et al,, 2022). Stylasterid 8''B could be a particularly powerful tool when combined with other aspects of
stylasterid geochemistry, given that stylasterid Li/Mg and 8180 record ocean temperature (Samperiz et al., 2020;
Stewart et al., 2020b), stylasterid Ba/Ca correlates with the circulation and productivity-sensitive [Ba]sw (chapter
3), and stylasterid A*C can record changes in seawater radiocarbon age (King et al., 2018). However, the small
range of 8""'Bporace (i.€. seawater pH conditions) and limited number of stylasterid taxa represented by the sample

set in Stewart et al. (2022) currently preclude quantitative assessment of their potential utility in this regard.

This initial study of stylasterid 8''B also provided valuable insight into coral calcification mechanisms, and the
controls on the boron isotopic composition of coral carbonate (Stewart et al., 2022). Scleractinian corals calcify
from a partially-enclosed calcifying fluid, the pH of which is increased by the coral to promote biomineralisation
(e.g. Al-Horani et al., 2003). Azooxanthellate scleractinian coral 8''B records the signature of this biologically-
mediated pH upregulation, and is significantly heavier (i.e. more positive) than 8''Bporae MMcCulloch et al., 2012;
Anagnostou et al., 2012). Further, intra-skeletal variations in scleractinian 8''B have contributed to the
identification of discrete skeletal elements, including rapidly precipitated Centres of Calcification (CoCs) (e.g.

Blamart et al., 2007; Stewart et al., 2016; Jurikova et al., 2019).
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Conversely, the finding that stylasterids have 8''B in equilibrium with 3" Bpore suggests either that stylasterid
corals do not employ a pH upregulation strategy to the same degree as that in scleractinian corals, or that the
boron isotopic composition of stylasterid carbonate is decoupled from calcifying fluid pH (Stewart et al., 2022).
If the former is true, stylasterids must rely on alternative means to build their skeletons, perhaps using organic
molecules to catalyse carbonate mineralisation (e.g. Drake et al., 2013; Mass et al., 2013; Von Euw et al., 2017).
Alternatively, a coupled modelling and geochemical approach has shown that, in the presence of pH
upregulation in the calcifying fluid, boric acid diffusion across calcifying fluid membranes can equilibrate
calcifying fluid 8" Bporae With seawater 6!'Bporaee, partially or wholly masking the signature of pH upregulation
in coral 8"'B (Gagnon et al., 2021). This provides a potential mechanism by which stylasterids could employ
some form of pH upregulation, and may be supported by correlated variability in stylasterid subsample B/Ca,
U/Ca and 8!"B (Stewart et al., 2022). However, the existence and magnitude of stylasterid pH upregulation
remains an open question, with important implications for the energetic cost of stylasterid calcification, and
their resilience to future changes in ocean conditions (Guinotte et al., 2006; McCulloch et al., 2012; Gagnon et
al., 2021). The vulnerability of deep-sea corals such as stylasterids is of particular concern, since these organisms
form vital components of marine ecosystems by providing habitats for a wider range of species (e.g. Roberts

and Cairns, 2014).

Comparing stylasterid and scleractinian coral 8''B suggests marked differences in the calcification strategies of
these two coral groups. This notion is supported by the fact that stylasterids can calcify from aragonite, high-
Mg calcite or a mixture of both carbonate polymorphs (Cairns and Macintyre, 1992; Samperiz et al., 2020). This
feature of their biomineralisation strategy is thought to be unique amongst coral groups, with scleractinian
corals calcifying almost exclusively from aragonite (a notable exception to the rule being the mixed mineralogy
Paraconotrochus sp. (Stolarski et al., 2021)). The variability in stylasterid skeletal mineralogy is not only of interest
in biomineralisation contexts, but can also be utilised to study the mineralogical controls on elemental and
isotopic incorporation into biogenic carbonates (e.g. chapter 3). In the case of 8''B, a number of abiogenic
laboratory experiments have found differences between the 8''B composition of synthetic aragonite and calcite,
with calcite often found to have heavier 8!'B than 8""'Bpore (e.g. Noireaux et al., 2015; Farmer et al., 2019;
Henehan et al., 2022). The origin of these differences remains contentious (e.g. compare Farmer et al.,, 2019
and Henehan et al., 2022), and may be difficult to identify in natural carbonates because abiogenic mineralogical
effects can be overprinted by between-taxa variability in the degree of biologically-mediated pH upregulation
(e.g. see comparison of Scleractinia and Corallinm in McCulloch et al., 2012). Conversely, intra-genus variability
in stylasterid mineralogy provides a unique opportunity to perform a phylogenetically-controlled study on

boron incorporation mechanisms into biogenic aragonite and high-Mg calcite.
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Stylasterid 5!'B thus has potential to inform on the development of 8"'B-pH proxies, coral biomineralisation
mechanisms and the mineralogical controls on boron incorporation into marine carbonates. As outlined above,
our current understanding of stylasterid 8''B is based on a relatively small number of samples from a narrow
range of ocean conditions (n = 17; 14.7 < 8""Bporate (%0) < 16.4; 0.9 < Qyrag. < 2.0; Stewart et al., 2022), inhibiting
complete assessment of some of these themes. To address this knowledge gap, 1 present a significantly
expanded dataset of aragonitic (n = 40 new samples) and calcitic (n = 8 new samples) stylasterid 3!'B
measurements, paired with trace elemental ratios (Li/Ca, Mg/Ca, Li/Mg, B/Ca, Na/Ca, St/Ca, Ba/Ca and
U/Ca). I explore the differences between aragonitic and high-Mg calcitic stylasterid 8!'B, and use stylasterid
samples from a wide range of locations, species and ocean conditions (13.3 < 8"Bporare (%0) < 18.6; 0.5 < Qo
< 3.7) to investigate their utility as archives of seawater 8!'Bporare, as well as providing new insights into their

biocalcification mechanism.
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Figure 2. Map showing coral locations from this study (triangles) and Stewart et al. (2022) (stars) overlain on
pH at 600 m water depth (average depth of coral collection sites in the compiled dataset). pH was calculated
in Ocean Data View software (Schlitzer, 2023) using alkalinity and DIC pairs from the GLODAP bottle
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database (Lauvset et al., 2022). *Samples from starred locations not included in 8'"'B vs 3!!Bporac calibrations
owing to lack of proximal carbonate system data. Map created using QGIS, pH surface generated using IDW

interpolation.

2 Methodology
2.1 Coral samples

Forty-eight stylasterid corals were collected alive (with associated organic tissue) or in pristine condition from
the locations shown in Figure 2. Samples were collected during expeditions to the Drake Passage region of the
Southern Ocean (R/V Nathaniel B. Palmer 0805 and 1103), the South Orkney Islands (RRS James Clark Ross
15005), the equatorial Atlantic (RRS James Cook 094), New Caledonia (R/V A/is KANADEEP 1 and
SPANBIOS 2021; accessed via le Muséum national d’Histoire naturelle in Paris), the northeast Atlantic (R/V
Celtic Explorer 14011), the Florida Straits (R/V Seward Johnson 2007) and the north Pacific (F/V Alaska Provider
201601; F/ 1V Alaskan 1eader 202001; accessed via the NOAA Alaska Deep-Sea Coral and Sponge Initiative).
Additional samples were provided from a range of low latitude locations (between 30 °N and 30 °S; Great
Barrier Reef, Vanuatu, Caribbean Sea, Onotoa Atoll, Bahamas) by the Smithsonian National Museum of

Natural History.

Samples include both aragonitic (n = 40 individuals; Adelopora sp., Conopora sp., Cyclobelia sp., Errina sp., Errinopsis
sp., Inferiolabiata sp., Stephanohelia sp., Stylaster sp.) and high-Mg calcitic (n = 8 individuals; Cheiloporidion sp.,
Errinopora sp., Errinopsis sp.) stylasterid genera. Sample mineralogy was either directly measured or inferred using
a combination of x-ray diffraction, trace element geochemistry and published records (following procedure in

chapter 3; Cairns and Macintyre, 1992; Samperiz et al., 2020).
2.2 Combination with previous work and additional measurements

The 48 coral samples measured for the first time in this work were combined with an initial dataset based on
17 stylasterid samples (Strawson, 2019; Stewart et al., 2020b; Stewart et al., 2022). Li/Ca, Mg/Ca and Sr/Ca
ratios for this initial sample set were published in Stewart et al. (2020b), B/Ca, U/Ca and 8''B in Stewart et al.
(2022), and Ba/Ca ratios in Strawson (2019) and chapter 3 of this thesis. For 7 corals in this initial dataset,
stylasterid apical tips (see section 2.3) wete previously measured for their element/Ca ratios, although these
data are as yet unpublished and were not discussed in Strawson (2019) or subsequent publications (Stewart et
al., 2020b; Stewart et al., 2022). These data are included here, along with paired boron isotopic values for these
tip samples, which were measured as part of this thesis. The origin of apical tip data is included in the appendix

(section 7; Supplementary table 3).
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2.3 Sample preparation

Samples were air dried immediately after collection (or after accessing from ethanol storage in museum
collections), and remaining organic material removed by physical scraping. Bulk skeletal samples were obtained
for all corals, taken in duplicate where the sample was sufficiently large (n = 43 corals sampled in duplicate; n
= 5 corals represented by 1 bulk sample only). Pieces of coral were cut using a handheld dremmel tool from
the primary branch of each specimen where possible (following Samperiz et al., 2020; Stewart et al., 2020b).
Large (i.e. 50 to 500 mg) pieces were taken to reduce the effects of intraskeletal variability, which has been
shown to influence deep-sea coral element/Ca ratios (e.g. Gagnon et al., 2007) and boron isotopic values (e.g.
Stewart et al., 2016; Fietzke and Wall, 2022). Furthermore, apical branch tips were avoided when taking bulk
samples, since their 3180 and 8'3C composition suggests they are geochemically distinct from bulk samples,
likely owing to faster growth rates at branch tips than the rest of the stylasterid skeleton (Samperiz et al., 2020).
Instead, these apical tips were sampled separately where possible, again using a handheld dremmel tool (n = 19

corals). Sampling methods are summarised in Figure 3.

After cutting, visual contaminant phases were removed by physical abrasion, and samples crushed to small
grains using a pestle and mortar. An ~ 5 mg aliquot of each powdered sample (for smaller tip samples, amount
was often < 2 mg) was cleaned using standard oxidative cleaning techniques for boron isotope analysis (adapted
from Barker et al., 2003; Ni et al., 2007). The full cleaning procedure is outlined in chapter 2. Briefly, samples
wete treated with a warm (80 °C) oxidising solution consisting of 1 % H>O» buffered by 0.1 M NH4OH for 15
minutes. Samples were then rinsed, transferred to an acid-cleaned plastic vial, and subjected to a weak acid leach

(0.0005 M HNO:s3) before dissolution in distilled 0.5 M HNO:s.
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Figure 3. Example of live S#epbanobelia sp. sample showing sampling strategy, including separate sampling of
apical branch tips. Note this sample was not used directly in this study, but is extremely similar (same species,

collection location, collection depth and gross morphology) to sample MNHN-IK-2015-3403.

2.4 Analytical techniques

Element/Ca ratios and boron isotopic values were measured following the analytical procedutes outlined in
detail in chapter 2. Briefly, Li/Ca, B/Ca, Na/Ca, Mg/Ca, St/Ca, Ba/Ca and U/Ca ratios were measured at the
University of Bristol using a Thermo-Element ICP-MS. Intensities of 7Li, 1B, 2Na, Mg, 43Ca, 8St, 138Ba and
28U were measured in samples, blanks and a well-characterised gravimetric bracketing standard to derive
element/Ca ratios for each coral sample. Na/Ca ratios were not measured for all samples and so are not
discussed in detail here, but are included for brief discussion in section 4.1.3. Analytical reproducibility was
assessed using repeat measurements of reference materials NIST RM 8301 (Coral) (Stewart et al., 2020a) and
JCp-1 (Hathorne et al., 2013) and was better than 2 % (RSD; 2 o) for all ratios (chapter 2). Accuracy was
assessed using NIST RM 8301 (Coral), and long-term average values for all elements differed from published
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values by < 3 %. Values were adjusted by the correction factors outlined in chapter 2 to facilitate direct

comparison with previous work (Strawson, 2019; Stewart et al., 2020b; Stewart et al., 2022).

Boron isotope values were derived by first passing a small aliquot of each dissolved sample through
microcolumns containing Amberlite IRA 743 anionic exchange resin to separate boron from the carbonate
matrix (Foster, 2008). Boron isotope values were then measured on this purified fraction using established
Multi-Collector ICP-MS techniques at the University of Bristol, reported relative to NIST SRM 951 (chapter 2;
Foster, 2008; Rae et al., 2018). Analytical reproducibility and accuracy were assessed by repeat measurements
of NIST RM 8301 (Coral). Reproducibility was assessed separately for the each of 2 measurement periods
represented here, with measurements between October 2019 and August 2021 yielding an average value of
2427  0.33 %o (n = 15; 2 0) and measurements between June 2022 and February 2023 an average value of
24.11 £ 0.16 %o (n = 19; 2 6) (see Chapter 2, section 4.2.2 for detailed discussion). Coral samples were assigned
the relevant analytical uncertainty for the period they were measured in. Measurements in both periods are in
good agreement with both the interlaboratory consensus value (Stewart et al., 2020a) and the value reported
for the previously published stylasterid dataset used in this compilation (24.27 £ 0.16 %eo; Stewart et al., 2022).
Procedural blanks were also monitored, and were typically small (average 47 pg, n = 20). Implied blank
corrections using the long term average procedural blank 8""B (— 8 £ 31 %o; 2 6) were < 0.12 %o for all samples
aside from one replicate of calcitic sample ErfeO4ac (implied correction + 0.28 %o). Owing to the small
magnitude of blank correction and large uncertainty in procedural blank isotope ratios, I chose not to correct

sample 8'"B for this effect, which in practise has no impact on the conclusions of this study.
2.5 Hydrographic data

Ambient seawater temperature, salinity, nutrient concentrations (dissolved phosphate and silica), alkalinity and
dissolved inorganic carbon (DIC) were estimated at coral collection sites using co-located Remotely Operated
Vehicle (ROV) or Conductivity, Temperature and Depth (CTD) cast measurements if available, or GLODAP
bottle data (Lauvset et al., 2021; Lauvset et al., 2022; tabulated in Supplementary table 4). Coral samples from
sites represented in Stewart et al. (2022) were paired with the same hydrographic data as that study, to ensure
consistency. Each coral sample from a new site was matched with the closest available hydrographic station at
which alkalinity and DIC were both measured, with two further stations containing alkalinity and DIC
measurements used to characterise variability in local seawater conditions. Where nutrient measurements were
reported in units of pmol/L, an appropriate seawater density (based on measured salinity and assuming a 20 °C
laboratory temperature) was used to convert to units of pmol/kg. Hydrographic data for 20 samples were
published previously (chapter 3; Kershaw et al., 2023), without the requirement that all three stations had

independent alkalinity and DIC measurements. Therefore, paired hydrographic data presented here differ for
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some samples. Encouragingly, using the new hydrographic data compiled here does not change the

interpretations in the previous study (see chapter 3).

Finally, 4 corals were not paired with the full range of hydrographic conditions, because these samples were
taken from shallow (< 25 m), carbonate reef environments, which can experience high-amplitude, daily and
seasonal fluctuations in environmental conditions including pH and Q. (e.g. Kline et al., 2015; DeCatlo et al.,
2017). Including these samples in the 8!"Beoral VS 8" Bpore calibration was therefore considered to be too
uncertain, however these samples are used in all plots or calculations presented here which do not require
estimation of ambient seawater conditions, and are discussed in more detail in section 3.1 and the

supplementary information (section 6.1).
2.6 Calculating carbonate system parameters

Hydrographic data were then used to calculate carbonate system parameters including pH (total scale) and

. . _ [ca?*]x[co37] . .
aragonite saturation state (Qarg. = K—*> using the seacarb package in R (Gattuso et al., 2022). Input
sp
parameters were alkalinity and DIC, with dissociation constants of carbonate (Ki and K3) taken from Lueker et
al. (2000), dissociation constants of HSO4~ from Dickson (1990) and the boron/salinity ratio from Lee et al.
(2010). Variability in pH at coral collection sites averaged * 0.06 pH units (2 o of three nearest estimates) with

a maximum variability of = 0.14 pH units.

The boron isotopic composition of the borate anion in seawater was calculated using equation 3, following
Zeebe and Wolf-Gladrow (2001), using a boron isotopic composition of seawater (8''Bsw) = 39.61 %o (Foster
et al., 2010), and a fractionation factor between borate ion and boric acid (ag) = 1.0272 (Klochko et al., 2000).
Some recent studies have advocated for the use of ap = 1.026 (e.g. Nir et al., 2015; Henchan et al., 2022). The
effects of the choice of ap value are outlined in the supplementary information (see section 6.2). Temperature,
salinity and pressure-dependent values of pKp* were calculated in seacarb. Uncertainty in 8"'Bporae Was assessed
using variability between the three nearest hydrographic stations for each coral and averaged £ < 0.5 %o (2 o)

with a maximum value of = 1.9 %o (2 o) for corals collected from the site in the Florida Straits.

K and K; values from Lueker et al. (2000) ate strictly only valid at temperatures > 2 °C. Therefore, for the small
number of samples from temperatures < 2 °C in this dataset, the chosen formulation for calculating the
carbonate system is technically invalid. In particular, the approach used here could be modified to use Ki and
K5 values which are valid at temperatures < 2 °C (Papadimitriou et al., 2018; Sulpis et al., 2020). Indeed, a vast
array of possible combinations of acid dissociation constants exist, each with its own merits, with little

consensus as to which combination is most appropriate (Woosley, 2021). For instance, while the constants in
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Papadimitriou et al. (2018) are valid at temperatures < 2 °C, these constants were designed for use on sea-ice
brines, which likely differ significantly in their composition and salinity to seawater. To test for the implications
of using different acid dissociation constants in this study, I compare 8!'Bporae values calculated using Ki and
K values from Lucker et al. (2000) (L2000 in Figure 4) and Sulpis et al. (2020) (52020 in Figure 4). The two
methods of estimation diverge as temperature decreases, reaching at most 0.16 %o difference, and using
constants from Lueker et al. (2000) results in lower 8!'Bpome than using constants from Sulpis et al. (2020)
(Figure 4). These differences are not insignificant and indeed exceed estimates of regional variability for some
samples. However, for all samples the difference between the two approaches is far smaller than the average
regional variability in 8" Bporaee, and small enough that in practise, the choice of dissociation constants makes
no difference to the conclusions of this study. Therefore, I use constants from Lueker et al. (2000), which is
consistent with current suggestions for best practise (e.g. Dickson et al., 2007; Woosley, 2021) and also with

previous work (e.g. Stewart et al., 2022).
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Figure 4. Difference between 8!"Bporate paired with each coral sample, calculated using dissociation constants

Ki and K from Lueker et al. (2000) (.2000) and Sulpis et al. (2020) (52020), plotted as a function of
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temperature. Colour of points shows 8!'Bpore calculated using dissociation constants of Lucker et al. (2000).

Grey shaded region shows average variability in 8!'Bporae from three nearest available measurements (2 o).

3 Results
3.1 Stylasterid skeletal 6''B

Bulk aragonitic stylasterid 8''B (herein 8''Bsy.arng,) falls close to paired estimates of seawater 8''Bpogaee, Varying
from 13.2 to 18.8 %o across a 8!'Bporae range from 13.3 %o to 18.6 %o (Figure 5). Bulk-sampled high-Mg calcitic
stylasterid 8B (herein 8"'Bsyy.cac) is higher for a given 8'"'Buorac, varying from 15.2 %o to 18.0 %o across a
3" Bporare range of 14.2 %o to 15.7 %o (Figure 5; Figure 6). Samples measured in this study were combined with
those in Stewart et al. (2022) to form a compiled dataset. The difference between 8"'Bsiy.arag. and 8" Bsy.cale. I
this dataset is reflected in the higher A8"Beom (.. 8''Beoral — 8!'Bporare) of high-Mg calcitic stylasterids (1.6 £
0.5 %o (1 0)) compared to aragonitic stylasterids (0.2 * 0.8 %o (1 0)) (Figure 6). The results of a 2-sample t-test
confirm that this difference is statistically significant (p < 1079; testing the alternative hypothesis that the mean

AS"B for high-Mg calcitic stylasterids is greater than that for aragonitic stylasterids).

Both 8'"Bsy.arag. and 8'"'Bsy.cale. ate strongly and linearly correlated with 8"Bporae (Table 1; Figure 5). Ordinary
least squares and unweighted deming (equivalent to orthogonal least squares, calculated using the deming
package in R (Therneau, 2018)) regression analyses produce very similar results (Table 1). The gradients and
intercepts of the two high-Mg calcitic stylasterid relationships are within error of one another, while for
aragonitic stylasterids the error margins of each overlap significantly (Table 1). In the interests of simplicity and
comparability with previous work, the following discussion focuses on ordinary least squares regressions, which

are recommended for use in palacoceanographic reconstructions.

The 8" Bsty.ang and 8''Bsy.cale. VS 8" Bporare relationships have gradients close to 1 (Table 1). One genus-specific
relationship was calculated for the aragonitic genus S#ylaster sp., and was found to be indistinguishable from the
full aragonitic stylasterid calibration, albeit with a slightly improved goodness-of-fit (Table 1). The use of these
relationships in palacoceanographic contexts, and comparison with the other azooxanthellate coral taxa

included in Table 1 is discussed in section 4.2.

As outlined in section 2.5, 4 stylasterid samples measured here were not paired with the ambient hydrographic
parameters needed to calculate 8'"'Bporce. These samples were taken from tropical carbonate reef environments
at latitudes between — 20 and + 20 °N and depths between 2.5 and 25 m, and are discussed in more detail in
the supplementary information (section 0.1). Briefly, their §''B values fall between 16.6 and 18.8 %o, which
agree well with the global average 8!'Bporace calculated from all available GLODAP data in this latitude and
depth range (Supplementary figure 1, Supplementary figure 2). While these samples are not used in the
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calibration of stylasterid 8!'B with 8'"Bporae Of in plots which involve carbonate system parameters (e.g. urag, in

Figure 13), these data are used in other calculations, wherever possible.

The boron isotopic data presented here is tabulated in the appendix (section 7; Supplementary table 1).
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Taxon

Regression type Source Gradient Intercept r P R? 95 %
+2SE +2SE prediction
Yoy *
Aragonitic Otdinary least This 095+ 090£270 084 <005 0.71 +1.0
Stylasteridae squares study & 0.17
S22
Stylaster sp. arag. Ordinary least This 0.99 = 038+311 088 <005 0.77 1.6
squares study & 0.20
S22
High-Mg calcitic Ordinary least This 1.19 + — 134+ 076  <0.05 0.58 09
Stylasteridae squares study & 0.72 10.94
S22
High-Mg calcitic Ordinary least F15 0.42 * 928£38 081 <005 0.6 1.7
bamboo coral squares 0.25
Desmophyllum Ordinary least S16 0.93 + 12.02 £ 0.91 <0.05 0.83 +1.0
dianthus (lowest squares 0.34 5.26
Mg/ Ca fibtre only)
Desmophyllum Ordinary least Al2, 0.57 + 17.42 £ 0.66 <005 044 +27
dianthus (bulk) squares M12, 0.32 4.99
S16,R18

Table 1. Summary of 8"Beorat VS 8! Bporae regressions for a range of azooxanthellate coral taxa. Data from

this study, A12 (Anagnostou et al., 2012), M12 (McCulloch et al., 2012), F15 (Farmer et al., 2015), S16
(Stewart et al.,, 2016), R18 (Rae et al., 2018) and S22 (Stewart et al., 2022). *95 % prediction intervals

calculated using Simple IPI approach in McClelland et al. (2021) (see section 4.2 for details).
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Figure 5. Stylasterid coral 8''B as a function of the boron isotopic composition of the borate anion in
seawater (3!'Bporace). a. Data from Stewart et al. (2022) only. b. Data from Stewart et al. (2022) and new data
from this study. In both panels, vertical error bars use the larger of either the long-term analytical
reproducibility or the variability between sample replicates (+ 2 6). Horizontal error bars calculated from the
variability between the nearest 3 seawater measurements (£ 2 o). Lines of best fit calculated by ordinary least
squares regression, shading indicates 95 % confidence intervals. Note samples labelled as Errina sp. mixed
(arag.) are the mixed mineralogy (but > 90 % aragonite) samples in Stewart et al. (2022), which are not
included in either regression. 4 aragonitic stylasterid samples were not paired with ambient 8'"Bpogate SO are

not included in this plot (see sections 2.5 and 3.1).

157



a
2 -
)
o
S 1
® Calcitic:
g Mean = 1.58 + 0.52 (1SD)
m
= n=10
!—bo 0 [Ep——— o TR e .
| Dashed line =
Tg Mixed (> 90% arag.): equilibrium with
o 11 Mean = - 0.01 +0.47 (1SD) ~ borate anion
o n=4 in seawater
Aragonitic:
o Mean = 0.17 + 0.78 (1SD)
n=>52
Aragonite Both High-Mg Calcite
b
1000
£
g Mixed (> 90% arag.):
=2 Mean = 820 + 56 (1SD)
@ 600- n=4
@)
=
@ Calcitic:
Mean = 311 + 30 (1SD)
400 - Aragonitic: n=10
Mean = 872 + 137 (1SD) -
n=>56
Aragonite Both High-Mg Calcite

Figure 6. Violin plot showing difference between a. 8!'Bcora — 8" Bhorace (i.e. A8!'B) and b. B/Ca (bottom) for

stylasterids grouped by mineralogy. Data include samples in this study and

Stewart et al. (2022). Black points

and bars show mean values and vatiability respectively (£ 1 o). 4 aragonitic samples were not paired with

ambient 8" Bporate SO are not included in plot a, but are used plot b (see sections 2.5 and 3.1).
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3.2 Bulk sample element/Ca ratios

Bulk stylasterid 1i/Ca, B/Ca, Mg/Ca, St/Ca, Ba/Ca, U/Ca and calculated Li/Mg ratios are presented here to
complement paired 8''Beora measurements and inform on stylasterid biocalcification mechanisms (all data
tabulated in the appendix; section 7; Supplementary table 2). In agreement with previous work, bulk stylasterid
B/Ca and U/Ca ratios ate shown to be influenced by sample mineralogy, with aragonitic stylasterids having
higher B/Ca and U/Ca (B/Ca average: 872 pmol/mol; U/Ca average: 288 nmol/mol; n = 56) than high-Mg
calcitic stylasterids (B/Ca average: 311 umol/mol; U/Ca average: 133 nmol/mol; n = 10) (Stewatt et al., 2022;
Figure 6). Additionally, I confirm the finding that aragonitic stylastetids have higher B/Ca and lower U/Ca
than aragonitic azooxanthellate scleractinian corals (Stewart et al., 2022; Supplementary figure 4). For further
discussion of the controls on bulk stylasterid elemental compositions, the reader is referred to Stewart et al.
(2020b) (Li/Ca, Mg/Ca and St/Ca (and Li/Mg)), Stewart et al. (2022) (B/Ca and U/Ca) and chapter 3 of this
thesis (St/Ca & Ba/Ca).

Here, I focus on the variability in stylasterid element/Ca ratios and 8''Beora within individual coral specimens.
By calculating the difference between replicate analyses (separate solid coral pieces) for each sample and each
geochemical indicator (i.e. replicate 1 — replicate 2, for a given geochemical measurement), the correlations
between these differences can be quantified (Figure 7). For aragonitic stylasterids, significant positive
correlations (i.e. p < 0.05) are obsetved between 8!'Beor and both Ba/Ca and U/Ca, while U/Ca also correlates
negatively with B/Ca and positively with Ba/Ca. Further, Mg/Ca is correlated positively with Li/Ca and B/Ca,
and negatively with Li/Mg, which is also cotrelated negatively with B/Ca. For calcitic stylasterids, U/Ca is again
correlated negatively with B/Ca, with further significant correlations between Sr/Ca and U/Ca, Mg/Ca and
S Beorat, and finally Li/Mg and both Li/Ca and B/Ca (Figure 7).
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Figure 7. Correlation
matrix showing how the
difference between
sample replicate
analyses (i.e. replicate 1
— replicate 2) correlates
for each geochemical
indicator. For example,
the negative correlation
between B/Ca and
U/Ca indicates that
when replicate 1 of a
given sample has higher
B/Ca than replicate 2,
replicate 1 likely also has
lower U/Ca. Numbers
in each square show the
Pearson correlation
coefficient (7). Red
colours and coefficients
> 1 represent positive
correlations, blue
colours and coefficients
< 1 indicate negative
correlations. Crosses
show that a given
correlation is not
significant at the 95 %
level (i.e. p > 0.05).



3.3  Apical tips

As outlined in section 2.3, stylasterid apical tips were also sampled and analysed for the full suite of geochemical
parameters assessed here (data tabulated in the appendix; section 7; Supplementary table 3). Fifteen aragonitic
and 4 mixed mineralogy stylasterids were sampled in this way. Considering aragonitic stylasterids, apical tips are
significantly enriched in Li/Ca, and depleted in St/Ca, compared to bulk skeletal samples (Table 2; significance
assessed using a one-sample ~test, 95 % significance level). Mg/Ca, Li/Mg, Ba/Ca, U/Ca and 8"'Bcora show
no significant difference between apical tips and bulk skeletal samples, however, U/Ca is extremely variable
(Figure 8). For mixed mineralogy stylasterids, tips are significantly depleted in St/Ca, and have heavier !B,

than bulk average samples (Table 2).

For aragonitic stylasterids, the significant number of samples allows investigation of the correlations between
geochemical parameters when considering the difference between apical tips and bulk skeletal samples (average
of both bulk sample replicates where applicable). Almost all the geochemical parameters considered show
strong and significant correlations with one another (Figure 9). Overall, Mg/Ca, Li/Ca and B/Ca are negatively
correlated with St/Ca, U/Ca and 8''Beorl, with positive correlations between the constituent members of those
two groupings (Figure 9). Ba/Ca does not correlate significantly with any other parameter, however these
correlations are likely impacted by two outliers (Figure 8). Indeed, when these two samples are removed, Ba/Ca
shows significant correlations with all of the other geochemical indicators considered apatt from Li/Mg,
correlating positively with Sr/Ca, U/Ca and 8!'"Beor, and negatively with Mg/Ca, Li/Ca and B/Ca. Li/Mg is
not significantly correlated with Li/Ca, St/Ca, U/Ca or Ba/Ca (whether considering the full dataset or that
with Ba/Ca outliers removed), but exhibits significant correlations with B/Ca, Mg/Ca and 8!'Bcor. More
generally, correlations between Li/Mg and other parameters are reduced in significance and strength compared

with Mg/Ca and Li/Ca.
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Mineralogy Li/Ca B/Ca Mg/Ca Li/Mg St/Ca Ba/Ca U/Ca 8B (%)
(pmol/mol)  (wmol/  (mmol/ (mmol/ (mmol/ (pmol/mol) (nmol/mol)

mol) mol) mol) mol)
Aragonitic + 0.39 + + 0.16 —0.03 —0.15 +0.28 + 10.6 +0.01
(n=15) 15.8 _
0.06)
Mixed +3.10 p = - +3.22 —0.24 —0.43 +0.91 + 150 + 0.31
=4 0.055) 46 o (=006 (=000
=" g0
0.08)

Table 2. Mean difference between apical tip and bulk average stylasterid geochemistry. Values in bold are

significantly different from 0 (one sample t-test, 95 % significance level, i.e. p < 0.05).
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Figure 8. Percentage difference between apical tip and bulk average aragonitic stylasterid subsamples.
Individual data points in red circles, statistical outliers (i.e. greater than 1.5 X interquartile range from the
median) additionally indicated by grey asterisks. Data from this study, Stewart et al. (2020b) and Stewart et al.

(2022).
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Figure 9. Correlation matrix showing how the difference between apical tip and bulk average (i.c. average of
replicates 1 and 2, where 2 replicates were measured) stylasterid geochemistry correlates for each geochemical
indicator (following Figure 7). Data includes aragonitic stylasterids only, 8!'B values not corrected for TPB

conttibution. Data from this study, Stewart et al. (2020b) and Stewart et al. (2022). Ba/Ca cotrelations likely

impacted by outliers (section 3.3).

4 Discussion
4.  Boron incorporation into stylasterid skeletons

Both 8"'Bsyarmg. and 8!'Bsy.cl. are linearly correlated with ambient 8!''Bporee (Figure 5). However, high-Mg
calcitic stylasterids have significantly heavier 8!'B for a given 8!'Bpore than aragonitic stylasterids, by ~ 1.5 %o
(Figure 6; section 3.1). When coupled with the observation that high-Mg calcitic stylasterids also have lower
skeletal B/Ca (Stewart et al., 2022; Figure 6), this suggests that boron incorporation into stylasterid skeletons
differs between mineralogies. The details of these incorporation mechanisms need to be explored before

stylasterid 8''B can be considered as an archive of past ocean pH.
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4.1.1 Boron incorporation into stylasterid aragonite

Boron occurs in seawater in two forms: boric acid (B(OH);) and the borate anion (B(OH)47). The premise of
the boron isotope-pH proxy is that boron in marine carbonates is derived from only one of these sources,
which is generally assumed to be the borate anion (e.g. Hemming and Hanson, 1992). Indeed, the relationship
between 8''Bsiy.arag. and 8''Brorae has a gradient close to 1 and an intercept within error of 0 (Table 1). The good
agreement between 8!'Bsy.arag. a0d 8" Buporae 1s further illustrated by the fact that aragonitic stylasterids have an
average AS''B which is also within error (1 o) of 0 (Figure 6). This strongly supports the notion that boron
incorporated into stylasterid aragonite is derived dominantly from B(OH)4~, in agreement with previous studies
which focused on other biogenic and synthetic aragonites (e.g. Hemming and Hanson, 1992; Sen et al., 1994;
Hemming et al., 1995; Mavromatis et al., 2015; Noireaux et al., 2015; Balan et al., 2016; Henehan et al., 2022;
Chen et al., 2023). Additionally, we observe significant, positive cotrelations between B/Ca and Mg/Ca ratios
when considering both the difference between aragonitic stylasterid bulk sample replicates (Figure 7) and the
difference between bulk samples and stylasterid apical tips (Figure 8). The origin of these correlations is
explored in more detail in section 4.3. Here, it is sufficient to note that similar correlations have been observed
for the aragonitic scleractinian coral D. dianthus (Chen et al., 2023). These authors used a modelling framework
to argue that the positive slope of this correlation was best supported by the sole incorporation of B(OH)s~
into coral aragonite (Chen et al., 2023). The existence of similar correlations here may, therefore, provide further
support for the notion that boron incorporation into aragonitic stylasterid skeletons is dominated by B(OH)4~
(see section 4.3 for more detailed discussion). Despite this, some scatter does exist in the 8!'Bsgy.arag, VS 8''Bhorate
calibration (Figure 5). This suggests that additional factors may influence 8"'Bsy.amg, (€.g. Blamart et al., 2007;
Rollion-Bard et al., 2010; Rollion-Bard et al, 2011; Anagnostou et al., 2012; McCulloch et al., 2012). These

factors are explored in more detail in section 4.3.
4.1.2 Boron incorporation into stylasterid high-Mg calcite

By contrast, 8!'Bsyy.cak. is elevated by ~ 1 to 2 %o compared with ambient 8" Bsy.arag. (and equivalently 8" Bhorace),
and this isotopic elevation is coupled with lower skeletal B/Ca than found in aragonitic stylasterids (Stewart et
al., 2022; Figure 6). These observations cannot be readily explained by simple incorporation of B(OH)s~ derived
from an unmodified seawater source. Crucially, calcite 8!'B elevated above 8'"'Bporae has also been observed for
other biogenic marine calcifiers (e.g. bamboo corals: Farmer et al., 2015), and by studies investigating synthetic
calcite (Noireaux et al.,, 2015; Farmer et al., 2019; Henehan et al., 2022). Similarly, synthetic calcites have
generally lower B/Ca than synthetic aragonites (e.g. Kitano et al., 1978; Hemming et al., 1995; Mavromatis et
al., 2015).
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The similar trends in B-incorporation into high-Mg calcitic stylasterids and other biogenic and synthetic calcites
are striking, and suggestive of a shared origin, for which various mineralogical hypotheses have been proposed.
Firstly, the large isotopic fractionation between B(OH); and B(OH)4~ (Figure 1) means that incorporation of
small amounts of B(OH)3 could result in calcite having higher 8''B than aragonite (Noireaux et al., 2015;
Branson, 2018; Farmer et al., 2019). This mechanism can be understood by appeal to the differing crystal
structures of aragonite and calcite, as well as the surface kinetics of mineral growth (e.g. Branson, 2018; Farmer
et al,, 2019). In this framework, as crystals grow, ions both attach and detach from the crystal surface, with the
relative rates of attachment, detachment and crystal growth determining the overall crystal composition. In the
aragonite lattice, tetrahedrally-coordinated B(OH)4~ is more stable than B(OH)s, while in calcite, the opposite
is true. This means that B(OH)s~ both attaches more readily and detaches less often than B(OH)s; in aragonite,
meaning the majority of boron is derived from B(OH)4~. Conversely, in calcite, B(OH)4~ detaches more readily
from the growing crystal surface than B(OH)3, resulting in an increased proportional contribution to total boron
from B(OH)s; (Noireaux et al., 2015; Uchikawa et al., 2015; Balan et al., 2016; Branson, 2018; Farmer et al.,
2019). In both aragonite and calcite, the assumed positive charge of the crystal surface (in this model) results in
increased initial attachment of B(OH)4~, rather than B(OH)s, with the increased stability of B(OH)s~ in the

aragonite lattice also accounting for higher aragonitic B/Ca ratios, compared with calcite.

Alternatively, differences between 8''Bsy.cale. and 8'Bporaee may result from isotopic fractionation induced by
electrostatic effects during boron adsorption and/or detachment, which have been suggested to influence
boron isotopic incorporation into synthetic calcites (e.g. Saldi et al., 2018; Henehan et al., 2022; although see
Branson, 2018). Whether these effects occur in natural systems is uncertain, and it is likely that boron isotopic
fractionations are heavily suppressed under natural conditions, compared with those utilised in the laboratory
(e.g. Farmer et al, 2019; Henehan et al., 2022). Here, I consider one model which suggests that isotopic
fractionation occurs during detachment of B(OH)4~ from the growing crystal surface (Henehan et al., 2022).
Under this model, boron incorporation into both synthetic aragonites and calcites is dominated by B(OH)4—,
readily explaining the higher B/Ca of aragonites owing to the crystal structure considerations outlined above.
Henechan et al. (2022) propose that the electrostatic potential toward which ions are initially attracted is not that
which exists at the crystal surface, but that at the surface at which ions are first held in fixed positions. This
potential is referred to as the {-potential, and is negative in most natural calcites (e.g. Al Mahrouqi et al., 2017).
In turn, this suggests that B(OH)4~ ions must be initially attracted toward the growing mineral as positively
charged ion pairs, in association with Ca?* or Mg?* (Henehan et al., 2022). The eventual incorporation of
Mg?*/Ca2* into the CaCO:s lattice then involves either the breaking of the association between these positive
ions and B(OH)4s~, or charge balance being achieved by association with a monovalent cation, such Na*.

Isotopic fractionations could reasonably occur during these processes, and differences in the boron isotopic
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composition of synthetic aragonite and calcite could in turn result from their differing {-potentials and/or lattice

structures (Henehan et al., 2022).

Although B-incorporation into aragonitic and high-Mg calcitic stylasterids displays strong similatities to
synthetic studies, a final hypothesis which may explain the offset between 8''Bsy.cale. and 8" Bporace 1s that calcitic
stylasterids employ a small amount of biologically-mediated pH upregulation, in contrast to their aragonitic
counterparts. This hypothesis is discussed in more detail in section 4.1.3, and has been implicated as the cause
of elevations in scleractinian and bamboo coral 31'B compared with 8" Bposte, owing to the pH sensitivity of

the 8''B signature of marine carbonates (e.g. McCulloch et al., 2012; Farmer et al., 2015).
4.1.3 Stylasterid 6''B is consistent with mineralogical controls on boron incorporation

While all the mechanisms outlined above can explain the heavier 8''Bsgy.cae. compared with 8" Bsuy.arag., I suggest
that mineralogical considerations — rather than biologically-mediated pH upregulation — provide the most
patsimonious explanation. Firstly, at the Mg/Ca ratios which characterise high-Mg calcitic stylasterids (80 to
120 mmol/mol; Stewart et al., 2020b; this study), high-Mg calcite is equivalently or less soluble than aragonite
(Ries, 2011). Therefore, it is unclear why high-Mg calcitic stylasterids would employ additional pH upregulation
compared to their equally or more soluble aragonitic counterparts. Secondly, "B of coral carbonate may not
record pH upregulation in a straightforward manner, with the diffusion of boric acid possibly playing an
important role in final 8"'B, complicating the traditional interpretation of this geochemical signature (Gagnon
et al., 2021; Stewart et al., 2022; section 4.3). Finally, if pH upregulation in calcitic stylasterids were the cause of
the observed offset, one might expect that the magnitude of this offset would depend on calcification-relevant
seawater conditions (e.g. nutrient concentrations, pH, aqg) as suggested for bamboo corals (Farmer et al.,
2015). However, the magnitude of the offset between 8'"'Bsy.cale. and 8" Bporaee 1s not significantly correlated with
any hydrographic variable considered here (temperature, salinity, phosphate, dissolved silica, alkalinity, DIC,
pH or Quryg).

Considering instead abiogenic, mineralogical origins, the data presented here do not provide unequivocal
support for cither of the two proposed abiogenic, mineralogical mechanisms by which boron is incorporated
into calcite (compare Farmer et al., 2019; Henehan et al., 2022). For example, if boric acid incorporation were
important, one would expect that lighter 8"'Bsy.cae. signatures (i.e. more B(OH)s~ detachment) would be
accompanied by lower B/Ca. However, I find no cotrelation between high-Mg calcitic stylasterid A3!'B and
B/Ca (r = 0.25, p > 0.05), and no significant correlation between the differences between calcitic stylasterid
sample replicate B/Ca and 8!"B (Figure 7). As patt of their study, Henehan et al. (2022) found a strong, positive

cotrelation between the concentrations of Na and B in synthetic carbonates. Na/Ca ratios were not measured
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for all samples presented here and so are not included in Figure 7. However, for the 7 calcitic samples for which
Na/Ca ratios were measured, I find no significant cortrelation of variations in Na/Ca and B/Ca between sample

replicates (p > 0.05).

Despite this, the agreement between 6''Bsiy.arag. With 6!'Bporate, and the offset between 8'"'Bsyy.cale. and 8'"'Bporace,
are strikingly similar to observations made on synthetic carbonates. This strongly suggests that this difference
is most likely the result of mineralogical influences on boron isotope incorporation into marine carbonates, and
provides novel evidence for the occurrence of this effect in a natural system. This conclusion has important

implications for the use of stylasterids as archives of seawater pH, which are addressed in the following section.
42  Stylasterids as archives of seawater pH

The key finding of the present work is the new observation that, when calibrated across a wide range of pH
environments, stylasterid 8''B correlates strongly and lineatly with 8" Bporaee. In turn, this suggests that stylasterid
corals may be a new archive of past ocean pH (see section 1 for an explanation of the boron isotope-pH proxy
in marine carbonates). In the following sections, I discuss the use of stylasterid 6!'B as an archive of past ocean
pH, considering aragonitic and high-Mg calcitic stylasterids separately, given the robust evidence for differences

between their boron incorporation mechanisms (section 4.1).
4.2.1 Aragonitic stylasterid 6''B vs 6''Bporace

The first key observation is that aragonitic stylasterids have 5!'B in equilibrium with 8'Bporace, 1n contrast to
azooxanthellate scleractinian corals (e.g. McCulloch et al., 2012; Anagnostou et al., 2012; Stewart et al., 2016;
Figure 10). The comparatively low 8!'B signature of stylasterid coral skeletons is instead more similar to calcitic
and aragonitic foraminifera (e.g. Rae et al., 2011; Henchan et al., 2013; Stewart et al., 2022; Figure 10). Indeed,
scleractinian corals generally exhibit skeletal 5!'B offset to far higher values than 8" Bpore, interpreted as the
signature of pH upregulation (Anagnostou et al., 2012; McCulloch et al., 2012). This is cleatly illustrated by
comparison of the intercepts of the aragonitic stylasterid 8''B vs 8!"Bporace calibration (within error of 0 %o)
compared with that of various D. dianthus calibrations (Table 1; Figure 10; Anagnostou et al., 2012; McCulloch
et al., 2012; Stewart et al., 2016; Rae et al., 2018).

Importantly, the potentially variable magnitude of the 8''B to 8!"Bporae Offset in scleractinian corals means that
species-specific, empirical calibrations need to be derived (e.g. McCulloch et al., 2012). Conversely, 8" Bsyla.arag.
from a range of locations and genera is in equilibrium with 8"'Bporae. It is possible that some of the scatter in
the aragonitic stylasterid calibration may result from genus-specific effects. However, considering samples from

only Stylaster sp. (arag.) — the genus present in this sample set across the widest range of 3!'Bporae — results in a
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calibration within error of the full calibration, albeit with a slightly improved rand R? (Table 1). The magnitude
of inter-species 8!''B offsets is thus demonstrably smaller than observed for scleractinian corals (McCulloch et
al., 2012), providing strong evidence that the suite of aragonitic stylasterid taxa represented here can be

considered as directly comparable archives of 8!'Bporace.

A further advantage of using 8'"Bsylaang to reconstruct 8!'Bporate 1 the low level of intra-skeletal variability,
compared with scleractinian 3!'B. It has been widely reported that scleractinian coral skeletons can be extremely
heterogeneous in their §!'B composition (e.g. variations up to 8 %o), owing to incorporation of skeletal elements
including CoCs (e.g. Blamart et al., 2007; Stewart et al., 20106; Jurikova et al., 2019). While the dataset presented
here cannot constrain the magnitude of micro-scale variability in stylasterid 3!'B, comparing the bulk aragonitic
stylasterid calibration found here with a bulk-sample Desmophyllum dianthus calibration (including data from
Anagnostou et al., 2012; McCulloch et al., 2012; Stewart et al., 2016; compiled in Rae et al., 2018) reveals that
the aragonitic stylasterid calibration exhibits far less scatter, reflected in its higher 7 and R? values (Table 1;
Figure 10). Indeed, the goodness-of-fit (and 95 % prediction uncertainty, see below) of the bulk aragonitic
stylasterid calibration presented here is more similar to that of the microsampled D. dianthus calibration in
Stewart et al. (2016) (Table 1). This D. dianthus calibration employed a microsampling approach to minimise
incotrporation of CoCs, coupled with monitoring of Mg/Ca to specifically choose the subsample with the lowest
degree of CoC incorporation from each coral (Stewart et al., 2016). This approach is both time-consuming and
is limited to large samples in which skeletal morphology is clear. By contrast, the bulk stylasterid sampling
approach employed here is simple, user-friendly and non-selective, making the goodness-of-fit of the

3" Bsiylaarag. VS 8" Bporaie relationship particularly striking.

Despite relatively small intra-coral variability, significant scatter does exist between stylasterid specimens and
thus in the 8''Bsyharg VS 8''Bporate calibration. Much of this variability may be attributable to estimates of
8" Bporate, Which in some locations (e.g. the Florida Straits) can be highly uncertain (Figure 5). However, the
significant, negative covariation between 8!"Bsyharg and U/Ca between bulk sample replicates suggests that
some of this scatter is correlated with elemental variability, and in turn may result from intra-skeletal variability
in stylasterid 81"B (Figure 7). This possibility is addressed further in section 4.3, and suggests that stylasterid
biomineralisation processes exerts some influence on stylasterid skeletal 3''B. Encouragingly, the influence of
these processes appears to be effectively minimised by using large, bulk skeletal samples, and avoiding the apical

tips of growing branches (sections 4.3 and 4.4).

To quantify the uncertainty associated with 8"'Bpome reconstruction using 8''Bsylaang, 1 estimate 95 %
prediction uncertainties associated with the calibration (Table 1). Deriving prediction uncertainties associated

with calibration-based reconstructions is non-trivial, and a variety of possible approaches have been proposed
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(McClelland et al., 2021). Here, I use the “Simple Inverse Prediction Interval” (Simple IPI) approach outlined
by McClelland et al. (2021) to provide estimates of the uncertainty associated with 8''Bporae estimation using
azooxanthellate coral 3''B. The same calculations were also carried out for previously published D. dianthus and

bamboo coral calibrations to provide direct comparability.

The results of the Simple IPI approach demonstrate that the new 8''Bsyiaang, calibration facilitates more precise
prediction of 8" Bporaee than the commonly-used bulk D. dianthus (Table 1). The width of the 95 % prediction
interval (~ £ 1.6 %o) for aragonitic stylasterids implies that, at a typical 3''Bporae 0f 15.5 %0, ocean pH can be
reconstructed to ~ * 0.20 pH units (assuming pKs" = 8.79 (average from this study)). This uncertainty is
significantly larger than those reported for D. dianthus (Anagnostou et al., 2012; Stewart et al., 2016), which were
based on 95 % confidence intervals — rather than prediction intervals. Recalculating pH bounds using the
prediction interval calculated here reveals that pH reconstruction using aragonitic stylasterids is more precise
than using bulk D. dianthus (£ 0.30 pH units), illustrating the comparative potential of aragonitic stylasterids as

palaeco-pH archives.

In combination with stylasterid 8180, Li/Mg, Ba/Ca and AC, the 8"'Bsyiaarg vs pH proxy developed here may
be used to provide holistic constraint on shifts in ocean temperatures, radiocarbon content, carbonate system
parameters and [Ba|sw through time, in turn facilitating the reconstruction of the temporal evolution of a range
of oceanographically and climatically-relevant processes (King et al., 2018; Samperiz et al., 2020; Stewart et al.,

2020b; chapter 3).
4.2.2 High-Mg calcitic stylasterid ''B vs 6!'Bporate

31" Bsgyla.cale. also correlates with 3''Bporaee (Table 1; Figure 5), suggesting that 8" Bsyla.cae. may also be a promising
archive of ocean pH. As outlined in section 4.1, it is possible that high-Mg calcitic stylasterids incorporate boron
from either a boric acid source, or experience boron isotopic fractionation during mineralisation. Both
processes could conceivably be sensitive to multiple factors (e.g. instantaneous rate of crystal growth) which
may vary through time, presenting some challenges to the application of 8''Bsyia.ca. in palacoceanographic

contexts.

Despite this, the empirical calibration between 8'"'Bsyicac. and 8'""Bporae presented here is robust, and
intriguingly has narrower prediction intervals (considering the graphical range constrained by data) than the
aragonitic stylasterid calibration (Figure 10). Such improved prediction contrasts with the worse R-squared,
wider confidence intervals and more uncertain gradient and intercept of the 8" Bsyla.cale. VS 8" Bporaie relationship
compared with the 8"Bsyliarag. VS 6! Brorae relationship. These statistical differences likely result in part from

the steeper gradient of the 8'"Bsyiacale. VS 8''Bhorate relationship, since in the Simple IPI approach prediction
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interval width is inversely proportional to the calibration gradient (McClelland et al., 2021). Crucially,
consideration of prediction intervals suggests that the current 8''Bsyla.cale. VS 8''Bhorate calibration is robust, and

this promising observation could be confirmed by calibrating 8" Bsgyia.cac. across a wider pH range.
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Figure 10. Comparison of azooxanthellate coral and benthic foraminiferal 8""B vs 8!'Bpore relationships.
Dashed line is 1:1 line. Data from R11 (Rae et al., 2011), A12 (Anagnostou et al., 2012), M12 (McCulloch et
al,, 2012), F15 (Farmer et al., 2015), S16 (Stewart et al., 2016), R18 (Rae et al., 2018; used for compiled bulk D.
dianthus calibration), S22 (Stewart et al., 2022) and this study.

4.3  Evidence for biological mediation of the stylasterid calcifying fluid

Having addressed boron incorporation mechanisms into stylasterid skeletons, and their utility as sensors of

ocean pH, I now consider whether the data presented here can provide novel insights into stylasterid coral
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calcification mechanisms. The only other study of stylasterid 8''B values reported the surprising observation
that stylasterid 6'B is close to 8" Bporate, i1 stark contrast to scleractinian corals (Stewart et al., 2022). Previously,
coral 3!"B values have been used to infer coral calcifying fluid pH, a line of reasoning which relies on the pH-
dependence of the boron isotopic signature of B(OH)4~ and the assumption that boron in aragonite is derived
dominantly from B(OH)s~ (e.g. McCulloch et al., 2012; Figure 1). In the case of azooxanthellate scleractinian
corals, their boron isotopic composition is significantly heavier than 8""Bporae, consistent with biologically-
mediated upregulation of pH in the scleractinian calcifying fluid (e.g. Anagnostou et al., 2012; McCulloch et al.,
2012; Gagnon et al., 2021). Applying this understanding to the low §!1B values of aragonitic stylasterids suggests
that they employ little or no pH upregulation (Stewart et al., 2022).

The sample set measured by Stewart et al. (2022) included stylasterids from a relatively small range of
environments and hydrographic conditions (Qawg. from 0.9 to 2.0). Here, I show that aragonitic stylasterid
samples collected from an extremely wide range of ocean conditions (g, from 0.5 to 3.7) all show 8''B close
to 8"Bporate (Figure 13). This finding is particularly important when considering stylasterids from the North
Pacific, which grew in waters with extremely low saturation states with respect to aragonite (Qarg, ~ 0.5; Figure
13). This presents “challenges to the notions that pH upregulation is required for azooxanthellate coral

calcification, and/or that the 8''B of coral skeletons records pH at the site of calcification.

As outlined by Stewart et al. (2022), low stylasterid 8!'B suggests that either the boron isotopic composition of
stylasterid skeletons does not record the pH of their calcifying fluid, or that stylasterids do not employ pH
upregulation during calcification, instead relying on alternative biomineralisation pathways, such as using
organic molecules to catalyse calcification (e.g. Drake et al., 2013; Mass et al., 2013; Von Euw et al., 2017,
reviews in Tambutté et al., 2011; Falini et al., 2015). These two possible interpretations cannot easily be
distinguished. However, the expanded stylasterid dataset and consideration of a wide range of element/Ca
ratios presented here provides important new evidence which is discussed in the following sections. I restrict
focus to aragonitic stylasterids, as the possibility that calcitic stylasterids incorporate boron from either a boric
acid source, or are impacted by isotope fractionation during boron incorporation, further complicates

interpretation of their 8''B signature (section 4.1).
4.3.1 Is aragonitic stylasterid 6''B decoupled from calcifying fluid pH?

Broadly, two mechanisms have been proposed to decouple coral calcifying fluid pH from the boron isotopic
composition of the calcifying fluid. Firstly, active transport of bicarbonate ion with associated co-transport of
B(OH)4~ has been linked to low skeletal 5''B of some skeletal elements in the scleractinian coral Lophelia pertusa

(Fietzke and Wall, 2022). In the case of stylasterids, this process was ruled out owing to the negative covariation
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of B/Ca and 8""B when comparing between stylasterid and scleractinian corals (Stewart et al., 2022). Since the
expanded sample set presented here supports this observation (Supplementary figure 4), I do not discuss this

mechanism further, and the reader is referred to Stewart et al. (2022) for further details.

Alternatively, recent work has shown that boric acid diffusion across calcifying fluid membranes is another
plausible mechanism by which the boron isotopic composition of the coral calcitying fluid can be decoupled
from calcifying fluid pH (Gagnon et al., 2021). In this model, the boron isotopic composition of the coral
calcifying fluid is controlled by the balance between the pH of the fluid, the rate of boric acid diffusion between
the calcifying fluid and seawater (Dp), and the timescale of seawater flushing of the coral calcifying fluid (&z;
Gagnon et al.,, 2021; higher £z represents more frequent flushing; Figure 11). Diffusion of boric acid occurs
owing to the pH dependence of boron speciation, which means that pH upregulation in the coral calcifying
fluid leads to lower [B(OH)3] in the calcifying fluid, compared with external seawater. The resulting B(OH)3
concentration gradient promotes diffusion of boric acid into the calcifying fluid. When the rate of diffusion is
fast compared with the rate of seawater flushing of the calcifying fluid (i.e. high Dp/£z3), boric acid diffusion
simultaneously increases total boron concentrations in the calcifying fluid, and equilibrates the boron isotopic
signature of the calcifying fluid with that of seawater, effectively decoupling 8'"'Bcr from calcifying fluid pH.
Conversely, when £z is rapid compared with Dy (low D/ £3), the boron isotopic signature of the calcifying
fluid retains sensitivity to calcifying fluid pH, because there is insufficient time for significant boric acid
diffusion to occur. In this framework, the boron isotopic composition of stylasterid carbonate may not record
calcifying fluid pH in a straightforward manner, and the evidence of any pH upregulation could be masked by
high stylasterid Dg/ 4z (Gagnon et al., 2021; Stewart et al., 2022).

Schematic of key fluxes into CF Carbonate ~ Diffusion of other
Reproduced from Gagnon et al. (2021) prer:lﬁltatlon specne\s +(e.g. CO,)

/|

Boric acid
Seawater - diffusion (Dg)
- — 8
transport +— %al.‘:fyé:g —— (depends on pH
kz) — 1> uid (CF) .
( upregulation)

Alkalinity and/or
Ca pumping for
pH upregulation

Figure 11. Reproduced from Gagnon et al. (2021). Schematic of key fluxes into and out of the calcifying fluid

(CF). Note that £z and Dg are in units of ms™!, £ = inverse of time taken to replenish CF, ¢ = volume:area
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ratio of the CF. Fluxes in red show those directly related to pH upregulation, which will also impact diffusion

of other species (e.g. CO2).

High Dg/ k2 (either fast rates of boric acid diffusion, or slow flushing of the calcifying fluid with seawater) may
explain why aragonitic stylasterids have lower 8!'B and U/Ca, but higher B/Ca than azooxanthellate
scleractinian corals (discussed in detail in Stewart et al., 2022; Supplementary figure 4). Of interest here is that
this model can also explain broader aspects of stylasterid geochemistry, which are apparent in the new data

presented here.

Firstly, bulk aragonitic stylasterid 8''B was previously found to be positively correlated with U/Ca and
negatively correlated with B/Ca, while U/Ca and B/Ca were negatively correlated (Stewart et al., 2022). Similar
trends were observed for the difference between stylasterid sample replicates, although the significance of these
trends was not quantified (Stewart et al., 2022). In the expanded dataset presented here, bulk aragonitic
stylasterid 8'"B, U/Ca and B/Ca are not significantly correlated (Supplementary figure 4). Further, our
significantly larger dataset reveals that B/Ca and 8''B are not significantly cotrelated when considering the
differences between bulk sample replicates (Figure 7). However, intra-skeletal variability is significantly

correlated between U/Ca and both B/Ca (negative) and 8''B (positive) (Figure 7).

Additional insight can also be gained by considering the sub-sampling carried out in this study. The bulk
sampling approach employed by Stewart et al. (2022) (and in this study) is specifically designed to minimise the
impact of calcification-related effects on stylasterid geochemistry (e.g. Gagnon et al., 2007; Samperiz et al., 2020;
Stewart et al., 2020b; Stewart et al., 2022; section 2.3). Importantly, this approach also avoids the growing tips
of stylasterid branches, which have been shown to have stable oxygen and carbon isotopic signatures further
from equilibrium with seawater and are thus inferred to be most impacted by calcification-related effects
(Samperiz et al., 2020). While avoidance of apical tips has proved highly effective in developing stylasterids as
archives of seawater conditions (e.g. Samperiz et al., 2020; Stewart et al., 2020b; chapter 3; section 4.2), it may
not be the most suitable for studying the very effects it is designed to minimise. Therefore, I additionally
compare stylasterid apical tips with bulk skeletal samples, in an attempt to better clucidate the mechanisms

which cause intra-skeletal variability in stylasterid geochemistry.

The results of this experiment are striking. Of most importance is the observation that the geochemical
differences between apical tips and bulk skeletal samples are highly and significantly correlated for almost all
elements (Figure 9; Figure 12) (note that a correlation between two geochemical indicators in Figure 9 means
that, in a cross plot of those two indicators as in Figure 12 (panels a, ¢, e and g), the lines joining tip samples to
the corresponding bulk average value from the same coral have similar gradients). B/Ca correlates negatively

and significantly with U/Ca and 8!'B, and U/Ca and 8!'B are significantly, positively correlated (Figure 9;
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Figure 12). The new data presented here thus provide strong and statistically-significant evidence in favour of
correlated variability in stylasterid 8!'B, U/Ca and B/Ca, which can be explained by the paired influence of
boric acid diffusion and variations in seawater flushing of the stylasterid calcifying fluid (Stewart et al., 2022;
summarised in Figure 12). The negative covariation of 8!'B and B/Ca is predicted because at higher Dp/ £z,
boric acid diffusion increases total boron concentrations in the calcifying fluid, as well as driving 3''B lower
(Stewart et al., 2022). Similatly, variations in £z have been inferred to impact coral U/Ca ratios, with slow rates
of seawater flushing (i.e. high Dg/ £z, assuming constant Dp) resulting in lower U/Ca (Gothmann and Gagnon,

2021).

Further support for this model may also come from the observation that stylasterids from the North Pacific
have, on average, lower B/Ca than stylasterids from other locations (Figure 13). These corals grew in waters
which are heavily undersaturated with respect to aragonite (Figure 13), and also have generally higher [DIC]
than elsewhere (Supplementary figure 5). In the model of Gagnon et al. (2021), the pH of the coral calcifying
fluid is thought to be held constant between samples. Since corals derive DIC from seawater, and the ratio of
[DIC]/[CO3%7] depends primarily on pH, at constant pH, higher DIC leads to higher [CO327] and thus lower
[B(OH)47]/[ COs27] (Gagnon et al., 2021). This process can explain why scleractinian coral B/Ca decreases
linearly with increasing [DIC], and may also explain why stylasterids from the North Pacific have generally
lower B/Ca than those collected from other regions. I note, however, that more generally the correlation

between aragonitic stylasterid B/Ca and [DIC] is insignificant (Supplementary figure 5).

Considering a wider range of stylasterid geochemistry reveals that this model can also explain trends in the
other aspects of stylasterid geochemistry presented here. Almost all of the elements considered show significant
covatiation when considering the difference between apical tips and the bulk skeleton, characterised by Li/Ca,
Mg/Ca and B/Ca correlating negatively with U/Ca, St/Ca and 8""B (and Ba/Ca, when outliers are removed),
and positive cotrelations between the constituents of those two groupings (Figure 9; Figure 12; note that Li/Mg
ratios will be addressed in section 4.4). To what extent can these correlations be explained by variations in
Dg/ k22 Assuming that boric acid diffusion does not impact on other elements, variations in seawater flushing
rate (£g) are consistent with Rayleigh fractionation impacting the incorporation of elements into stylasterid

carbonate. The incorporation of elements including Li, Mg and St can be understood by reference to partition

X

coefficients (Dx; where Dx = Cacom/x e.g. Gaetani and Cohen, 2000). Li and Mg have pattition
Cafiuid

coefficients into aragonite << 1, meaning they are preferentially excluded from the aragonite lattice during
crystallisation (e.g. Marriott et al., 2004; Gabitov et al., 2008; Mavromatis et al., 2022). Meanwhile, St has an

aragonite partition coefficient > 1 (Gaetani and Cohen, 2006). When calcification proceeds from a closed fluid
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reservoir, elements with Dx << 1 are initially excluded from the lattice and become enriched in the fluid. As
more of the fluid is used up, these elements are incorporated in greater proportions into the solid phase.
Conversely, elements with Dx > 1 are initially enriched in the solid phase, but as more of the fluid is used they
become progressively depleted. The extent to which Rayleigh fractionation occurs depends on how much of
the fluid reservoir is used before it is refreshed. In the context of coral calcification, this depends on the balance
between coral growth rate and the rate of flushing of the calcifying fluid (i.e. £z above). This balance can be

conceptualised as the precipitation efficiency of coral calcification (e.g. Gaetani and Cohen, 2000).

Variations in coral growth rate and and/or timescales of seawater flushing (i.e. £3) can therefore cause
correlated variations in Rayleigh-sensitive elements, which would lead to correlations consistent with those
observed between all aspects of stylasterid geochemistry considered here (Figure 9). For example, stylasterid
Li/Ca and Mg/ Ca are strongly, positively correlated with one another, and are both negatively correlated with
3B (Figure 9; Figure 12). This is consistent (for instance) with increased Mg and Li incorporation during times
of increased precipitation efficiency. 1f this were achieved by slower replenishment of the stylasterid calcifying
fluid (i.e. lower £3), lower 8!'B would result from the corresponding increase in Dp/ £z. Motre broadly, a recent
study showed that Rayleigh fractionation processes can explain the positive correlation between Mg/Ca and
Li/Ca, and the negative correlation between Mg/Ca and St/Ca, in the aragonitic coral D. dianthus (Chen et al.,
2023). Our results are consistent with this framework, providing further indication that Rayleigh fractionation

processes impact aragonitic stylasterid geochemistry.

Finally, the significant, positive correlations we observe between stylasterid subsample Mg/Ca and B/Ca
(whether considering the difference between bulk sample replicates, or the difference between bulk samples
and apical tip subsamples) is worthy of additional discussion (Figure 7; Figure 8). This correlation is strikingly
similar to that recently observed in the scleractinian coral D. dianthus (Figure 7; Figure 8; Chen et al., 2023).
These authors use a calcification model to argue that this correlation cannot be explained by boric acid diffusion,
and instead suggest that Mg and B incorporation share sensitivity to the degree of alkalinity pumping employed
during coral calcification (Chen et al., 2023). At higher rates of alkalinity pumping (which in this model is
assumed to be dominated by H* removal, rather than Ca?* influx), Mg and B incorporation increase, with the
observed relationship best explained when B incorporation is dominated by B(OH)4~ substituting for CO32—,
following the rule [B(OH)s7]/[ CO3*7]%5 (Chen et al., 2023). Absent the application of a similar calcification
model here, it remains uncertain whether this mechanism is responsible for the correlation observed between
B/Ca and Mg/Ca in aragonitic stylasterids. However, should this process impact on aragonitic stylasterid
geochemistry, it would not only provide further support for boron incorporation into stylasterid aragonite

being dominated by B(OH)4~ (see section 4.1.1), it would also suggest that aragonitic stylasterids employ some
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form of alkalinity pumping (i.e. pH upregulation), in turn providing a means by which boric acid diffusion could

occur (Chen et al., 2023).
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line in each panel shows linear least squares regression. Purple arrows show theoretical effects of processes
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and parameters described in the main text. P.E. indicates precipitation efficiency. Data from this study,

Stewart et al. (2020b) and Stewart et al. (2022).

Opverall, the range of stylasterid geochemical parameters considered here thus provide evidence in support of
the boric acid diffusion model of Gagnon et al. (2021). The role of boric acid diffusion in turn requites that
stylasterids employ some amount of pH upregulation, necessary to permit boric acid diffusion into their
calcifying fluid and thus leading to covatiation between stylasterid 8!'B and B/Ca. The signature of this pH
upregulation could be overprinted by high Dp/ £z, either due to fast diffusion of boric acid or slow rates of
calcifying fluid replenishment (Stewart et al., 2022). Further, the existence of a positive correlation between
stylasterid Mg/Ca and B/Ca may provide evidence for pH upregulation in the stylasterid calcifying fluid (Chen
et al,, 2023). The magnitude of stylasterid calcifying fluid pH upregulation remains an outstanding question,
although the absence of a correlation between stylasterid 880 and U/Ca suggests it is small compared with

Scleractinia (Stewart et al., 2022).
4.3.2 Can variability in stylasterid geochemistry be explained without pH upregulation?

Despite the explanatory power of the boric acid diffusion model outlined above, there are mechanisms by
which corals can calcify without the need for pH upregulation, with organic molecules known to play an
important role in coral calcification (e.g. Drake et al., 2013; Mass et al., 2013; Von Euw et al., 2017; reviews in
Tambutté et al., 2011; Falini et al., 2015). It is worth considering, therefore, whether the geochemical data

presented here can rule out a model of stylasterid calcification which employs no pH upregulation at all.

Firstly, covariation in Rayleigh-sensitive elements including Mg/Ca, Li/Ca and St/Ca can be explained without
the need for pH upregulation, as Rayleigh fractionation implies the sole requirement that stylasterid calcification
proceeds from a closed fluid reservoir. Similarly, stylasterid 8!'B close to 8!"Bpore could simply indicate that
the pH of the stylasterid calcifying fluid is equivalent to that of seawater. However, the existence of covariation
between stylasterid 8''B and the full suite of element/Ca ratios is difficult to explain without pH upregulation.
Variations in £z provide a convenient link in this regard between Rayleigh fractionation (impacting the
incorporation of various elements) and the degree of boron isotopic equilibrium reached with external seawater,
in the case that boric acid diffuses between seawater and the calcifying fluid. Implicit in this link is the elevation
of stylasterid calcifying fluid pH, which is required to facilitate boric acid diffusion. It is difficult to conceive of
other processes which could cause such covariation of boron isotopic and elemental compositions. One
possibility is the influence of isotopic fractionation during boron attachment and detachment (Henehan et al.,
2022). Variations in coral growth rate could conceivably provide a link between boron isotopic fractionation
and trace element compositions, the latter either via associated kinetic effects or variations in precipitation

efficiency (e.g. Gaetani and Cohen, 2006; Gagnon et al., 2007). However, the mechanisms by which these could
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lead to such strong and consistent correlations is entirely unclear. Finally, the observed positive correlation
between subsample B/Ca and Mg/Ca is conveniently explained by a model in which each ratio is controlled by
alkalinity pumping (Chen et al., 2023). Whether this process affects aragonitic stylasterids remains uncertain,
however this model is presently the best available explanation for this observation, in turn providing additional

support for pH upregulation in aragonitic stylasterids.

Overall, the existence of strong correlations between stylasterid 8!'B and various element/Ca ratios is best
explained by vatiations in Dg/ £z. Indeed, the framework of Gagnon et al. (2021) provides a holistic explanation
for a variety of trends in stylasterid skeletal geochemistry. This suggests that stylasterids likely employ an amount
of calcifying fluid pH upregulation, although the magnitude of that upregulation remains an open question, as

does the role of organic molecules in facilitating stylasterid calcification.
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not paired with ambient seawater carbonate parameters so are not included here (see section 2.5).
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44 Wider implications of apical tip geochemistry

Consideration of the geochemistry of the growing tips of stylasterid branches (Figure 3) also has implications
for models of their growth. Stylasterid apical tips have 6180 and 8'3C further from equilibrium than bulk skeletal
samples (Samperiz et al., 2020). This observation was interpreted as evidence that stylasterid branch tips are
influenced by “vital effects” during calcification, and attributed to increased pH upregulation and/or kinetic
isotope fractionation owing to faster rates of precipitation at branch tips (Samperiz et al., 2020). Further, the
8180 and 813C composition of the core of stylasterid branches similarly has a more negative isotopic signature
(i.e. further from equilibrium) than bulk skeletal samples (Wisshak et al., 2009; Samperiz et al., 2020). This could

reflect the incorporation of the isotopic signature from apical tips into branch cores, as the coral grows.

The cause of intra-skeletal heterogeneity in stylasterid §'80 and 8'3C remains enigmatic (Samperiz et al., 2020).
Indeed, subsequent studies have sought to avoid sampling the apical tips of stylasterid branches to minimise
the influence of these calcification-related effects, leading to a paucity of other geochemical data against which
to assess models of stylasterid calcification (Stewart et al., 2020b; Stewart et al., 2022; chapter 3). The boron

isotopic and elemental composition dataset presented here thus provides valuable constraint in this regard.

Firstly, the apical tips of 4 mixed mineralogy (dominantly aragonitic) stylasterids are significantly depleted in
St/Ca and have heavier 8!'B, compared with bulk skeletal samples (Student’s #test; 95 % significance level;
Table 2). Apical tips of these samples are also enriched in Li/Ca, Mg/Ca, U/Ca and Ba/Ca, and depleted in
B/Ca and Li/Mg at slightly lower significance levels (0.05 < p < 0.12). These variations could result from
calcification-related processes, as discussed below. However, the magnitude of enrichments in Mg/Ca, Li/Ca
and 8!'B, in particular, suggests that these signals may at least have a partly mineralogical origin, and imply that
high-Mg calcite may be concentrated in branch tips (Table 2). Unfortunately, the small number of samples, low
statistical significance of observed differences and the absence of detailed intra-sample mineralogical analyses

means this remains highly speculative.

Considering secondly aragonitic stylasterids — for which a significant number of samples were measured — I
find that some of the geochemical parameters considered here show significant offsets between apical tips and
bulk skeletal samples (Table 2; Figure 8). Li/Ca is elevated while St/Ca is depleted in apical branch tips. Mg/Ca
is also elevated in branch tips, with lower statistical significance (p = 0.06). Importantly, apical tip and bulk
skeletal 81'B, B/Ca, and U/Ca are not significantly different, with U/Ca in particular showing a large degtree of

variability but no consistent offset (Table 2; Figure 8).

These data are consistent with the notion that stylasterid apical tips grow on average faster than the bulk

stylasterid skeleton. Elevation of Li/Ca (and Mg/Ca) and depletion of St/Ca in branch tips is consistent with
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more complete “precipitation efficiency” in a Rayleigh fractionation framework. This suggests either faster
growth or less frequent replenishment of the stylasterid calcifying fluid in branch tips compared with the bulk
skeleton. Of these two mechanisms by which to alter precipitation efficiency, faster growth rates seem more
likely, especially when considering the more negative 8'80 and 8'3C values in branch tips, which may be partly

explained by increased kinetic isotope fractionation (Samperiz et al., 2020).

Whether additional pH upregulation at branch tips is the mechanism by which faster growth is achieved is
uncertain. The boron isotopic signature of any additional pH upregulation may be overprinted by boric acid
diffusion, as outlined in section 4.3.1, which would be faster owing to the higher concentration gradient between
the stylasterid calcifying fluid and seawater. However, apical tip B/Ca and U/Ca could conceivably record the
signal of increased pH upregulation. Faster diffusion of boric acid should lead to elevated tip B/Ca, while higher
pH could also lead to lower U/Ca, owing to the proposed sensitivity of U speciation and incorporation to pH
(e.g. Inoue et al., 2011; Chen et al., 2021). While B/Ca is on average elevated in the tips of both aragonitic and
high-Mg calcitic stylasterids, these elevations have low statistical significance (p > 0.2). Meanwhile, U/Ca values
are highly variable, being both elevated and depleted in tips, compared with the bulk skeleton (Figure 8). The
data presented here thus do not provide strong support for additional pH upregulation at stylasterid apical tips.
While this may be the best explanation for apical tip depletions in 380 and 83C compared with the bulk
skeleton (Samperiz et al., 2020), it is worth noting that faster growth rates may also be achieved by other means,
for example by concentration of organic material at fast-growing sites, which has been observed for

scleractinian Centres of Calcification (Benzerara et al., 2011; Von Euw et al., 2017).

Overall, while the mechanism remains uncertain, the data presented here support the notion that the apical tips
of stylasterid branches grow faster than the rest of the skeleton, furthering evidence in favour of a two-stage
model of stylasterid growth (Wisshak et al., 2009; Samperiz et al., 2020). This model postulates that stylasterids
rapidly precipitate an initial skeletal framework, before branch thickening — perhaps accompanied by some
skeletal dissolution — occurs more slowly. This multi-stage growth may explain why the highly correlated
differences in the geochemistry of stylasterid apical tips and bulk skeletal samples are reduced in their
significance and strength when considering the differences between bulk sample replicates (compare Figure 7
and Figure 9). If bulk samples are comprised dominantly of slowly precipitated, secondary material, any Rayleigh

fractionation or kinetic effects would be significantly reduced.

More broadly, these data have implications for using stylasterids as palacoceanographic archives. Branch tips
are the youngest part of stylasterid skeletons, which form by vertical extension on decadal to centennial
timescales (King et al., 2018; chapter 5). Previous work has advocated for sampling along the branch of a single

stylasterid skeleton from base to tip, creating a record of ocean conditions which can span 10’s to 100’s of years
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(King et al., 2018; explored further in chapter 5). The correlated variability between the geochemical indicators
presented here, coupled with previous work (Samperiz et al, 2020), demonstrates that some
palacoceanogtraphically-relevant ratios, including Sr/Ca, 8!'B and 8'80 (and Ba/Ca), ate likely affected by
calcification-related processes in stylasterid apical tips, which may complicate their application in
palacoceanographic reconstructions. Encouragingly, apical tip Ba/Ca and 8''B ate not significantly different
from bulk samples, suggesting that the impacts of calcification-related processes are relatively minor in
magnitude. Further, I recommend that when records are generated from live-collected stylasterids where the
apical tip represents the actively-growing part of the skeleton, apical tip geochemistry should be compared with

modern seawater conditions to assess proxy performance.

An exception to these potential complications is stylasterid Li/Mg ratios, which are a potentially powerful
archive of seawater temperature (Stewart et al., 2020b). Differences between apical tip and bulk stylasterid
Li/Mg ratios are not significantly correlated with Sr/Ca, U/Ca or Ba/Ca ratios (either with or without outliers)
(Figure 9). Further, Li/Mg is not significantly elevated in apical tips, in contrast to Li/Ca and Mg/Ca as
discussed above (Table 2; Figure 8). This supports the notion that taking the ratio of Li/Ca and Mg/Ca
effectively cancels out some of the calcification-related effects on those ratios (e.g. Case et al., 2010; Montagna
et al., 2014; Stewart et al., 2020b). Apical tip Li/Mg ratios may therefore be used as robust archives of seawater

temperature.

Finally, a bulk sampling approach such as that employed here and in previous studies apparently homogenises
many of the geochemical variations outlined above, reaffirming the finding that bulk stylasterid geochemistry

has high potential as a palaecoceanographic tool (Samperiz et al., 2020; Stewart et al, 2020b; Stewart et al., 2022).
5 Conclusions

By significantly expanding the available dataset of stylasterid 8''B measurements, this chapter provides
important insights into boron partitioning into these marine carbonates, the utility of stylasterids as pH archives

and stylasterid biomineralisation mechanisms.

3MBsy.cale. 18 1 to 2 %o higher than 8'"'Bsy.ang., for a given 8'"'Bporae. This finding bears striking resemblance to
comparisons of synthetic aragonite and calcite produced in laboratory settings. The differences in boron
partitioning into stylasterid aragonite and high-Mg calcite are, therefore, most consistent with an abiogenic,
mineralogical control on boron incorporation. While aragonitic stylasterids apparently incorporate boron from
a B(OH)4~ source, high-Mg calcitic stylasterids may incorporate small amounts of B(OH)3, or are affected by

isotopic fractionation during B(OH)4~ incorporation. While the mechanistic origin of the offset between
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3" Bsy.cale. and 8'"'Bsyyang, temains uncertain, our data provide an important demonstration of this effect in a

natural setting, setting key limits on the conditions which could be targeted by future experimental work.

The similarity of 8"'Bsy.arag. With 8!'Bporace raises the possibility that 8" Bsy.amg, records variations in seawater pH.
I show that 8""'Bsy.arg can be used to reconstruct seawater pH to within a 95 % prediction interval of 0.2 pH
units, representing a significant improvement on the commonly-used bulk-sampled scleractinian D. dianthus. 1
also report a robust empirical relationship between 8!'Bsey.cae. and 8''Bporace, albeit across a smaller range of
3" Bporae- Future work could aim to calibrate this promising proxy across a wider range of pH conditions, which

in turn may provide constraint on the mechanisms of B-incorporation into stylasterid high-Mg calcite.

More broadly, stylasterid geochemistry has now been shown to reliably record seawater temperature (Samperiz
et al., 2020; Stewart et al., 2020b), [Ba]sw (chapter 3) and seawater radiocarbon content (King et al., 2018). The
addition of a stylasterid 3!'B-pH relationship contributes to a now wide and varied stylasterid geochemical

toolbox, which is ready to be applied in the pursuit of palacoceanographic reconstruction.

Finally, I confirm the finding that intra-sample covatiation exists between stylasterid 8''B, B/Ca and U/Ca
(Stewart et al., 2022), show that these trends are statistically significant, and show that they can be best explained
by variations in Dp/£%. This model requires that stylasterids employ some amount of pH upregulation in their
calcification fluid. The magnitude of this upregulation remains an open question, with important implications

for the energetic burden of stylasterid calcification and thus their resilience in a changing ocean.
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6 Supplementary information
6.1  Tropical, shallow water samples

Four samples measured here were taken from shallow, tropical reef/atoll environments, in which uncertainty
on carbonate system parameters was considered too large to permit pairing these samples with the full range
of hydrographic variables considered in this study (section 2.5). Despite this, it is still instructive to consider

whether the 8!'B of these samples is consistent with the other stylasterid samples measured in this study.

All 4 samples are aragonitic in mineralogy, and from the genus S#ylaster. To explore the context of their 3''B
signatures, I compare coral 3!'B with the possible ambient 3!'Bporae at these sites using all available hydrographic
data from the GLODAP bottle database which fall within 10 °N/S and 10 °E/W of each sample, at depths of
< 25 m (Supplementary figure 1; Supplementary figure 2; Lauvset et al., 2022). The distribution of this
hydrographic data is shown in Supplementary figure 2, with the data used for each sample shown within the
black square outlines. The GLODAP database was filtered for the above locational constraints, and only
stations with the full suite of hydrographic variables required for 8!'Bpore calculation (temperature, salinity,
dissolved phosphate and silicate, DIC and alkalinity) were used. 8''Bporae Was calculated as in section 2.6, with

the average value for the appropriate area assigned to each coral sample.

As shown in Supplementary figure 1, 3 of the 4 coral 8''B values are well within 2 standard deviations of the
average 8!"Bporee calculated for that sample. Since all these samples are aragonitic, this suggests their 3''B is in
equilibrium with 8!'Bporae, Which is more broadly consistent with the wider range of aragonitic samples in this
study. 1 sample (USNMS85791) falls below the estimated average 8'"'Bhorate. However, this is likely because this
sample was collected from the Great Barrier Reef, from which there is very little proximal hydrographic data
available for the calculation of 8""'Bporate (Supplementary figure 2). Additionally, measurements in the GLODAP
database are more likely to be from open ocean sites than directly above carbonate reef environments. Thus,
the implied variability in 8"'Bporace is likely a minimum estimate, and larger variations — particulatly in waters
directly overlying carbonate reef environments - are eminently plausible. Overall, these shallow water stylasterid
samples provide compelling additional evidence that aragonitic stylasterids from the full range of ocean

conditions have 8'"B in equilibrium with 8""'Bporate.
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Supplementary figure 1. 3!'B of shallow water, tropical stylasterid samples (red triangles) compared with
estimated 8'"Bpore calculated as in section 6.1 (black circles). Error bars on 8''Bpore are calculated from the
variability in all data from the appropriate sampled region (£ 2 o). Error bars on coral 8!'B values are the

largest of either analytical reproducibility or variability between sample replicates (£ 2 o).
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Supplementary figure 2. Map showing locations of coral samples and hydrographic data (from the GLODAP
bottle database; Lauvset et al, 2022) used to estimate average 8''Bporae for shallow, tropical waters.
Hydrographic data used for each sample were taken from within the appropriate outlined region, note that the

region for sample USNM76601 straddles 180 °E/W. Map produced using QGIS.
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6.2 Effect of ag

As outlined in section 2.6, the value of the fractionation factor between borate ion and boric acid (ag) is
uncertain. Generally, most recent studies (e.g. Rae et al., 2011; Anagnostou et al., 2012; McCulloch et al., 2012;
Farmer et al., 2015; Stewart et al., 2022) have used a value of 1.0272, which was proposed by Klochko et al.
(2006). However, Nir et al. (2015) suggested that a value of 1.026 may be more appropriate, which was later
supported by the findings of Henehan et al. (2022).

The effect of the choice of apin this dataset is shown in Supplementary figure 3 below. While using a value of
1.0272 implies excellent agreement between aragonitic stylasterid 6''B and 6!'Buorae, using a value of 1.026

suggests that aragonitic stylasterids have a 6!'B signature which is systematically ~ 1 %o lighter than 8" Bporace.

It is difficult to conceive of mechanisms to explain why stylasterid 8''B would be lighter than ambient 8"'Bporate,
and to do so would likely involve stylasterids inhabiting a low-pH microenvironment. For example, similar
signatures have been observed for infaunal foraminifera, and attributed to sediment pore waters having a lower
pH than the overlying seawater (Rae et al., 2011). Given that stylasterids live well clear of the sediment-water
interface, these considerations should not be relevant to stylasterids. More broadly, it is unclear why stylasterids
would inhabit low-pH environments and indeed what such an environment would constitute, especially given

the global coverage of our sample set.

Opverall, the excellent agreement between aragonitic stylasterid 8''"B and 8""'Bporae calculated using a
fractionation factor of 1.0272 suggests that this fractionation factor is most appropriate for the sample set
presented here, and this value is used throughout this chapter. However, the results of this ap comparison
exercise illustrate the critical importance of accurately constraining the value of ap for the interpretation of

boron isotopic data.
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Supplementary figure 3. Effect of the choice of borate anion-boric acid fractionation factor (xp) on the results
of this study. Panel a shows 8!'Bporate values calculated using ag = 1.0272 (Klochko et al., 2006). Panel b shows
calculations using ag = 1.026 (Nir et al., 2015). Annotations show the results of linear least squares regression
analyses. Shading around lines shows 95 % confidence intervals. Note that error bars have been removed for

clarity.
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Supplementary figure 5. Aragonitic stylasterid B/Ca ratios plotted as a function of seawater [DIC]. Symbols

and colours relate to different sample regions. Note North Pacific samples are from higher [DIC]. Linear fit

through all data shown in solid line, with Pearson’s correlation coefficient showing no significant overall

trend.
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Appendix: Summary of data generated in this thesis

Source Sample ID Taxon Latitude Longitude Depth 6"Bpoae Error 61"B.ort  Etror
('N) ('E) (m) (%) 8Bborate  (%0) 8""Beoral

*2 (2
SD; SD;
Y%o)* Ypo)**

This NBP1103 DH87 Erringpsis sp.  -60.57 -65.98 904 14.76 0.09 16.73 0.33

study St-2-01 cale.

This NBP1103 TO104 Erringpsis sp.  -59.72 -68.79 692 15.45 0.88 16.32 0.33

study St-4-1 cal.

This NBP1103 DHO7 Errinopsis sp. -54.51 -62.23 334 15.71 0.13 17.50 0.62

study St-01-01 cal.

This NBP0805 TB04 Erringpsis sp.  -54.73 -62.26 715 15.53 0.23 14.84 0.44

study Stps-A-01 arag.

This CE14011-03-08 Stylaster sp. 56.68 -13.90 517 16.28 0.31 15.82 0.33

study arag.

This JC094-B0109- Stylaster sp. 9.24 -21.32 339 14.43 0.37 15.26 0.70

study Hydls-001 arag.

This JC094-B0480- Stylaster sp. 9.24 -21.32 339 14.43 0.37 15.29 0.33

study Hydls(£)-001 arag.

This NBP1103 TO104 Errinopsis sp. -59.72 -68.79 692 15.45 0.88 16.78 0.33

study St-9-6 cal.

This NBP1103 DH22 Stylaster sp. -54.84 -62.13 1879 14.81 0.17 14.57 0.33

study Stc1-01 arag.

This JC094-B1041- Errina sp. 14.89 -48.16 743 14.45 0.24 15.38 0.33

study Hydlm-001 arag.

This JC094-B0548- Errina sp. 14.88 -48.15 431 14.70 0.56 15.82 0.33

study Hydls/m-001 to arag.

019
This JC094-B0546- Errina sp. 14.89 -48.15 776 14.99 0.45 15.37 0.33
study Hydls/m-001 to arag.
008
This JC094-B0541- Stylaster sp. 10.78 -44.60 2809 15.93 0.22 17.24 0.33
study Hydlm-001 arag.
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Source Sample ID Taxon Latitude Longitude Depth 6"Bpoe Error 61Bcors  Error
(*N) ("E) (m) (%0) 6""Bporare  (%0) 1B coral

2 *2
SD; SD;
Y%o)* Ypo)**

This NBP1103 DH22 Errinopsis sp. -54.84 -62.13 1879 14.81 0.17 17.14 0.38

study Stc1-01 cale.

This NBP1103-TB02- Cheiloporidion  -54.49 -62.19 316 15.71 0.26 18.03 0.39

study St-01 sp. calk.

This NBP1103 TO104 Errinopsis sp.  -59.72 -68.79 692 15.45 0.88 16.76 0.33

study St-4-2W cale.

This USNMS85791 Stylaster sp. -19.72 149.20 8 Nodata Nodata 16.65 0.64

study arag.

This USNM1248338 Stylaster sp. -15.07 167.15 209 17.92 0.16 18.50 0.33

study arag.

This USNM76585 Stylaster sp. 18.32 -64.75 24 No data Nodata 18.82 0.33

study arag.

This USNM?72232 Stylaster sp. 11.88 -61.89 13 Nodata Nodata 1854 0.33

study arag.

This USNM76601 Stylaster sp. -1.87 175.57 3 No data Nodata 17.92 0.33

study arag.

This USNM93950 Stylaster sp. 25.13 -77.18 91 18.57 0.27 18.73 0.48

study arag.

This JC094-B0519- Adelopora sp.  10.72 -44.42 739 15.03 0.72 15.29 0.33

study Hydlm-001 to 027  arag.

This JR15005-Ev113- Inferiolabiata  -60.76 -42.98 522 14.90 0.16 14.28 0.33

study 2429 sp. arag.

This JR15005-Ev39-784  Inferiolabiata ~ -62.28 -45.01 735 14.76 0.13 14.55 0.33

study sp. arag.

This JR15005-Ev40-831  Conopora sp.  -62.28 -45.00 726 14.76 0.13 15.14 0.33

study arag.

This Sty09 Stylaster sp. 24.33 -81.68 192 17.07 1.92 17.53 0.33

study arag.

This Sty10-sp-1 Stylaster sp. 24.33 -81.68 192 17.07 1.92 16.65 0.33

study arag.
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Source Sample ID Taxon Latitude Longitude Depth 6"Bpoe Error 61Bcors  Error
(*N) ("E) (m) (%0) 6""Bporare  (%0) 1B coral

2 *2
SD; SD;
%o)* Ypo) ¥k

This MNHN-IK-2014-  Stephanobelia  -21.65 162.70 787 15.24 0.08 15.93 0.19

study 3455 sp. arag.

This MNHN-IK-2014-  Sylaster sp. -23.07 159.45 356 17.42 0.67 18.29 0.16

study 3554 arag.

This MNHN-IK-2014-  Conopora sp. ~ -23.03 159.47 365 16.75 0.72 17.53 0.33

study 3610 arag.

This MNHN-IK-2014-  Stylaster sp. -23.03 159.47 365 16.75 0.72 17.66 0.16

study 3612 arag.

This MNHN-IK-2014-  Inferiolabiata  -23.03 159.47 365 16.75 0.72 17.30 0.16

study 3613 sp. arag.

This MNHN-IK-2015-  Stephanobelia  -18.69 163.39 239 17.30 0.85 17.11 0.30

study 3483 sp. arag.

This MNHN-IK-2015-  Stephanobelia  -18.87 163.34 512 15.98 0.53 14.57 0.48

study 3444 sp. arag.

This MNHN-IK-2015-  Stephanobelia  -18.98 163.32 366 17.45 0.57 16.90 0.27

study 3557 sp. arag.

This MNHN-IK-2015-  Stephanobelia  -18.82 163.12 850 14.94 0.30 16.59 0.16

study 3597 sp. arag.

This MNHN-IK-2015-  Sylaster sp. -18.98 163.41 309 17.67 0.37 16.63 0.16

study 3593 arag,.

This MNHN-IK-2015-  Sylaster sp. -18.92 163.26 489 15.97 0.53 15.71 0.16

study 3595 arag.

This MNHN-IK-2015-  Sylaster sp. -18.82 163.12 850 14.94 0.30 17.03 0.16

study 3596 arag.

This MNHN-IK-2015-  Sylaster sp. -18.96 163.39 331 17.45 0.68 16.75 0.31

study 3430 arag.

This NOAA_202001_2  Sylaster sp. 54.60 -158.62 249 13.59 0.36 14.24 0.16

study arag.

This NOAA_906022 Errinopora 51.49 -178.50 204 14.25 0.25 15.15 0.16

study sp. calk.
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Source Sample ID Taxon Latitude Longitude Depth 6"Bpoe Error 61Bcors  Error
(*N) ("E) (m) (%0) 6""Bporare  (%0) 1B coral

2 *2
SD; SD;
Y%o)* Ypo)**

This NOAA_906402 Cyclobelia sp.  51.49 -178.50 204 14.25 0.25 13.66 0.50

study arag.

This NOAA_202001_1  Stylaster sp. 51.67 -178.84 667 13.38 0.09 13.23 0.21

study arag.

This NOAA_202001_3  Stylaster sp. 51.75 -178.33 804 13.39 0.15 13.58 0.34

study arag.

This NOAA_202001_10  Szylaster sp. 51.75 -178.92 370 13.49 0.44 13.94 0.17

study arag.

This NOAA_202001_16  Stylaster sp. 51.36 -178.50 590 13.28 0.40 13.26 0.16

study arag.

Stewart NBP0805-TBO1- Errina sp. -54.47 -62.19 312 15.70 0.06 15.09 0.16

etal. EanC1 arag.

(2022)

Stewart  STY-1-Eanl Errina sp. -55.05 -62.11 130 15.74 0.22 15.10 0.34

etal. arag.

(2022)

Stewart NBP1103-DH39-  Ewina sp. -60.17 -57.85 770 14.87 0.07 14.85 0.16

etal. St-2-02-Ebo02 arag.

(2022)

Stewart  JC094-F0184- Errina sp. 14.89 -48.15 826 14.99 0.49 15.71 0.16

etal. Hydlm-001-Eal001  arag.

(2022)

Stewart  JR15005-113-2427-  Stylaster sp. -60.76 -42.98 522 14.90 0.16 14.67 0.17

etal. Sro2427 arag.

(2022)

Stewart  JR15005-114-2453-  Sylaster sp. -60.75 -42.97 605 14.78 0.16 15.03 0.19

etal. Sro2453 arag.

(2022)

Stewart  JR15005-40-835- Stylaster sp. -62.28 -45.00 726 14.76 0.13 14.47 0.16

etal. Sro835 arag.

(2022)
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Source Sample ID Taxon Latitude Longitude Depth 6"Bpoe Error 61Bcors  Error
(*N) ("E) (m) (%0) 6""Bporare  (%0) 1B coral

2 *2
SD; SD;
Y%o)* Ypo)**

Stewart NBP1103-DH54- Stylaster sp. -60.25 -57.60 1262 14.93 0.05 14.72 0.16

et al. Stp-1-Sde54 arag.

(2022)

Stewart NBP1103-DH37- Stylaster sp. -60.17 -57.88 878 14.85 0.11 14.01 0.30

et al. Stp-1-1-Sde37 arag.

(2022)

Stewart NBP1103-DH40- Stylaster sp. -60.18 -57.84 806 14.88 0.06 15.13 0.16

et al. Stp-1-1-Sde40 arag.

(2022)

Stewart NBP1103-DH88- Stylaster sp. -60.56 -65.96 982 14.70 0.08 14.49 0.16

et al. Stp-1-1-Sde88 arag.

(2022)

Stewart NBP0805-TB04- Stylaster sp. -54.73 -62.26 715 15.53 0.23 14.86 0.16

et al. Dp-A-001-Sde001  arag.

(2022)

Stewart DY081-52-339-26-  Sylaster sp. 59.93 -46.50 939 16.00 0.33 16.62 0.70

et al. 1141-Sgr1141 arag.

(2022)

Stewart  JC136-1901-sp- Stylaster sp. 58.29 -13.04 820 16.18 0.55 17.00 0.16

et al. 1Sbr1901 arag,.

(2022)

Stewart  JC136-3712-sp-1- Stylaster sp. 59.10 -10.48 845 16.45 0.57 18.75 3.09

et al. Sib3712 arag,.

(2022)

Stewart  AL1508 02-013-01-  Szylaster sp. 0.38 -90.44 63 15.96 0.48 15.23 0.16

etal. D-Sma013 arag.

(2022)

Stewart  JR15005-38-775- Errina sp. -62.28 -45.00 727 14.76 0.13 14.95 0.53

etal. Egr775 mixed (arag.)

(2022)

195



Source Sample ID Taxon Latitude Longitude Depth 6"Bpoe Error 61Bcors  Error
(°'N) (°E) (m) (%0) 6"Bborare  (%0) 1B coral

2 *2
SD; SD;
Y%o)* Ypo)**

Stewart  JR15005-40-832- Errina sp. -62.28 -45.00 726 14.76 0.13 15.32 0.74

etal. Egr832 mixed (arag.)

(2022)

Stewart JR15005-113-2421-  Errina sp. -60.76 -42.98 522 14.90 0.16 14.50 0.16

etal. Egr2421 mixed (arag.)

(2022)

Stewart  JR15005-113-2426-  Errina sp. -60.76 -42.98 522 14.90 0.16 14.51 0.35

etal. Egr2426 mixed (arag.)

(2022)

Stewart  JR15005-43-844- Errina sp. -62.33 -44.54 1000 14.79 0.08 16.21 0.16

etal. Ela844 cal.

(2022)

Stewart  JR15005-44-907- Errina sp. -62.33 -44.55 991 14.79 0.08 16.32 0.16

etal. mn-1-Ela907 cale.

(2022)

*Error represents variability between 3 nearest hydrographic stations (2 o)

**Error represents larger of either analytical reproducibility or variation between sample replicates (2 o)

Supplementary table 1. Summary of 8""Beoral vs 8!'Bporate data used in this chapter.
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Sample ID Li/Ca B/Ca Mg/Ca St/Ca Ba/Ca U/Ca 6B (%o)

(pmol/mol) (pmol/mol) (mmol/mol)  (mmol/mol) (pmol/mol) (nmol/mol)

R1 R2 R1 R2 R1 R2 R1 R2 R1 R2 R1 R2 R1 R2
NBP1103 DH87 50.90 50.24 280.74 286.34  86.60 8695 297 299 1274 1324 181.13 199.68 16.68 16.79
St-2-01
NBP1103 TO104 4932 4988 279.47 280.36 81.50 8155 336 345 11.06 11.06 193.64 22832 1633 16.32
St-4-1
NBP1103 DHO7 58.63 64.25 335.18 345.17 9312 9525 3.01 3.04 824 805 9456 8130 17.72 17.28
St-01-01
NBP0805 TB04 13.02  12.86 1056.12 105543 2.64 2.63 1117 1116 1394 1398 28499 319.65 14.68 14.99
Stps-A-01
CE14011-03-08 1219  11.82 971.61 99276  3.07 2.94 10.39 10.58 7.82  8.04 241.25 22551 1579 15.84
JC094-B0109- 11.05 11.32 94890  1000.00 3.11 3.12 1030 10.39 731  7.46 18346 129.63 15.51 15.01
Hydls-001
JC094-B0480- 10.85 10.78 951.46 97445  3.13 3.08 1041 1039 723 728 13823 130.88 15.37 15.20
Hydls(f)-001
NBP1103 TO104 4755 47.60 292.07 288.59 8454 8447 277 274 11.56 11.70 106.39 99.64 1671 16.86
St-9-6
NBP1103 DH22 12.25 12.80 1011.46 1017.52 2.30 2.38 11.02 1116 1795 1822 225.07 237.06 14.56 14.58
Stc1-01
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Sample ID Li/Ca B/Ca Mg/Ca St/Ca Ba/Ca U/Ca 6B (%o)

(pmol/mol) (pmol/mol) (mmol/mol)  (mmol/mol) (pmol/mol) (nmol/mol)

R1 R2 R1 R2 R1 R2 R1 R2 R1 R2 R1 R2 R1 R2
JC094-B1041- 10.66 10.75 947.07 92817  2.77 2.70 10.50 10.52 7.80 7.64 260.13 28541 15.44 15.31
HydIm-001
JC094-B0548- 10.47 10.36  964.00  947.00  2.79 2.72 1045 10.51 7.70  7.72  272.85 33846 1578 15.86
Hydls/m-001 to
019
JC094-B0546- 11.11 1115 893.23  899.54  2.50 2.59 10.56 10.57 9.75  9.74  703.58 689.17 1534 15.40
Hydls/m-001 to
008
JC094-B0541- 10.03 10.02 910.21 88251  1.93 1.91 1032 10.33 10.82 10.78 541.99 503.78 17.28 17.21
Hydlm-001
NBP1103 DH22 4196 40.87 280.56  267.69 80.29 8200 340 345 1276 12.60 242,70 27880 17.27 17.01
Stc1-01
NBP1103-TB02- 59.63 59.14 366.12 37083 9121 9047 293 292 834 853 10603 9349 17.89 18.17
St-01
NBP1103 TO104 40.20 3947 317.09 31479 8597 8593 284 291 11.22 11.14 139.18 156.32 16.86 16.67
St-4-2W
USNM85791 798 831 86346  923.75  3.35 3.54 995 979 501 502 7416 65.66 16.87 16.42
USNM1248338 7.63 785.12 2.95 9.98 4.96 225.59 18.50
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Sample ID Li/Ca B/Ca Mg/Ca Sr/Ca Ba/Ca U/Ca 1B (%o)
(pmol/mol) (pmol/mol) (mmol/mol)  (mmol/mol) (pmol/mol) (nmol/mol)
R1 R2 R1 R2 R1 R2 R1 R2 R1 R2 R1 R2 R1 R2
USNM76585 597  6.02 789.67 78641  3.07 3.13 9.00 9.04 29.23 2754 15595 163.85 18.84 18.80
USNM72232 623 618 83790 836.18 3.33 3.24 9.05 9.07 546 538 10498 92.03 1859 18.50
USNM76601 6.34 627 83463 83691 3.29 3.33 9.37 934 561 612 8792 87.63 1796 17.89
USNM93950 7.64 742 78451 68571 292 2.57 10.04 10.30 6.34 649  237.04 214.67 1856 18.90
JC094-B0519- 11.19 1141 869.92 87522 254 2.61 10.63 10.60 9.58  9.68  724.79 712.62 1531 15.27
HydIm-001 to 027
JR15005-Ev113- 1290 1293 1005.87 101297 2.37 2.36 1094 10.98 1847 18.65 170.05 156.16 14.37 14.20
2429
JR15005-Ev39-784  13.73 1378 969.76 ~ 978.44  2.39 2.42 11.15 11.06 1955 19.04 290.18 251.08 14.59 14.51
JR15005-Ev40-831  13.60 13.49 987.65 96027  2.47 2.48 1097 11.18 1893 19.90 52551 70821 15.09 15.18
Sty09 893 828  822.66 805.39  3.00 2.76 983 988 667 6.68 17657 161.00 17.48 17.57
Sty10-sp-1 9.19 952 94651  936.55  3.08 3.18 10.06 10.05 7.54  7.62  186.88 212.84 16.69 16.61
MNHN-IK-2014-  9.77  9.71  731.16 71124 245 2.37 1126 1124 695 670 163.17 151.85 15.87 16.00
3455
MNHN-IK-2014- 7.87 882.58 2.72 9.95 5.12 471.96 18.29

3554
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Sample ID Li/Ca B/Ca Mg/Ca St/Ca Ba/Ca U/Ca 6B (%o)
(pmol/mol) (pmol/mol) (mmol/mol)  (mmol/mol) (pmol/mol) (nmol/mol)
R1 R2 R1 R2 R1 R2 R1 R2 R1 R2 R1 R2 R1 R2
MNHN-IK-2014- 811 824 91844 900.83  2.66 2.62 9.89  10.01 5.61 570 30533 361.93 17.42 17.65
3610
MNHN-IK-2014-  8.70 770.87 2.54 10.39 5.73 262.02 17.66
3612
MNHN-IK-2014-  9.41 931.50 3.05 9.94 6.07 235.70 17.30
3613
MNHN-IK-2015- 826 823 659.75  665.61 2.21 2.15 1121 1120 5.66 561 13644 126.80 17.01 17.22
3483
MNHN-IK-2015-  11.28 11.26 82277  831.71 218 2.28 1194 11.71 9.60  9.41 187.77 160.62 1475 14.40
3444
MNHN-IK-2015-  8.87 9.1  727.65 751.56  2.29 2.42 1130 11.32 650 649  241.08 233.35 17.00 16.80
3557
MNHN-IK-2015-  9.16 736.01 2.36 11.27 6.70 171.64 16.59
3597
MNHN-IK-2015-  8.62 880 93496  946.19  2.70 2.77 1036 10.28 576 572  149.13 136.12 16.59 16.67
3593
MNHN-IK-2015- 1029 10.14 1023.37 973.11  2.68 2.59 10.73  10.72 7.67 756 11577 141.39 1571 15.72

3595
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Sample ID Li/Ca B/Ca Mg/Ca St/Ca Ba/Ca U/Ca 6B (%o)
(pmol/mol) (pmol/mol) (mmol/mol)  (mmol/mol) (pmol/mol) (nmol/mol)

R1 R2 R1 R2 R1 R2 R1 R2 R1 R2 R1 R2 R1 R2

MNHN-IK-2015- 8.68 8.64 913.64 890.53  2.80 2.77 10.19 10.22 5.62 5.63 176.79 18443 17.06 16.99
3596

MNHN-IK-2015- 934 926 97020 967.24 294 2.93 10.20 10.18 5.91 590  188.24 177.75 16.64 16.86
3430

NOAA_202001_2  13.65 13.51 808.39 71346 282 2.76 10.37 1025 9.83 949 12270 121.30 14.22 14.27
NOAA_906022 83.42 84.69 313.80 30930 11943 11840 329 330 780 798 2534 4829 1513 15.18
NOAA_906402 13.51 1414 465.01  430.08  3.08 3.20 955 953 1042 1049 148.65 11053 13.84 13.48
NOAA_202001_1 1253 1233 59223  556.75  2.17 2.15 10.47 10.62 16.51 1696 197.99 260.90 13.16 13.30
NOAA_202001_3  13.27 13.25 780.15 791.98  2.50 2.51 10.70  10.74 16.84 17.04 2064.73 28433 13.46 13.70
NOAA_202001_10 12.59 1293 80035 840.18 251 2.63 1095 10.94 1333 13.45 32939 273.01 13.88 14.00

NOAA_202001_16 14.25 1426 57217 62297 277 2.79 10.14 1033 1237 1279 13576 148.12 1321 13.32

Supplementary table 2. Geochemistry of sample replicates (R1 and R2) measuted as patt of this thesis. Ba/Ca and St/Ca ratios for some samples are presented
in chapter 3. All element/Ca ratios corrected for analytical offsets (section 2.4). For relevant analytical etrors, the readert is referred to section 2.4 and chaptet
2 of this thesis. Blank cells indicate that no second replicate was measured. Sample Li/Mg ratios were calculated directly from Li/Ca and Mg/Ca values

shown here.
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Sample ID Source of Li/Ca B/Ca Mg/Ca St/Ca Ba/Ca U/Ca 81'B
El/Caratios (pmol/mol) (pmol/mol) (mmol/mol) (mmol/mol) (pmol/mol) (nmol/mol) (%o)

JC094-B1041-Hydlm-001 This study 11.12 987.04 3.00 10.26 7.58 205.44 15.02
JC094-B0548-Hydls/m-001 to 019  This study 11.50 1030.00 3.19 10.17 7.57 205.17 15.52
JC094-B0546-Hydls/m-001 to 008  This study 11.68 931.97 2.74 10.59 9.75 611.05 15.30
USNM85791 This study 8.15 862.74 3.26 10.00 5.15 111.62 17.28
USNM76601 This study 6.61 865.13 3.54 9.32 7.49 139.58 17.64
JR15005-Ev113-2429 This study 12.56 948.49 2.21 11.14 19.29 377.96 14.97
JR15005-Ev39-784 This study 13.59 890.06 2.25 11.19 19.84 580.40 15.25
Sty09 This study 9.52 832.67 3.61 9.50 8.99 155.22 17.45
MNHN-IK-2014-3612 This study 9.06 785.21 2.89 9.99 5.40 208.42 17.69
MNHN-IK-2015-3444 This study 11.48 889.68 2.68 11.63 9.43 150.35 13.89
MNHN-IK-2015-3557 This study 9.48 818.53 2.60 11.23 6.49 212.65 16.59
MNHN-IK-2015-3593 This study 8.83 968.53 2.87 10.18 5.66 163.87 16.78
NBP0805-TB01-EanC1 IS.and J.S* 12,53 909.29 2.36 11.09 11.87 395.59 15.31
STY-1-Eanl I.S.and J.S. 12.80 851.18 2.85 10.54 10.59 363.22 15.38
JC094-F0184-Hydlm-001-Eal001 I.S.and J.S. 11.87 993.13 2.85 10.20 7.79 314.97 15.25
JR15005-38-775-Egt775 LS. and J.S. 22.56 751.14 14.69 10.25 21.31 621.85 15.11
JR15005-40-832-Egr832 I.S.and J.S. 22.67 729.78 14.62 10.37 20.88 1041.60 15.64
JR15005-113-2421-Egr2421 I.S.and J.S. 16.87 826.92 7.82 11.03 21.51 558.95 15.01
JR15005-113-2426-Egt2426 LS. and J.S. 24.40 755.40 15.07 9.91 19.97 346.07 14.75

*1.S. and J.S. refers to unpublished data generated by Ivo Strawson and Joseph Stewart as part of Strawson (2019), see section 2.2 for details.

Supplementary table 3. Apical tip geochemistry of stylasterid samples. All element/Ca ratios corrected for analytical offsets (section 2.4). For relevant analytical

errors, the reader is referred to section 2.4 and chapter 2 of this thesis. Li/Mg ratios were calculated ditectly from Li/Ca and Mg/Ca values shown here.
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Some element/Ca ratio data wete generated as patt of a previous study and are as-yet-unpublished (Strawson, 2019). All boron isotopic data for these samples

were generated as part of this thesis.

Sample Option Cruise Station Year Depth  Temp. Sal. Phos. Sil. Alk. DIC Quae.  pH 6" Bporate
ID (m) (&) (psu) (umol/  (umol/ (umol/ (umol/ (total  (%0)
ke) kg kg kg scale)
NBP11 1 740H20090203 24 2009 878 2.4 34.6 2.3 73.5 2343 2251 0.98 7.88 14.76
0D3H87 2 33L.G20060321 17 2006 999 1.5 34.7 23 75.5 2356 2262 0.96 7.89 14.81
St-2:01 3 740H20090203 22 2009 876 2.3 34.6 24 77.6 2342 2253 0.96 7.87 14.72
NBP11 1 NBP1103 CTD100 2011 651 2.7 34.4 1.8 63.8 2311 2181 1.29 8.00 15.45
2*30104 2 740H20090203 22 2009 751 2.4 34.6 2.4 73.9 2337 2251 0.97 7.87 14.67
St-4-1 3 740H20090203 24 2009 627 2.5 34.4 23 62.0 2329 2238 1.02 7.89 14.73
NBP11 1 NBP1103 TowCam5 2011 337 4.9 34.1 1.6 10.9 2281 2135 1.51 8.03 15.71
0D3H07 2 740H20090203 72 2009 373 4.7 34.2 1.6 11.1 2285 2139 1.50 8.03 15.71
St01-01 3 740H20090203 78 2009 376 4.8 34.2 1.6 10.6 2286 2134 1.55 8.04 15.83
NBPO8 1 740H20090203 78 2009 735 4.1 34.2 1.8 18.1 2294 2160 1.30 7.99 15.53
91%04 2 740H20090203 78 2009 684 4.2 34.2 1.8 17.3 2293 2156 1.34 8.00 15.59
SEPS_A_ 3 740H20090203 72 2009 747 3.8 34.2 1.9 215 2291 2166 1.23 7.97 15.37
CE1401 1 64PE20070830 46 2007 500 10.2 354 0.8 4.8 2326 2141 1.84 8.02 16.28
10308 2 74D120120731 30 2012 504 9.8 35.4 0.7 4.0 2323 2150 1.73 7.99 16.06
3 64PE20070830 43 2007 522 9.4 35.3 1.0 8.6 2326 2158 1.68 7.99 15.98
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Sample Option Cruise Station Year Depth  Temp. Sal Phos. Sil. Alk. DIC Quae.  pH 8""Bporate
ID (m) °C) (psu) (umol/  (umol/ (umol/ (umol/ (total  (%0)
k) ke ko) ke scale)
JjC094- 1 JC094 ROV5 2013 333 10.2 35.1 1.6 14.9 2312 2234 1.05 7.74 14.43
1}31(}),11?89__ 2 06M320150501 533 2015 322 10.8 35.1 2.0 13.6 2302 2246 0.92 7.66 14.11
0ot 3 06M320150501 532 2015 347 10.6 35.1 2.0 13.8 2301 2245 0.91 7.67 14.11
JjC094- 1 JC094 ROV5 2013 333 10.2 35.1 1.6 14.9 2312 2234 1.05 7.74 14.43
IB{(;Z?SO(_Q 2 06M320150501 533 2015 322 10.8 35.1 2.0 13.6 2302 2246 0.92 7.66 14.11
00t 3 06M320150501 532 2015 347 10.6 35.1 2.0 13.8 2301 2245 0.91 7.67 14.11
NBP11 1 NBP1103 CTD100 2011 651 2.7 34.4 1.8 63.8 2311 2181 1.29 8.00 15.45
9F3()1 04 2 740H20090203 22 2009 751 2.4 34.6 2.4 73.9 2337 2251 0.97 7.87 14.67
56:9-6 3 740H20090203 24 2009 627 2.5 34.4 2.3 62.0 2329 2238 1.02 7.89 14.73
NBP11 1 740H20090203 74 2009 1753 2.4 34.6 2.3 79.3 2354 2263 0.81 7.84 14.81
OD3H22 2 740H20090203 72 2009 1750 2.4 34.6 2.4 80.4 2354 2261 0.82 7.84 14.84
Stel-01 3 06AQ20080210 249 2008 1998 1.8 34.7 2.2 96.4 2362 2263 0.80 7.86 14.97
JCco94- 1 316N19821201 20 1982 717 6.6 34.8 2.2 23.6 2308 2233 0.93 7.77 14.45
Eigﬁ;_ 2 316N20030922 54 2003 744 6.2 34.7 2.2 24.5 2308 2221 0.99 7.81 14.64
0ot 3 33AT20120419 34 2012 764 7.0 349 2.1 21.5 2308 2219 1.01 7.80 14.67
Jco94- 1 316N19821201 19 1982 448 9.6 35.1 1.9 15.1 2316 2221 1.14 7.79 14.70
g;i{?f/_ 2 316N19821201 18 1982 492 10.1 35.2 1.7 14.1 2313 2198 1.28 7.84 15.03
2_8(1); 3 316N19821201 18 1982 398 12.1 35.5 14 10.0 2323 2191 1.46 7.86 15.27
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Sample Option Cruise Station Year Depth  Temp. Sal Phos. Sil. Alk. DIC Quae.  pH 8""Bporate
ID (m) °C) (psu) (umol/  (umol/ (umol/ (umol/ (total  (%0)
k) ke ko) ke scale)

JjC094- 1 JC094 CTD44 2013 804 6.1 34.8 2.2 24.4 2311 2204 1.12 7.87 14.99
1}3{(})7216/— 2 316N19821201 19 1982 791 5.9 34.7 2.2 26.1 2307 2226 0.95 7.80 14.56
2_88; 3 33AT20120419 31 2012 764 6.4 34.7 2.2 23.5 2308 2219 1.01 7.82 14.68
JjC094- 1 JC094 CTD32 2013 2805 2.8 34.9 1.3 30.1 2323 2178 0.89 7.94 15.93
I}?I(;iléltrln_— 2 JC094 CTD39 2013 2800 2.8 34.9 1.4 32.4 2320 2173 0.90 7.95 15.98
0ot 3 323019940104 218 1994 2766 2.9 34.9 1.4 30.3 2331 2175 0.95 7.97 16.14
NBP11 1 740H20090203 74 2009 1753 2.4 34.6 2.3 79.3 2354 2263 0.81 7.84 14.81
OD3H22 2 740H20090203 72 2009 1750 2.4 34.6 2.4 80.4 2354 2261 0.82 7.84 14.84
Stel-01 3 06AQ20080210 249 2008 1998 1.8 34.7 2.2 96.4 2362 2263 0.80 7.86 14.97
NBP11 1 NBP1103 TowCam5 2011 337 4.9 341 1.6 9.4 2281 2135 1.51 8.03 15.71
%;02_ 2 740H20090203 78 2009 376 4.8 34.2 1.6 10.6 2286 2134 1.55 8.04 15.83
St-01 3 74]C20181103 8 2018 255 4.7 34.2 1.6 8.3 2274 2136 1.47 8.01 15.57
NBP11 1 NBP1103 CTD100 2011 651 2.7 34.4 1.8 63.8 2311 2181 1.29 8.00 15.45
9F3()104 2 740H20090203 22 2009 751 2.4 34.6 2.4 73.9 2337 2251 0.97 7.87 14.67
St-4-2W 3 740H20090203 24 2009 627 2.5 34.4 2.3 62.0 2329 2238 1.02 7.89 14.73
USNM8 N/A
5791

N/A

N/A
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Sample Option Cruise Station Year Depth Temp. Sal. Phos. Sil. Alk. DIC Quag.  pH 81Byorate
ID (m) °C) (psu) (umol/  (umol/ (umol/ (umol/ (total  (%0)
ke) kg ke ke scale)

USNM1 1% 35A319940923 1 1994 183 22.3 35.8 0.6 1.0 2348 2047 3.20 8.06 17.92
248338

2% 35A319940923 2 1994 179 23.1 35.9 0.6 1.0 2365 2052 3.34 8.06 18.08

3% 35A319940923 1 1994 163 23.1 35.8 0.6 1.0 2355 2046 3.31 8.06 18.02
USNM7 N/A
6585

N/A

N/A
USNM7 N/A
2232

N/A

N/A
USNM7 N/A
6601

N/A

N/A
USNM9 1 33R019980123 116 1998 91 22.8 36.7 0.0 0.9 2399 2052 3.71 8.11 18.57
3950

74D120100106 17 2010 79 23.6 36.7 0.0 0.9 2391 2054 3.62 8.08 18.36

3 29HE19920714 101 1992 101 23.9 36.7 0.0 0.7 2399 2046 3.79 8.10 18.62
JC094- 1 JC094 ROV41 2013 737 6.3 34,7 2.2 24 .4 2319 2208 1.16 7.88 15.03
B0519-
Hydlm- 2 06M320150501 478 2015 742 6.4 34,7 2.2 23.5 2300 2222 0.94 7.78 14.50
83; to 3 06M320150501 481 2015 746 6.4 34,7 2.3 24.7 2295 2227 0.88 7.75 14.35
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Sample Option Cruise Station Year Depth  Temp. Sal Phos. Sil. Alk. DIC Quae.  pH 8""Bporate
ID (m) °C) (psu) (umol/  (umol/ (umol/ (umol/ (total  (%0)
k) ke ko) ke scale)
JR15005 1 74]C20100319 930 2010 505 0.4 34.7 2.2 104.6 2358 2257 1.11 7.95 14.90
_2]?;;7;13_ 2 74JC20100319 30 2010 601 0.4 34.7 2.2 108.4 2352 2260 1.02 7.92 14.75
3 74]C20100319 26 2010 603 0.1 34.7 2.3 112.8 2351 2257 1.03 7.93 14.78
JR15005 1 316N19831007 128 1984 662 0.3 34.7 23 119.0 2362 2269 1.02 7.92 14.76
—712139— 2 06AQ20060825 565 2006 800 0.4 34.7 2.3 119.0 2360 2263 1.01 7.92 14.85
3 74]C20071231 12 2008 593 0.2 34.7 2.3 119.0 2359 2259 1.08 7.94 14.89
JR15005 1 316N19831007 128 1984 662 0.3 34.7 2.3 119.0 2362 2269 1.02 7.92 14.76
;51740— 2 06AQ20060825 565 2006 800 0.4 34.7 2.3 119.0 2360 2263 1.01 7.92 14.85
3 74]C20071231 12 2008 593 0.2 34.7 2.3 119.0 2359 2259 1.08 7.94 14.89
Sty09 1 33R0O20170718 91 2017 200 20.7 36.8 0.3 2.0 2406 2148 2.75 7.99 17.07
2 33R0O20170718 93 2017 202 11.7 35.5 1.5 11.8 2333 2196 1.55 7.88 15.33
3 33R0O20170718 92 2017 172 20.2 36.7 0.4 2.3 2398 2152 2.64 7.97 16.90
Sty10- 1 33R0O20170718 91 2017 200 20.7 36.8 0.3 2.0 2406 2148 2.75 7.99 17.07
L 2 33R0O20170718 93 2017 202 11.7 35.5 1.5 11.8 2333 2196 1.55 7.88 15.33
3 33R0O20170718 92 2017 172 20.2 36.7 0.4 2.3 2398 2152 2.64 7.97 16.90
MNHN 1 318M19940327 267 1994 792 6.1 34.5 1.9 26.1 2298 2177 1.21 7.91 15.24
_Zlgit_ 2 318M19940327 263 1994 798 5.7 34.4 2.0 30.5 2302 2184 1.18 7.91 15.19
3455 3 49NZ.20090410 221 2009 755 5.9 34.4 2.0 27.2 2300 2184 1.19 7.91 15.16
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Sample Option Cruise Station Year Depth  Temp. Sal Phos. Sil. Alk. DIC Quae.  pH 8""Bporate
ID (m) °C) (psu) (umol/  (umol/ (umol/ (umol/ (total  (%0)
k) ke ko) ke scale)
MNHN 1 318M 19940327 269 1994 353 15.8 35.4 0.7 2.5 2338 2080 2.60 8.08 17.42
;gi;_ 2 49NZ.20090410 229 2009 367 15.6 35.4 0.7 2.8 2321 2102 2.25 8.01 16.75
3554 3 318M19940327 273 1994 342 16.6 35.4 0.7 24 2320 2080 2.46 8.04 17.11
MNHN 1 49NZ20090410 229 2009 367 15.6 35.4 0.7 2.8 2321 2102 2.25 8.01 16.75
—21(52;_ 2 49NZ.20090410 226 2009 368 16.0 35.4 0.7 2.3 2322 2096 2.31 8.02 16.86
3610 3 318M19940327 269 1994 353 15.8 35.4 0.7 2.5 2338 2080 2.60 8.08 17.42
MNHN 1 49NZ20090410 229 2009 367 15.6 35.4 0.7 2.8 2321 2102 2.25 8.01 16.75
—Zlgit_ 2 49NZ.20090410 226 2009 368 16.0 35.4 0.7 2.3 2322 2096 2.31 8.02 16.86
3612 3 318M19940327 269 1994 353 15.8 35.4 0.7 2.5 2338 2080 2.60 8.08 17.42
MNHN 1 49NZ20090410 229 2009 367 15.6 35.4 0.7 2.8 2321 2102 2.25 8.01 16.75
—Zlgit_ 2 49NZ20090410 226 2009 368 16.0 35.4 0.7 2.3 2322 2096 2.31 8.02 16.86
3613 3 318M19940327 269 1994 353 15.8 35.4 0.7 2.5 2338 2080 2.60 8.08 17.42
MNHN 1 318M19940327 256 1994 241 18.2 35.6 0.5 1.9 2329 2073 2.67 8.04 17.30
_215?5_ 2 318M19940327 259 1994 247 18.5 35.6 0.5 1.9 2367 2063 3.14 8.12 18.10
3483 3 318M19940327 257 1994 250 18.6 35.6 0.5 1.6 2330 2065 2.76 8.05 17.46
MNHN 1 318M19940327 259 1994 503 10.1 34.8 1.3 7.3 2296 2130 1.68 7.98 15.98
_215?5_ 2 318M19940327 257 1994 501 10.6 34.8 1.3 7.7 2299 2133 1.69 7.97 15.97
S444 3 35A320120628 3 2012 532 9.1 34.6 1.3 114 2299 2160 1.45 7.93 15.51
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Sample Option Cruise Station Year Depth  Temp. Sal Phos. Sil. Alk. DIC Quae.  pH 8""Bporate
ID (m) °C) (psu) (umol/  (umol/ (umol/ (umol/ (total  (%0)
k) ke ko) ke scale)
MNHN 1 318M 19940327 257 1994 346 16.0 35.4 0.7 2.9 2347 2087 2.64 8.08 17.45
;215?5_ 2 318M19940327 259 1994 346 15.7 35.4 0.7 3.0 2320 2087 2.38 8.04 17.00
3557 3 318M19940327 257 1994 396 14.5 35.2 0.9 3.9 2327 2100 2.29 8.04 16.92
MNHN 1 318M 19940327 256 1994 893 49 34.4 2.1 42.0 2311 2209 1.06 7.87 14.94
—215?5_ 2 318M19940327 259 1994 791 5.7 34.4 2.0 26.8 2296 2177 1.20 7.92 15.23
3597 3 318M19940327 259 1994 899 4.8 34.4 2.1 42.0 2312 2203 1.10 7.89 15.05
MNHN 1 318M 19940327 257 1994 300 17.2 35.5 0.6 2.1 2353 2077 2.82 8.09 17.67
—215?5_ 2 318M19940327 259 1994 298 17.3 35.5 0.6 2.3 2325 2072 2.61 8.05 17.30
3593 3 318M19940327 257 1994 346 16.0 35.4 0.7 2.9 2347 2087 2.64 8.08 17.45
MNHN 1 318M 19940327 257 1994 501 10.6 34.8 1.3 7.7 2299 2133 1.69 7.97 15.97
—215?5_ 2 318M19940327 259 1994 503 10.1 34.8 1.3 7.3 2296 2130 1.68 7.98 15.98
3395 3 35A320120628 3 2012 532 9.1 34.6 1.3 11.4 2299 2160 1.45 7.93 15.51
MNHN 1 318M19940327 256 1994 893 4.9 34.4 2.1 42.0 2311 2209 1.06 7.87 14.94
_215?5_ 2 318M19940327 259 1994 791 5.7 34.4 2.0 26.8 2296 2177 1.20 7.92 15.23
3396 3 318M19940327 259 1994 899 4.8 34.4 2.1 42.0 2312 2203 1.10 7.89 15.05
MNHN 1 318M19940327 257 1994 346 16.0 35.4 0.7 2.9 2347 2087 2.64 8.08 17.45
_215?5_ 2 318M19940327 259 1994 346 15.7 35.4 0.7 3.0 2320 2087 2.38 8.04 17.00
3430 3 318M19940327 257 1994 300 17.2 35.5 0.6 2.1 2353 2077 2.82 8.09 17.67
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Sample Option Cruise Station Year Depth Temp. Sal Phos. Sil. Alk. DIC Quae.  pH ""Bporate
ID (m) (°C) (psu) (umol/  (umol/ (umol/  (umol/ (total  (%o)
k) ke ko) ke scale)
NOAA 1 49NZ20010723 98 2001 251 5.2 33.9 2.6 66.8 2276 2264 0.63 7.61 13.59
:;02001 2 49NZ20010723 94 2001 251 4.1 33.9 31 87.5 2302 2317 0.51 7.53 13.30
3 325019930515 92 1993 254 3.9 33.9 31 92.5 2298 2319 0.49 7.51 13.25
NOAA 1 49N'Z20071008 19 2007 199 5.1 33.5 24 67.0 2271 2210 0.92 7.78 14.25
—000z2 2 49NZ20071008 20 2007 199 4.7 33.5 2.5 71.0 2276 2226 0.84 7.75 14.07
3 318M19730822 218 1973 200 3.3 33.7 2.6 75.8 2264 2220 0.80 7.75 14.01
NOAA 1 49N'Z20071008 19 2007 199 5.1 33.5 24 67.0 2271 2210 0.92 7.78 14.25
000 2 49NZ20071008 20 2007 199 4.7 33.5 2.5 71.0 2276 2226 0.84 7.75 14.07
3 318M19730822 218 1973 200 3.3 33.7 2.6 75.8 2264 2220 0.80 7.75 14.01
NOAA 1 49N'Z.20071008 15 2007 663 3.5 34.1 3.1 119.8 2338 2347 0.50 7.54 13.38
:?02001 2 49NZ20071008 17 2007 625 35 34.1 3.1 120.1 2337 2343 0.52 7.55 13.41
3 49NZ20071008 19 2007 694 3.7 34.2 32 114.7 2337 2352 0.47 7.51 13.32
NOAA 1 325019930705 17 1993 804 3.1 34.3 31 136.3 2360 2369 0.49 7.54 13.39
:§02001 2 49NZ20071008 13 2007 792 34 34.2 3.2 125.5 2346 2368 0.44 7.49 13.26
3 49NZ20071008 17 2007 823 3.2 34.2 32 134.2 2357 2365 0.49 7.54 13.40
NOAA 1 49NZ20071008 15 2007 366 3.9 33.8 2.9 89.9 2295 2292 0.57 7.59 13.49
:582001 2 325019930705 17 1993 354 3.5 34.0 3.0 105.5 2310 2317 0.54 7.56 13.39
3 49NZ.20071008 19 2007 397 4.6 33.7 2.7 79.0 2286 2256 0.70 7.67 13.81

210



Sample Option Cruise Station Year Depth  Temp. Sal Phos. Sil. Alk. DIC Quag.  pH 6""Bporate
ID (m) (°C) (psu) (umol/  (umol/ (umol/  (umol/ (total  (%o)
ke) kg ke ke scale)
NOAA 1 49NZ20071008 19 2007 596 4.0 34.1 3.1 101.2 2318 2337 0.47 7.50 13.28
_202001
16 2 318M19730822 218 1973 596 33 34.2 3.0 127.0 2332 2316 0.61 7.63 13.65
3 325019930705 17 1993 604 33 34.2 3.1 125.0 2344 2359 0.48 7.52 13.32

*Dissolved phosphate and silica estimated from cruise 310C19870600, station 68, 203 m depth

Supplementary table 4. Summary of hydrographic data paired with corals measured in this thesis. All corals were paired with the nearest 3 hydrographic
stations. Option 1 data were paired with the coral, and options 2 and 3 used to characterise variability. Data taken from bottles collected during co-located
ROV or CTD deployments during cruises NBP1103 and JC094, or the GLODARP bottle database (Lauvset et al., 2022). All temperature, salinity, alkalinity
and DIC measurements are unique. Phosphate and silicate data were not included for all bottles, and in these instances use measurements from the other

bottles matched with that sample. Qurag,, pH and 8''B values calculated as outlined in section 2.6.
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l. Introduction

The global ocean plays a crucial role in regulating Farth’s climate by distributing heat, carbon and
nutrients around the planet, and exchanging these with the atmosphere (e.g. Macdonald and Wunsch,
1996; Ganachaud and Wunsch, 2000; Rahmstorf, 2002; Bigg et al., 2003; Reid et al., 2009; chapter 1).
Changes in past ocean conditions provide valuable “natural experiments”, which we can use to
interrogate the links between Earth’s ocean and climate. These can both inform our understanding of the
processes linking these two components of the Earth system, as well as aiding prediction of future
changes due to anthropogenic greenhouse gas emissions. The limited spatial and temporal extent of direct
ocean observation hampers its use on timescales longer than a few decades. Studying longer-term

processes, and setting modern trends in proper context, requires the use of indirect proxies (e.g. chapter
1).

The carbonate skeletons of organisms including foraminifera, molluscs and zooxanthellate and
azooxanthellate corals have been developed as valuable archives of past changes in ocean conditions (e.g.
reviews in Druffel, 1997; Kucera, 2007; Robinson et al., 2014; Immenhauser et al., 2016). Azooxanthellate
corals in particular have emerged as a key tool for the reconstruction of subsurface ocean conditions on
centennial to millennial timescales, owing in part to their occurrence in deep waters beyond the influence
of daily or seasonal fluctuations in ocean conditions (e.g. Robinson et al., 2014; Rae et al., 2018; Chen et

al., 2020; Stewart et al., 2021).

Much previous work developing azooxanthellate corals as an archive of past ocean conditions has
focused on azooxanthellate scleractinian corals, as well as octocorals (e.g. chapter 1; review in Robinson
et al.,, 2014). This thesis has instead focused on a comparatively poorly-studied group of azooxanthellate
hydrozoan coral, the stylasterids, with an emphasis thus far on elucidating the relationships between the
inorganic geochemistry of their skeletons and ambient seawater conditions. Stylasterid inorganic
geochemistry correlates with numerous oceanographic parameters including temperature (Samperiz et al.,
2020; Stewart et al., 2020b), barium seawater concentrations ([Ba]sw; chapter 3), A*C (King et al., 2018)
and pH (chapter 4; Stewart et al., 2022). Importantly, stylasterid geochemistry appears to be, in many
respects, a higher fidelity record of seawater conditions compared with scleractinian coral geochemistry,
likely owing to the differing calcification mechanisms of these two coral groups (Samperiz et al., 2020;

Stewart et al., 2020b; Stewart et al., 2022; chapter 3; chapter 4).

This suggests that stylasterids may be a powerful and under-explored archive of past ocean conditions,
particularly when considering their widespread distribution in the modern ocean (e.g. Cairns, 1992; 2011).
However, before stylasterids can be considered a go-to palacoceanographic archive, it is necessary to
develop tools by which we can accurately and precisely date their skeletons, so that geochemical proxy
measurements can be placed into robust chronological frameworks (see chapter 1). Previous work has
successfully developed these frameworks for anthozoan coral groups, broadly following two lines of

inquiry. Firstly, the ages of individual, sub-fossil (i.e. dead on collection) corals can be constrained, and
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multiple corals of differing ages used to build up a record of changes in ocean conditions through time
(e.g. Chen et al., 2015; Rae et al., 2018; Stewart et al., 2021; Chen et al., 2023). Alternatively, many corals
(including the stylasterids; King et al., 2018) grow on decadal to centennial timescales (e.g. Robinson et al.,
2014). By subsampling individual specimens, one can constrain coral lifespans and growth chronologies,
and intra-skeletal variations in geochemistry can be used to reconstruct changes in ocean conditions

during the period of coral growth (e.g. Montero-Serrano et al., 2013; King et al., 2018).

In both of these pursuits (i.e. measuring individual dates on sub-fossil coral specimens and constructing
coral growth chronologies), radiometric isotope systems have emerged as a key tool. Here, I explore the

application of two of these systems — U-series and radiocarbon - to stylasterid coral skeletons.
I.I " U-series dating

U-series techniques have been widely employed to date sub-fossil azooxanthellate scleractinian corals (e.g.
Cheng et al., 2000a; Burke and Robinson, 2012; Chen et al., 2015), and have also been used to generate
growth chronologies of individual azooxanthellate scleractinian specimens (e.g. Montero-Serrano et al.,
2013). This technique exploits the U-series decay chain, in which 23U decays by alpha emission to 2**Th
with a half-life of 4.51 Ga, before a series of rapid (assumed inconsequential owing to the short half-lives
of the isotopes involved) B decay steps form 23#U, which subsequently decays to 22'Th by « emission with
a half-life of ~ 247 ka (Figure 1). 20Th ultimately undergoes radioactive decay by o emission to form the
rest of the U-series decay chain, which terminates with the stable isotope 206Pb. By measuring the isotopic
ratios of 238U, 24U and 2*'Th, one can calculate a sample age, # by the equation (following Edwards et al.,

2003; Figure 1):

(1 — e~ (A230 = 1234)17) )

230 234
—Th _ 1 _ _e_ﬂ-230t n (6 Um)( 1230
238y 1000

A230 = Az3a
where square brackets indicate activity ratios, A values are isotopic decay constants and 62U, is defined
as the present-day deviation of the 29U /238U ratio from secular equilibrium, calculated as:

234

8234 Uy, (%0) = ([238U] - 1) x 1000  (2)

The above equation assumes that all measured 2*'Th is derived from the radioactive decay of U in the
coral skeleton (herein referred to as the radiogenic component; solid black line in Figure 1). For
zooxanthellate scleractinian corals living at shallow depths, the validity of this assumption derives from
the observation that surface ocean [?'Th] is extremely low, due primarily to the high particle reactivity of
Th, which is readily removed from the surface ocean in a matter of years by scavenging onto sinking
particles (e.g. Moore, 1981; Bacon and Anderson, 1982). However, this assumption cannot be made for
deep-sea — or azooxanthellate — corals. Profiles of oceanic [?'Th]| reveal that its concentration increases

with depth, owing to continuous exchange of 2'Th between the dissolved (seawater) and scavenged
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phases (e.g. Moore, 1981; Bacon and Anderson, 1982). As a consequence, some 20Th will be
incorporated into the skeletons of azooxanthellate corals at the time of skeletal formation. Additionally,
20Th can be added by accumulation of Th-bearing, non-carbonate phases in the time from growth to
collection, which can include organic and Fe-Mn coatings, as well as silicate sediment phases (e.g. Cheng
et al., 2000a). Although cleaning procedures have been designed to remove these phases, cleaning rarely
removes all trace residual contaminant phases, and these represent a possible source of added Th which
also needs to be accounted for (e.g. Lomitschka and Mangini, 1999; Cheng et al., 2000a). The effects of
initial/added #°Th are illustrated in Figure 1.

To cotrect for this initial /added 2'Th component, a modified form of the age equation utilises the
activity of the extremely long-lived isotope 22Th measured in the sample (expressed as [22Th/23U)),
coupled with an assumed initial [20Th/232Th;, to detive a correction term for initial/added sample

[2'Th/238U] (Edwatds et al., 2003; black dashed line in Figure 1):

2307, 23271 [230Th
238(J 238y | |232Th|
4

234
= ety (61001311) (/1230/1130/123) (1 — e 1234”) )
In the dating of azooxanthellate scleractinian corals, [2°Th/232Th]; is normally estimated based on
seawater or modern coral values (e.g. Burke and Robinson, 2012; Rae et al., 2018; Chen et al., 2020; de
Carvalho Ferreira et al., 2022; Chen et al., 2023). These [230Th/232Th]; estimates are uncertain further back
in time, and the general procedure has been to assign this value an error of up to * 100 % (2 o), and to
propagate this through age calculations (e.g. Burke and Robinson, 2012; de Carvalho Ferreira et al., 2022;
Chen et al., 2023). For a cleaned azooxanthellate scleractinian coral with high [U], the proportion of
radiogenic 2°Th far outweighs that from initial/added sources. Thus, even with the uncertainty in the
estimate of [%0Th/22Th];, it is possible to date scleractinian corals to a precision suitable for studying
centennial and millennial shifts in ocean conditions (e.g. Chen et al., 2015; Rae et al., 2018; Stewart et al.,

2021; Chen et al., 2023).

Despite the success of applying U-series techniques to scleractinian corals, attempts to apply U-series
techniques to other azooxanthellate coral groups have been less successful. For instance, low skeletal [U]
and susceptibility to diagenetic alteration complicates U-series dating of calcitic octocorals (e.g. Robinson
et al., 2007; Gutjahr et al., 2013). Stylasterid corals, on the other hand, remain entirely unexplored in this
regard. The small amount of available stylasterid U/Ca data suggests that aragonitic stylasterids have
higher U/Ca than high-Mg calcitic stylasterids, and that stylasterids of both mineralogies have lower
U/Ca than scleractinian corals (chapter 4; Stewart et al., 2022). The implications of this low U/Ca for the

application of U-series techniques is yet to be explored.
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Figure 1. Example U-series (black lines) and C (purple line) decay curves plotted as a function of time.
14C calculations assume half-life = 5730 years (Godwin, 1962). U-series lines show solutions to equation
3, with initial 2°Th/?3U activity = 0 (solid line; equivalent to the solution to equation 1) and initial
B0Th /238U activity = 0.5 (dashed line). Note that an initial 20Th /23U activity = 0.5 is highly unrealistic
but is chosen hete to clearly display the effect of increasing the initial 20Th /238U activity ratio on U-
series decay. U-series calculations use the decay constants in section 2.4, and assume an initial 823U

equal to modern seawater (146.8 %o; Andersen et al., 2010).

1.2 Radiocarbon dating techniques

The radiocarbon content of azooxanthellate corals has also been used to constrain coral ages and growth
chronologies, as well as information on changes in ocean circulation (e.g. Adkins et al., 1998; Adkins et
al., 2002; Farmer et al., 2015; Chen et al., 2020; Chen et al., 2023). Natural radiocarbon (*C) is produced
in the upper atmosphere, and decays with a half-life of ~ 5730 years (Godwin, 1962; Figure 1). The
shorter half-life of *C compared with relevant U-series isotopes (section 1.1) means that the
geochronological and palacoceanographic uses of *C dating are restricted to ~ the last 40,000 years
(Figure 1). 4C is transferred into the ocean by air-sea gas exchange, the timescale of which results in “C
in the surface ocean being hundreds of #C years older than that found in the atmosphere. This time lag is

referred to as the surface ocean reservoir age (e.g. Reimer and Reimer, 2001; Heaton et al., 2020).
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When a parcel of surface seawater sinks, it is isolated from the atmosphere, and its “C signature will
continue to decay. The C signature of an azooxanthellate coral thus includes both the component of
decay relevant to the age of the coral, as well as the initial radiocarbon age of the water the coral grew
from. Subsurface seawater radiocarbon ages can vary spatially and temporally, meaning that absolute ages
of sub-fossil scleractinian corals measured by radiocarbon techniques are generally more uncertain than
those derived from U-series methods. In the case of dating individual sub-fossil scleractinian coral
specimens, this has led to the development of radiocarbon techniques as a reconnaissance dating tool,
used to guide selection of samples for more labour-intensive and time-consuming U-series techniques
(e.g. Butke et al., 2010). In turn, paired radiocarbon and U-series dates measured on individual corals can
permit the estimation of subsurface seawater radiocarbon age and its variation through time. The
combination of these two techniques has been widely applied to scleractinian corals, with temporal
variations in seawater radiocarbon age used to provide important constraint on variations in ocean
ventilation on a variety of timescales (e.g. Goldstein et al., 2001; Chen et al., 2015; Chen et al., 2020; Chen

et al., 2023).

In addition, radiocarbon dating subsamples of individual azooxanthellate corals has emerged as a
powerful tool by which to study growth chronologies and rates of live-collected or close to modern
samples (e.g. Farmer et al., 2015; King et al., 2018). In addition to natural “C, radiocarbon was also
produced by the testing of atomic weapons in the late 1950’s. The invasion of, peak in, and subsequent
decay of bomb-radiocarbon in the ocean can be used to provide information on modern sample growth
chronologies (e.g. Roark et al., 20006; Farmer et al., 2015; Frenkel et al., 2017), while tracking the incursion
of bomb-radiocarbon into the deep ocean can also provide valuable information on the rate and patterns

of ocean circulation (e.g. Broecker et al.,; 1978).

Only one previous study has analysed the '*C content of stylasterid coral skeletons (King et al., 2018).
This work demonstrated that stylasterid skeletons reliably record the radiocarbon content of the waters
they grow in, and that individual stylasterids can grow on 10 to 100-year timescales (King et al., 2018).
This suggests that, if combined with other established stylasterid proxies, radiocarbon-dated stylasterid

skeletons could be valuable archives of recent, decadal-centennial changes in ocean conditions.
1.3 This study

Here, I explore the application of U-series and radiocarbon dating techniques to stylasterid skeletons. I
investigate both the dating of individual, sub-fossil stylasterid specimens (n = 8 corals measured by U-
series, including 3 corals with paired '*C dates) and the generation of stylasterid growth chronologies
using radiocarbon techniques (n = 4 corals). The results indicate that U-series dating stylasterid coral
skeletons is complicated by their low U-content, which limits the precision of obtained ages. While this
does not eliminate all utility of dating stylasterids by U-series methods, they are instead more likely to be
of most use as high-resolution archives of recent oceanographic change. Stylasterid growth chronologies

measured here suggest growth timescales consistent with previous work (King et al., 2018), and — for one
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sample — permit the production of a coherent growth chronology which can be converted to calendar
years. Finally, I use this sample to demonstrate the first application of the stylasterid Li/Mg-temperature,
Ba/Ca-[Bajsw and 8''B-pH proxies developed both by previous work (Stewart et al., 2020b) and in this
thesis (chapters 3 and 4). This multi-proxy record provides constraint on the 20 century evolution of

ocean conditions in the mid-depth equatorial Atlantic.

180°W 135°W 90°W 45°W 0- 45°E 90°E 135°E 180°

e - MR WY
(r - g :

0° 45°N

45°S

. -
180°W 135°W 90°W 45°W 0° 45°E 90°E 135°E 180°
Analysis type pH @ 600 m (total scale)
@ Radiocarbon growth chronology (n = 4) Lauvset et al. (2022)
. U-series (n = 8) -:-
* U-series isochron and paired radiocarbon ages (n = 3) 8.1 7.5

Figure 2. Locations of samples used in this study, ovetlain on pH (total scale) at 600 m water depth. pH
calculated in Ocean Data View software (Schlitzer, 2023) using alkalinity and DIC pairs in the GLODAP
bottle database (Lauvset et al., 2022) (see full calculation details in chapter 4). For 3 of the 8 corals
measured by U-series techniques (purple circles), ages were also derived by U-series isochron and

radiocarbon techniques (yellow stars).

2. Materials and methods

2.1  Coral samples

I analysed 12 individual stylasterid corals, which wete collected during expeditions to the Drake Passage

region of the Southern Ocean (R/V Nathaniel B. Palmer 1103), the South Orkney Islands (RRS James Clark
Ross 15005), the equatorial Atlantic (RRS James Cook 094), the Galapagos Platform (M/V Alucia 1508) and
New Caledonia (R/V A/is SPANBIOS 2021; accessed via le Muséum national d’Histoire naturelle in Paris

(MNHN)) (Figure 2).
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Sample ID Short ID Latitude Longitude Depth  Location Species Live? Mg/Ca
CN) (B () (mmol/
mol)**
U-series experiments
AL1508- Sma04zx  1.20 —90.52 176 Galapagos  Stylaster No 3.00
02-040-03-  * marenzelli'
C-A
NBP1103-  Sdel34zv —57.17 —67.10 1012 Drake Stylaster No 2.56
DH134-St- Passage densicanlis’
3
NBP1103-  Sde75zz  —60.61 — 66.00 1196 Drake Stylaster No 2.30
DH75-Stc- Passage densicanlis’
1
NBP1103-  Sde88zI*  — 60.56 —65.96 982 Drake Stylaster No 2.38
DHB88-Stp- Passage densicanlis’
1
NBP1103-  Sde43zg* —60.18 —57.00 823 Drake Stylaster No 2.29
DH43-St- Passage densicanlis’
01
JC094- Adp519z  10.72 —44.42 739 Equatorial  _Adelopora sp.*  No 2.69
BO519- W Atlantic
Hydlm-001
thru 027
JC094-041-  Adp130zt 10.71 —44.42 727 Equatorial  _Adelopora No No data
VEM- Atlantic psendothyron’
ROV-232-
SLP-041-
FO130
Hyd c-
s/m-001
JR15005- Sde45zy  —62.33 —44.53 1013 South Stylaster No 2.42
Ev45-941 Orkney densicanlis’
Radiocarbon subsampling experiments
MNHN- 3403a —18.92 163.35 425 New Stephanobelia  Yes - 2.31
1K-2015- Caledonia of. gracilis’ 2021
3403a
MNHN- 3403b —18.92 163.35 425 New Stephanobelia  Yes- 226
1K-2015- Caledonia of. gracilis’ 2021
3403b
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Sample ID Short ID Latitude Longitude Depth  Location Species Live? Mg/Ca

N) (B (m) (mmol/
mol)**
MNHN- PS3225 —19.10 163.32 201 New Stylaster of. No 2.88
1K-2015- Caledonia biflabellum
3225 Cairns, 2015¢
JC094- Adp88 10.73 —44.42 1175 Equatorial  _Adelopora Yes- 204
B0O088- Atlantic psendothyron’ 2013

HydIlm-001

2 High degree of confidence in taxonomic ID — ID by taxonomic expert

b Medium degtee of confidence in taxonomic ID — ID by J. Kershaw

¢ Low degree of confidence in taxonomic ID — ID by J. Kershaw

* Samples used for U-series isochron experiments

** For U-seties isochron samples, Mg/ Ca ratios wete measured on the Crush-clean sample aliquot (see section

2.2.1). For radiocarbon sub-sampling experiments, Mg/Ca ratios are average of all subsamples

Table 1. Summary of metadata for samples used in this study. Note that coral samples are referred to by

their short sample IDs throughout this chapter.

Immediately after collection (or storage in ethanol at the MNHN), samples were air dried and organic
matter removed by physical scraping and/or treatment in dilute NaClO. The specimens used represent 3
stylasterid genera: Stylaster sp., Adelopora sp. and Stephanobelia sp.. The identification of corroded and/or
coated stylasterids is fraught with uncertainty, and I therefore provide a qualitative assessment of the

degree of confidence in taxonomic identifications (Table 1). All sample metadata are summarised in Table

1.

All samples were assumed to be aragonitic based on inference from published records where possible
(Cairns and Macintyre, 1992; Samperiz et al., 2020), and supported for all but one specimen (Adp130zt)
by measured Mg/ Ca ratios (Table 1; section 3.1). I have reasonable confidence in my identification of
specimen Adp130zt, and it is extremely similar in both gross morphology and collection location to

specimen Adp519zw, supporting the validity of the aragonite assumption for this specimen.

2.2  Coral subsampling and cleaning

2.2.1 U-series experiments

Eight individual stylasterid corals were selected for U-series analysis (Table 1). The first measurement
made for all corals is henceforth referred to as the Clean aliquot (Table 2). Approximately 150 to 200 mg
of each sample was cut using a diamond-coated rotary blade and split into multiple chunks of carbonate.
Areas of visible alteration and contamination were removed using a handheld rotary cutting tool, prior to
chemical cleaning (see section 2.3). For corals not used in isochron experiments (see below), one chunk

of each coral subsample (aside from Adp130zt; see section 2.1) was separated and crushed to small grains
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using a pestle and mortar. Approximately 5 mg of this homogenised powder was taken for analysis of

element/Ca ratios.

For 3 of the 8 corals sampled for U-seties experiments (Sde88z], Sma04zx and Sde43zg; Table 1), 4
additional subsamples were taken for isochron experiments (Table 2; Supplementary figure 1). Each
isochron is thus defined by 5 distinct aliquots, henceforth referred to as the Crush-clean, Clean,
Mechanical, Unclean and Coating aliquots (Table 2). The first four of these comprise 150 to 200 mg
carbonate samples subjected to varying degrees of mechanical and chemical cleaning (Table 2; chemical
cleaning procedures outlined in section 2.3). For the Crush-clean aliquot, samples were crushed to a fine
powder which was homogenised and split into paired U-series (~ 150 mg), radiocarbon (~ 20 mg) and
element/Ca ratio (~ 5 mg) subsamples. The fifth and final Coating aliquot was taken by scraping visible
coatings (~ 5 mg) from the outermost surface of each coral using a diamond-coated drill bit (Table 2).

The appearance of each coral sample and the aliquots taken from them are shown in Supplementary

tigure 1.
Subsample  Brief description Mechanically Chemically Crushed prior to
name cleaned? cleaned? chemical
cleaning?
Crush-clean ~ Bulk carbonate sample with outer coatings ~ Yes Yes Yes N
and corroded regions removed, sample
then crushed and cleaned by standard
oxidative and reductive methods. téo
Clean Bulk carbonate sample with outer coatings ~ Yes Yes No 5
and corroded regions removed, cleaned by §
standard oxidative and reductive methods. ﬁ
Mechanical Bulk carbonate sample with outer coatings ~ Yes No No go
and corroded regions removed =
Unclean Bulk carbonate sample including outer No No No
coatings and corroded regions
Coating Outer surface of sample No No No

Table 2. Description of subsamples used in U-series isochrons. Photos are shown in Supplementary

figure 1.

2.2.2 Radiocarbon subsampling experiments

I also subsampled 4 corals to construct radiocarbon growth chronologies (Table 1). All 4 corals
comprised branches with a clear axis of preferential growth, and each coral was thus sampled multiple
times along a single branch from base to tip (Figure 3). Approximately 2 mm thick strips of tape were
stuck perpendicular to the axis of growth at intervals along each branch, samples photographed, and the
taped intervals cut using a handheld rotary cutting tool. This resulted in a series of 2 mm thick, radial

branch cross sections. Note that the tip samples of corals Adp88, 3403A and 3403B were 5 mm thick.
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Skeletal ornamentation and the presumed-modern outer surface of each section were removed (amount
removed varied for each sample, but was generally 10 to 20 % of the sector diameter), along with any

further visible contamination or alteration. Samples were crushed using a pestle and mortar, with a 5 mg
aliquot taken for paired element/Ca and boron isotopic analyses, and the remaining material (between 5

and 20 mg) used for radiocarbon analysis.

The distance of each subsample from the branch tip was measured along the central branch axis using the
Ruler tool in Inkscape, based on photographs taken prior to subsampling (see procedure above). Sample
Adp88 was significantly non-planar, complicating measurement by this technique. Therefore, distances
for this sample were also measured using a piece of string, with the two measurement methods yielding
total branch lengths within 1 mm of each other (~ 5.20 cm). Systematic errors of * 0.05 cm were

assigned to each length measurement.

JC094-B0088-HydIm-001(Adp88) MNHN-IK-2015-3225 (PS3225)

Equatorial Atlantic ot New Caledonia

a ‘ 201 m depth
b'c’/

d,e’lgh“

.

1175 m depth

MNHN-IK-2015-3403 (3403A and 3403B)

New Caledonia e St
425m depth A (original) B (original) A (sampled)

Tip

Figure 3. Summary of radiocarbon subsampling experiments. Subsamples with an asterisk were sampled
for radiocarbon, element/Ca and 8!'B ratios were measured for all other subsamples. For samples
3403A and 3403B, original samples are shown on the left of the panel, and samples with ornamentation

removed are shown on the right including (red) taped-off sampling regions.

2.3  U-series: analytical techniques

Clean and Crush-clean aliquots were subjected to the oxidative and reductive cleaning methods outlined
in detail in chapter 2 (Shen and Boyle, 1988; Cheng et al., 2000a). All samples were then dissolved in 7.5
M HNO:s. This was sufficient to completely dissolve samples cleaned at least mechanically (i.e. all

Mechanical, Clean and Crush-clean aliquots). Unclean and Coating aliquots clearly contained residual
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material which was not dissolved by this initial step. This residue was thus separated, dissolved in mixed
HNOs/HF and dried down, before being redissolved in 7.5 M HNO3 and combined with the rest of the
sample. By initially dissolving most of the carbonate phase in 7.5 M HNO:3, the formation of solid Ca-

fluoride phases was effectively avoided.

The separation and measurement of U-series isotopes followed the methods outlined in chapter 2.
Briefly, a mixed 22Th-236U spike was added to each sample gravimetrically, U and Th coprecipitated with
Fe-hydroxides, and separated by established column chemistry procedures (Edwards et al., 1987; Burke
and Robinson, 2012; Chen et al., 2015). U and Th fractions were then measured separately on a Thermo
Neptune MC-ICP-MS, following established methods (for U: Robinson et al., 2002; for Th: Burke and
Robinson, 2012; Chen et al., 2015). Isotope ratios were derived by bracketing to standards U112a (U) and
ThSGS (Th). Analytical reproducibility was assessed by repeat measurements of the 24U /238U ratio of the
Harwell uraninite reference material (HU-1) and the 20Th/22Th ratio of the ThB reference material
(Auro et al,, 2012), which yielded internal precision better than 0.14 % (RSD; 2 o). The efficacy of the full
analysis procedure (including column chemistry) was assessed using the secular-equilibrium reference
material HU-1, which was processed through column chemistry with each batch of samples. The small
number of repeat measurements carried out here yielded an average 20Th /238U activity ratio of 0.9948 £

0.0041 (2 o;n = 4).
2.4 U-series: calculations

U-series activity ratios were derived for all aliquots using a Monte-Carlo approach with 100,000 iterations
(modified from Chen et al., 2015). Note that activity ratios and their uncertainties could be derived
analytically. In practise, both approaches yield identical results. Decay constants were chosen to be
consistent with those used to calibrate the spike solution used here (4230 = 9.1577 X 10—¢ a-! (Cheng et al.,
2000b); 4232 = 4947500 X 10~ a'l; 1234 = 2.8263 X 1076 a'! (Cheng et al., 2000b); 423 = 1.5513 + 0.0004
X 10710 (1 o) a! (Jaffey et al., 1971)). Analytical uncertainties, uncertainties in instrumental and procedural
blank contributions, uncertainties in decay constants, and uncertainties in spike concentrations and
masses were propagated through calculations and into the Monte Catlo simulation. Errors in 4230, 1232

and A% were assumed negligible, following Cheng et al. (2013).

For all Clean aliquots, the same Monte Carlo simulation was used to solve the U-series decay equation
(equation 3; Edwards et al., 2003) and derive U-series ages and 834U values. To facilitate comparison with
radiocarbon measurements, all ages are reported in years before present (BP), where present is defined as
the calendar year 1950. Ages derived ignoring the contribution of initial 2°Th are referred to as
uncorrected. I also calculate ages which account for initial 220Th, using [%°Th/232Th]; values which have
been commonly applied when correcting scleractinian U-series ages from the same regions: 14.8 = 14.8 (2
o) for the Atlantic (e.g. Robinson et al., 2005; de Carvalho Ferreira et al., 2022), 37 £ 37 (2 o) for the
Southern Ocean (e.g. Chen et al., 2023) and 91.4 + 91.4 (2 o) for the Galdpagos (e.g. Chen et al., 2020).
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U-series isochrons were constructed for 3 corals using IsoplotR software (Vermeesch, 2018; implemented
in R version 4.2.2). [28U/22Th)], [24U/22Th] and [2'Th/22Th] wete used to form Rosholt-type A and B
isochrons. Isochrons were first calculated using the three-dimensional Maximum Likelihood formulation
from Ludwig and Titterington (1994). Although Ludwig and Titterington (1994) recommend the use of
Osmond-type isochrons for visualisation of U-series data, Rosholt-type isochrons are preferred here to
more cleatly illustrate the vatiability in [%0Th/22Th] between sample aliquots. The degtree of
overdispersion in each dataset was assessed using the Mean Squared Weighted Deviation (MSWD).
Where MSWD >> 1, scatter in the data exceed that expected from analytical uncertainties. I attribute this
overdispersion to isotopic variability in detrital [20Th/232Th], and use a dispersion model associated with
this activity ratio to reduce the MSWD to 1 (IsoplotR model 3; Vermeesch, 2018). As for the singular

ages calculated from Clean aliquots, isochron ages are reported in calendar years BP.
2.5 Radiocarbon: analytical techniques

~ 20 mg (minimum 5 mg) of selected samples was taken for radiocarbon analysis. All samples were
cleaned and analysed following established protocols detailed in chapter 2. Briefly, samples were first
oxidatively cleaned and then reacted with 0.1 M HCI to remove any adsorbed modern CO» which may
have accumulated during sample storage (chapter 2; Adkins et al., 2002). All radiocarbon analyses were
then performed at the University of Bristol Radiocarbon Accelerator Mass Spectrometry Facility
(BRAMS; Knowles et al., 2019). Carbonate samples were graphitised using an IonPlus automatic
graphitization (AGE3) system (Knowles et al., 2019), before the “C/12C and 3C/'2C of samples, blanks

and standards were measured using a MICADAS accelerator mass spectrometer.

The blank corrected “C/12C ratio of samples relative to the reference material NBS Oxalic Acid 1T at
1950 CE was used to calculate sample *C modern fractions (Fm; see definition in chapter 2). Sample Fm
was then converted to conventional radiocarbon ages (i.e. using the Libby half-life, reported in years BP
where present refers to the calendar year 1950). Repeat measurements of Fm for a coral sample with age
~ 10 kyr yielded an average value of 0.2971 * 0.0018 (2 o, n = 9). Repeat measurements of Fm for a

radiocarbon-dead coral were used to assess the procedural blank, which averaged 0.0037 (n = 9).
2.6  Radiocarbon: age calculations and paired seawater data

For samples used in isochron experiments (Sde43zg, Sde88zl and Sma04zx), I estimate true radiocarbon
ages by first correcting coral ages for seawater radiocarbon age (i.e. a “reservoir age” correction, using a

AR value), before calibrating corrected coral ages against the Marine20 curve (Heaton et al., 2020).

For Drake Passage samples Sde43zg and Sde88z1 (800 to 1000 m depth), I estimate site-specific seawater
conventional radiocarbon ages using the closest (in depth and geographic location) seawater A'*C values
taken from the GLODARP bottle database (Lauvset et al., 2022) (Figure 4). Following definitions in

Stuiver and Polach (1977), A#C values can be converted to conventional C ages using the equation:
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14 A4C y—1950
C = —8033 x1 1] X e 8267 4
age n 1000+ e 4

where y is the sample collection year. Note that in my calculations I use y values rounded to the whole
year in which the sample was collected. Uncertainty in seawater radiocarbon age was estimated using the
variation between the three nearest available measurements (£ 2 standard deviations). For these samples,
I convert modern seawater ages to AR values (summarised in Figure 4) and use these to correct measured
coral ages. Implicit in this calculation is the assumption that seawater radiocarbon age has not changed
substantially between the time the samples were alive and the modern day (i.e. the past 5000 years). The
validity of this assumption is supported by the relatively constant reservoir age observed at relevant

depths in the Drake Passage across the Holocene (Chen et al., 2023).

For sample Sma04zx, modern seawater at the coral collection site (Galapagos Islands, 176 m) is clearly
influenced by bomb-derived “C (Figure 4), while this sample evidently grew prior to bomb-radiocarbon
release (see ages in Table 5). To estimate the pre-bomb seawater radiocarbon age at this site, I interpolate
between surface ocean reservoir age prior to bomb-radiocarbon release (weighted mean of 4 closest
measurements used from Taylor and Berger, 1967; accessed via Reimer and Reimer, 2001) and a nearby
subsurface, pre-bomb seawater radiocarbon age derived from paired U-Th and *C measurements on an

azooxanthellate scleractinian coral from 627 m (U-series age 145 years BP; Chen et al., 2020) (Figure 4).

After correction by the AR values summarised in Figure 4, coral ages were calibrated against the Marine20
curve (Heaton et al., 2020). Calibration was performed using BChron software in R (Haslett and Parnell,
2008). Ages are given as the median of a random sampling of the probability distribution, and
uncertainties quoted as the 95 % confidence interval (i.e. = 2 6). Final quoted errors include propagated

analytical, seawater radiocarbon age and calibration uncertainties.

I do not perform the same conversion to true radiocarbon ages for samples used in radiocarbon
subsampling experiments (Adp88, 3403A, 3403B and PS3225) (see section 5 for detailed discussion).
However, to aid interpretations, I do estimate modern seawater radiocarbon ages at the coral collection
sites, with seawater data taken from CTD and ROV deployments during cruise JC094 in the equatorial
Atlantic (Chen et al., 2015; for sample Adp88) and the GLODAP database (Lauvset et al., 2022; for
samples PS3225, 3403A and 3403B). The conversion to seawater radiocarbon age (and estimation of
uncertainties) follows the procedures outlined above. For sample PS3225, I additionally estimate the pre-
bomb surface reservoir age using the weighted average of all measurements within 2000 km of the coral
collection location (Toggweiler et al., 1991; Burr et al., 1998; Druffel and Griffin, 1999; Ulm, 2002;
Guilderson et al., 2004; Petchey et al., 2004; Petchey et al., 20082 and 2008b; Burr et al., 2009; Ulm et al.,
2009; Petchey et al., 2013; Komugabe et al., 2014; Hua et al., 2015; Wu et al., 2021; accessed via Reimer
and Reimer, 2001).
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Figure 4. Seawater data used to correct coral radiocarbon ages. AR values used to correct each sample

are shown in bold. AR values for samples Sde43zg and Sde88zI based on nearest GLODAP A4C value,

converted to conventional radiocarbon ages following equation 4 (Lauvset et al., 2022; section 2.6).

Uncertainty based on variability between 3 nearest ages. AR value for Sma04zx based on interpolation

between pre-bomb surface ocean reservoir age (taken from Taylor and Berger, 1967 (T&B67)) and an

estimate of pre-bomb subsurface seawater radiocarbon age based on a pair of coral U-series and #C

dates (Chen et al., 2020 (C20); see section 2.06).

2.7

Element/Ca and boron isotopic ratios: analytical techniques

Element/Ca ratios and — for samples used in radiocarbon subsampling experiments - paited boron

isotopic values were measured following the analytical procedures outlined in detail in chapter 2. Briefly,
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samples were first cleaned using standard oxidative cleaning techniques for boron isotope analysis
(adapted from Barker et al., 2003; Ni et al., 2007). Samples were treated with a warm (80 °C) oxidising
solution consisting of 1 % H2Oz buffered by 0.1 M NH4OH for 15 minutes. Samples were then rinsed,
transferred to an acid-cleaned plastic vial, and subjected to a weak acid leach (0.0005 M HNOs3) before

dissolution in distilled 0.5 M HNOs.

Li/Ca, Mg/Ca, Ba/Ca and U/Ca ratios were then measured at the University of Bristol using a Thermo-
Element2 ICP-MS. Fe/Ca and Mn/Ca ratios were also measured to screen for the influence of non-
carbonate phases. Intensities of 7Li, 2°Mg, 43Ca, >>Mn, *Fe, 13¥Ba and 2*U were measured in samples,
blanks and a well-characterised bracketing standard to derive element/Ca ratios for each coral sample.
Analytical reproducibility was assessed for Li/Ca, Mg/Ca, Ba/Ca and U/Ca using repeat measurements
of reference materials NIST RM 8301 (Coral) (Stewart et al., 2020a) and JCp-1 (Hathorne et al., 2013) and
was better than 2 % (RSD; 2 o) for all ratios (chapter 2). Accuracy was assessed using NIST RM 8301
(Coral), and long-term average values for all elements differed from published values by < 3 %. Values

were adjusted by the correction factors outlined in chapter 2.

Boron isotope values were derived by first passing a small aliquot of each dissolved sample through
microcolumns containing Amberlite IRA 743 anionic exchange resin, to separate boron from the
carbonate matrix (Foster, 2008). Boron isotope values were then measured on this purified fraction using
established Multi-Collector ICP-MS techniques at the University of Bristol, reported relative to NIST
SRM 951 (chapter 2; Foster, 2008; Rae et al., 2018). Analytical reproducibility and accuracy were assessed
by repeat measurements of NIST RM 8301 (Coral). Reproducibility was assessed separately for the each
of 2 measurement periods represented here, with measurements between October 2019 and August 2021
vielding an average value of 24.27 + 0.33 %o (n = 15; 2 0) and measurements between June 2022 and
February 2023 an average value of 24.11 + 0.16 %o (n = 19; 2 o) (see Chapter 2, section 4.2.2 for detailed
discussion). Coral samples were assigned the relevant analytical uncertainty for the period they were
measured in. Measurements in both periods are in excellent agreement with both the interlaboratory
consensus value (Stewart et al., 2020a). Procedural blanks were also monitored and were typically small
(average 47 pg, n = 20). Implied blank corrections using the long term average procedural blank 8""B (— 8

T 31 %o; 2 0) were < 0.05 %o for all samples, and I thus chose not to correct for this effect.

Coral Li/Mg, Ba/Ca and 8!'B were converted to palaco-seawater temperature, [Ba]sw and 8'"'Bporaee using
the aragonitic stylasterid calibrations presented in Stewart et al. (2020b) (stylasterid specific), chapter 3 and
chapter 4, respectively. Palaco-seawater pH was calculated using the rearranged form of the equation

(following Zeebe and Wolf-Gladrow, 2001):

8By, + 10PKePH x (§11Bg,, — 103 x (ag — 1))
1+ ap x 10PKs—PH

11 —
6 Bborate -

()
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where: palaco-8!"Bpore values were estimated from coral 5!'B (chapter 4); palaco-seawater pKp* values
were calculated in the seacarb package in R (Gattuso et al., 2022) using coral Li/Mg-detived palaco-
seawater temperatures and a location and depth specific modern day salinity (see section 2.8); 8!'Bsw =
boron isotopic composition of seawater (39.61 %o; Foster et al., 2010); ap = fractionation factor between

the borate anion and boric acid (1.0272; Klochko et al., 2000).
2.8 Estimating additional hydrographic parameters

I also report ambient seawater temperature and the boron isotopic composition of the borate anion in
seawater (8'"'Bporare) for sample Adp88. Seawater temperature, salinity, nutrient concentrations (dissolved
phosphate and silica), alkalinity and dissolved inorganic carbon (DIC) were estimated at the coral
collection site using co-located bottle measurements taken during CTD deployment on cruise JC094.
Hydrographic data were then used to calculate carbonate system parameters (e.g. pH) using the seacarb
package in R (Gattuso et al., 2022). Input parameters were alkalinity and DIC, with dissociation constants
of carbonate (Ki and K3) taken from Lucker et al. (2000), dissociation constants of HSO4~ from Dickson
(1990) and the boron/salinity ratio from Lee et al. (2010). The boron isotopic composition of the borate
anion in seawater (8'"Brorae) Was then calculated in seacarb as outlined in chapter 4. Uncertainty in
temperature and 8" Bporare are reported as = 2 o, and were estimated as the variation of the JC094 data and

the nearest 2 GLODARP stations which contained alkalinity and DIC measurements (Lauvset et al., 2022).

[Ba]sw was also estimated using a nearby published profile also collected during cruise JC094 (Bates et al.,
2017). Depth interpolation and unit conversions follow those outlined in chapter 3. A representative

analytical uncertainty is applied to these values (£ 3 nmol/kg; Bates et al., 2017; see chapter 3).

3. Results

3.  Specimen Mg/Ca and mineralogy

The mineralogy of the stylasterid specimens analysed here was inferred from previous mineralogical
determinations (Cairns and Macintyre, 1992; Samperiz et al., 2020), and confirmed using Mg/Ca ratios as
outlined in section 2.1. Mg/Ca ratios of all samples measured ranged from 2.3 to 3.0 mmol/mol (Table
1). When compared with published Mg/ Ca ratios for aragonitic and high-Mg calcitic stylasterids (~3 and
80 mmol/mol, respectively; Stewart et al., 2020b), these values are consistent with all specimens in this

study being composed predominantly of aragonite.

3.2 Us-series results

3.2.1 Clean aliquot ages

The Clean aliquots of the 8 stylasterid corals dated by U-series techniques here have skeletal [28U] ranging
from 0.8 to 1.6 ppm (mean 1.2 + 0.5 ppm; 2 o) (Figure 5; Table 3). The U/Ca ratios of these corals
average 550 + 180 nmol/mol (2 o; n = 7 as U/Ca ratios not measured for sample Adp130zt), and are

comparable to, but at the high end of, previously published modern stylasterid U/Ca ratios (Figure 5;
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Stewart et al., 2022; chapter 4). Concentrations of the 2 isotopes of Th considered here - 20Th and 23?Th

—average 2.0 * 5.8 ppt (2 0) and 5600 11000 ppt (2 o), respectively (Figure 5; Table 3).

Measured isotope ratios were used to calculate coral ages and both measured and initial 23U (523U, and
324U, respectively), which are summarised in Table 3 and Figure 6. Two sets of calculations were made
for each coral, one assuming no contribution of initial 22°Th, and the other correcting for the contribution
of initial 20Th (section 2.4). Uncorrected coral ages ranged from 100 to 60,000 years BP (Figure 6; Table
3). For the 5 samples with uncorrected ages > 1000 years, correction for initial 2'Th substantially reduced
the inferred coral ages by between 3000 and 10000 years (Figure 6; Table 3). Correction for initial 2'Th
also significantly increased the errors on calculated ages, compared with the analytical uncertainties

associated with uncorrected ages (Figure 6; Table 3).

For the three corals with uncorrected ages < 1000 years, two have corrected ages with errors < 100 % of
the coral age (samples Sde88zl and Sdel134zv; Table 3). However, for sample Sma(04zx, correction for

initial 230Th results in an age < 0 years BP, with a substantial (+ 250 years, 2 o) error.

8234U; values (both corrected for initial 2°Th and not) for all but one sample are within 6 %o of the
modern seawater value (Figure 6). The exception is sample Sde75zz, which shows significantly elevated

8%34U; (Table 3; Figure 6). The 624Uy, of this sample is close to the modern seawater value (Figure 06).
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Figute 5. 2) U/Ca values for modern Scleractinia (Anagnostou et al., 2011) and both modern (Stewart et
al., 2022; chapter 4; grey circles) and sub-fossil (this study; red diamonds) stylasterids. Stylasterid samples
in panel a were cleaned oxidatively and analysed by solution ICP-MS (see full procedure in section 2.7;

Stewart et al., 2022), while scleractinian samples in panel a were not oxidatively cleaned and were
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analysed by laser ablation techniques (Anagnostou et al., 2011). b) Skeletal [?3U] for Scleractinia (de
Carvalho Ferreira et al., 2022) and aragonitic stylasterids (this study). ¢) [??Th] for Scleractinia (de
Carvalho Ferreira et al., 2022) and aragonitic stylasterids (this study). All corals in panel b and ¢ were
analysed using the U-series cleaning and measurement procedures outlined here (sections 2.3 and 2.4; de
Carvalho Ferreira et al., 2022). Dashed lines in b and ¢ show limits below ([>38U]) and above ([?*Th])

which coral ages were excluded from further analysis in de Carvalho Ferreira et al. (2022).
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Figure 6. a. Measured 82U (8%34Uy,) against U-series ages corrected for the contribution of initial 2°Th
using assumed [#°Th/232Th]; values (see section 2.4). Solid line shows the expected evolution of the
modern seawater 824U value (146.8 %o; Andersen et al., 2010) through time, dashed lines show £ 15 %o
variability (Henderson, 2002). b. Initial 824U (8234U;) against sample ages, both uncorrected (open
symbols) and corrected (filled symbols; as in plot a) for the contribution of initial 2>Th. All error bars

are T 2 o.
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3.2.2 Isochron experiments and radiocarbon ages

Rosholt-type isochrons were constructed for 3 corals, with radiocarbon ages also measured for each of
these samples (Table 4; Table 5). Considering isochron results, firstly, the 5 aliquots measured for each
sample spanned a range of isotopic concentrations and activity ratios, which are tabulated in the
supplementary information (section 7.1; Supplementary table 1). Mechanical and chemical sample
cleaning reduced measured [??Th] for all 3 corals (Figure 7). The strategy of crushing samples prior to
chemical cleaning (the Crush-clean aliquot) resulted in only a small reduction in [#2Th] for sample
Sde43zg, compared with the Clean aliquot, while for samples Sma04zx and Sde88zl, the Crush-clean
aliquot had slightly higher [?2Th] than the Clean aliquot (Figure 7). Mechanical and chemical cleaning had
no effect on [?%U] for samples Sma04zx and Sde88zl, while for sample Sde43zg, mechanically cleaned
aliquots had [*8U] ~ 1 ppm lower than uncleaned aliquots (Figure 7).

3-dimensional maximum likelihood regression analyses were first performed on 3-aliquot datasets
including the Crush-clean, Clean and Mechanical aliquots, before 5-aliquot regressions were performed
which additionally used the Unclean and Coating aliquots (Figure 8). The results of 3-dimensional
maximum likelihood regression revealed that all isochrons were significantly overdispersed (8 < MSWD

< 3500; Table 4; see section 2.4 for explanation of MSWD).

3-aliquot isochron 5-aliquot isochron
Sample Age (x [®'Th/#2Th]; MSWD | Age (x [®'Th/??Th]; MSWD
20) 20)
Sde43zg 4332+ 103 + 38 437 3680+ 112+ 13 400
2902 1232
Smal4zx 96+ 14 2713 8 72121 34+4 243
Sde88z1 976 4=x1 14 N/A N/A 3500

Table 4. Results of 3- and 5-aliquot isochron analyses. All ages given as years BP. Over-dispersion is
attributed to [?Th/?32Th];. For details of calculations and the meaning of statistical indicators, see

section 2.4.

Radiocarbon ages were also measured for samples Sde43zg, Sde88z1 and Sma04zx. Full results are
summarised in Table 5, including coral ages which have been corrected for seawater radiocarbon age and
calibrated to the Marine20 curve (Heaton et al., 2020; see section 2.6 for full details). These corrected,

calibrated ages are henceforth referred to as corrected radiocarbon ages.
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Sample Conventional Error Fm Error AR Error Corrected Final error

14C age (x10) (X106) value (X10) and (% 20)
(uncorrected, used calibrated
uncalibrated) (years) 14C age
(years BP) (years BP)
Sde43zg 4451 26 0.575  0.002 714 11 3492 162
Sma04zx 646 25 0.923  0.003 —17 112 149 243
Sde88zl 1411 25 0.839  0.003 703 54 166 186

Table 5. Radiocarbon ages and modern fractions (Fm) for samples used in U-series isochron
experiments. Radiocarbon analyses were performed on Crush-clean aliquots. All ages given as years BP,
where present is defined as 1950. Age correction and calibration follows procedures outlined in section
2.6, using AR values shown in table. Note that errors on uncorrected *C ages and Fm are givenas + 1 o,
as is convention, but final errors on corrected and calibrated ages are given as * 2 o. Final uncertainties

include propagated analytical, seawater radiocarbon age and calibration uncertainties.

When accounting for overdispersion as outlined in section 2.4, 3-aliquot and 5-aliquot isochrons yield
broadly consistent ages and [2°Th/232Th]; for samples Sma04zx and Sde43zg (Table 4; Figure 8). For both
samples, the 5-aliquot approach gives a younger age and higher [20Th/232Th]; than the 3-aliquot approach
(Table 4; Figure 8). Isochron [2Th/22Th]; differs substantially from the values assumed when making
the Clean aliquot age calculations in section 3.2.1. The isochron ages of sample Sde43zg differ
significantly from the U-series age of the Clean aliquot, and were closer to - and within error of - the
corrected #C age (Figure 8; Figure 9). For sample Sma04zx, isochron ages are again within error of the
corrected 1#C age (Figure 8; Figure 9), and are substantially better constrained than the Clean aliquot U-

series age (Figure 9).

For sample Sde88zl, the 3-aliquot approach yielded ages within error of the uncorrected and corrected
Clean aliquot U-series ages, and the corrected #C age (Figure 8; Figure 9). However, the 5-aliquot
approach failed to produce a meaningful age. Inspection of the Rosholt-type A isochron plot
([¥"Th/22Th] vs [#8U/232Th)]) for this coral reveals the 5-aliquot regression has a negative line of best fit

(Figure 8).
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Figure 7. Measured [2*8U] (a, c and e; grey) and [*?Th] (b, d and f; pink) for isochron subsamples.

Subsamples are described in section 2.2.1 and Table 2. Owing to the wide range of [*?Th]| between coral

subsamples, two scales are shown for each plot.
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Figure 8. Rosholt-type A (a, c and e) and B (b, d and f) isochrons for corals Sde88zl, Sde43zg and
Sma04zx. Colours and symbols in all plots follow the legend in panel a. Regression lines calculated by
the 3-dimensional, analytical error-weighted Maximum Likelihood Technique (Ludwig and Titterington,
1994; see section 2.4). Errorbars (£ 2 o) are shown but are generally smaller than data points. Isochron
ages are shown in panels b, d and f, along with corrected and calibrated radiocarbon ages (see section

2.6). All ages given in years BP, errors are £ 2 o.
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Figure 9. Comparison of radiometric dating techniques applied to samples Sde43zg, Sma04zx and
Sde88zl. Uncorrected = U-series age of the Clean aliquot uncorrected for initial >Th. Corrected = U-
seties age of the Clean aliquot corrected for initial 2'Th assuming commonly applied [2°Th/?2Th];
ratios (see section 2.4). Radiocarbon ages have been corrected and calibrated (see section 2.6). No 5-

aliquot isochron age was obtained for sample Sde88zI (see section 3.2.2). All error bars are £ 2 o.
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3.3 Radiocarbon subsampling experiments

In addition to U-series experiments, I also subsampled 4 corals to study variations in subsample
geochemistry including radiocarbon content, Li/Mg, Ba/Ca and 8''B. I present these tesults in the
following sections, before the development of radiocarbon age models is discussed for each sample in
turn in section 5.1. The conversion of coral geochemistry to reconstructed hydrographic parameters is

discussed for sample Adp88 in section 5.3 (Figure 16).
3.3.1 Coral subsampling: radiocarbon

Subsample conventional “C ages for each of the four corals analysed for *C growth chronologies are
shown in Figure 10, and tabulated in the supplementary information (section 7.2; Supplementary table 2).
For sample Adp88, conventional “*C ages are strongly, lineatly correlated with distance along the branch,
with ages decreasing toward the branch tip (Figure 10; R? = 0.82; p = 0.03; Table 6). Excluding the tip
sample from the regression analysis improves model fit slightly, although at the cost of some significance
(R? = 0.806; p = 0.07; Table 6). Calculating growth rate using all samples yields a slightly faster growth rate
(0.58 mm/year) than when excluding the tip sample from regression (0.42 mm/yeat; Table 6). The C
ages of the tip subsample (738 * 25 years) and subsample taken furthest from the tip (796 £ 25 years) are
within error of one another at the 2 ¢ level. Calculating the rate of branch extension using these two
subsamples in isolation suggests a faster growth rate (0.85 mm/year) than implied by the fit through all
measured subsamples. The maximum possible growth rate calculated using the bounds of the 1 o error
envelopes of the base and tip subsamples suggests a growth rate > 6 mm/year. The *C age of the branch

tip is older than, but within error of, that of modern seawater (Figure 10; Table 6).

For sample PS3225, conventional 1#C ages are again linearly correlated with distance along the branch,
although with more scatter and lower significance (Figure 10; R2 = 0.61; p = 0.12; Table 6). One sample
(at ~ 9 cm from the branch end) is responsible for much of the scatter about this line, and removing this
sample from the regression analysis results in an extremely strong and more significant fit (Figure 10; R?

= 0.98; p = 0.01; Table 6). All *C subsample ages are significantly older than the modern, depth-matched
seawater radiocarbon age (Table 6). However, all but one subsamples have '“C ages which are younger
than the range of nearby estimates of pre-bomb surface ocean reservoir ages (Figure 10). Interpretation of
growth rate in this sample — and subsequent construction of a growth chronology — is likely to be

complicated (section 5.1.2).

All subsamples of the 2 live-collected S#phanobelia sp. samples from New Caledonia have conventional 4C
ages < — 200 years BP (Figure 10). The C age of the tip subsample from coral 3403B is significantly less
negative than ambient seawater (Figure 10). Growth chronologies are not presented here for these

samples, and their “C ages are discussed in more detail in section 5.1.3.
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Sample Regression  Growthrate £2  “Cbranchend Calendar R?2 p Modern
model SE (mm/year) age T 2 SE year at seawater “C
(years BP) branch aget* 20
end (years BP)
Adp88 All samples 0.58 + 0.31 716 £ 562 2013 0.82 0.03 685+ 196
Excluding tip  0.42 + 0.24 686 £ 586 0.86 0.07
PS3225 All samples 0.43 + 0.40 155 £ 332 Unknown  0.61 0.12 —720 % 67
Excluding 0.53 + 0.11 203 + 83 0.98 0.01
sample @ ~
9 cm along
branch

Table 6. Summary of linear regression (distance along branch vs conventional *C age) for samples

Adp88 and PS3225. Modern seawater *C ages estimated as outlined in section 2.6.
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Figure 10. Distance along branch (measured from the youngest end) as a function of conventional #C
age for samples Adp88 (a), PS3225 (b) and 3403A and 3403B (c; same panel, note these represent 2
corals collected from the same location (see Figure 3)). Note that the tip of the branch used for sample
PS3225 was not present (see Figure 3). Error bars on #C ages are * 1 o, distance error bars show sample
thickness (2 mm except for tip subsamples which are 5 mm). Gold stars represent best-estimate seawater
14C ages for panels a (Chen et al., 2015) and ¢ (GLODAP: Lauvset et al., 2022), shaded bar represents
variability (£ 1 o) assessed from nearby GLODAP stations (Lauvset et al., 2022; section 2.6). Pre-bomb

surface reservoir age shown for panel b with variability shown as * 1 o (dark shading) and range (light
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shading) (see section 2.6 for data sources and calculation details). Ordinary least squares regression lines

shown for panels a and b, shading denotes 95 % confidence interval.

3.3.2 Coral subsampling: Li/Mg, Ba/Ca and §''B

I also present variations in subsample Li/Mg, Ba/Ca and 8!'B ratios for coral Adp88 (Equatorial Atlantic,
1175 m depth), with the aim of reconstructing seawater temperature, [Ba|sw and pH, respectively.
Subsample Li/Mg, Ba/Ca and 8''B ratios were also measutred on corals PS3225, 3403A and 3403B
(tabulated in the supplementary information; section 7.2; Supplementary table 2), however these ratios are

not discussed further for reasons outlined in the discussion (see section 5).

Focusing on sample Adp88, subsample Li/Mg, Ba/Ca and 8!''B ratios are presented in Figure 11. Coral
Li/Mg decteases by ~ 0.4 mmol/mol from the oldest to youngest subsample, and is correlated with
distance from the branch tip at the 90 % significance level (» = 0.73, p = 0.06; Figure 11). Most of the
change in Li/Mg occurs in the interval between the tip and next youngest subsample. Subsample Ba/Ca
exhibits no significant trend along the branch length (»= 0.21, p = 0.65). Finally, coral 8''B decreases
slightly from the oldest sample to the youngest by ~ 0.2 %o. However, the 8''B of these samples are
within error of one another, and the correlation between coral 3''B and distance along the branch

measured from the growing tip is insignificant at the 90 % level (» = 0.65, p = 0.12; Figure 11).

Apical tip Li/Mg and 8''B are within error of the values expected based on modern ambient seawater
temperature and 8" Bporae, When established calibrations are applied (see section 2.7) (Figure 11).

However, apical tip Ba/Ca is significantly elevated compared with the value expected from ambient

[Balsw (Figure 11).
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Figute 11. Coral Li/Mg (a), 8!'B (b) and Ba/Ca (c) as a function of distance from branch tip for sample
Adp88 (Equatorial Atlantic, 1175 m depth). Dashed lines show results of Ordinary Least Squares
regressions. Vertical error bars are analytical uncertainties on coral geochemistry (£ 2 o), horizontal error
bars are along-branch subsample thickness (5 mm for apical tip sub sample, 2 mm for all others). Yellow
stars in a, b and ¢ show values of coral geochemistry expected from modern ambient seawater
temperature, seawater 8!'Bporae and [Balsw, respectively, using the calibrations outlined in section 2.7 (£
2 o). Seawater temperature and 8"Bporee taken from the GLODAP bottle database (Lauvset et al., 2022),

[Ba]sw from Bates et al. (2017). See section 2.8 for full details of hydrographic variable estimation and




4. Discussion: Challenges of U-series dating of stylasterids

Application of established U-series techniques to stylasterids yields ages which have, in some instances,
uncertainties far exceeding 100 % of the coral age (Table 3; Figure 6). Additionally, ages derived by this
approach can differ significantly from those calculated by radiocarbon and isochron methods (Table 4;
Figure 9). The following section addresses the reasons for these observations. In short, the precision and
accuracy of stylasterid U-series dates are limited by low skeletal [U], which results in small amounts of
radiogenic 'Th production. This is coupled with the generally porous nature of stylasterid skeletons,
which results in an inherent susceptibility to contamination by Th-bearing phases. Together, these two
factors mean that accurate correction for initial/added 22°Th has a far greater impact when dating

stylasterid corals, compared with scleractinian corals.
4.1  Stylasterid skeletal [U] and [232Th]

One of the primary controls on the accuracy and precision of azooxanthellate coral U-series ages is the
relative proportions of radiogenic (the fraction of interest) and added/initial 20Th, which together form
the total measured 22°Th (e.g. Cheng et al., 2000a). It has long been recognised that in many carbonate
materials, initial /added 29Th is non-negligible, and needs to be accounted for (e.g. Bischoff and
Fitzpatrick, 1991; Cheng et al., 2000a; Edwards et al., 2003; Richards and Dorale, 2003; see equation 3).
When dating azooxanthellate corals, the uncertainty in this correction contributes substantially to the

error in final calculated ages.

Inspection of equation 3 illustrates that as measured coral [22Th/238U] increases, so does the impact of
cotrection for initial/added 2°Th, and thus the precision of the calculated age decreases. For this reason,
high skeletal [#8U] and low [?*2Th] are commonly used as quality control indicators when dating

scleractinian corals (e.g. de Carvalho Ferreira et al., 2022; Figure 5).

In these respects, stylasterids are pootly suited to U-series dating compared with scleractinian corals
(Figure 5). Stylasterid skeletal [238U], firstly, is significantly lower than azooxanthellate scleractinian [238U]
(Figure 5). The samples used in this study also have relatively high [U] compared with most aragonitic
stylasterids, illustrated by compatison of their U/Ca ratios with previously measured live stylasterids
(Stewart et al., 2022; chapter 4) (Figure 5). The samples used here thus likely represent something of a
best-case scenatio in this context. The origin of low stylasterid skeletal U/Ca compared with
azooxanthellate Scleractinia has been attributed to differences in their calcification mechanisms, with
stylasterids employing little pH-upregulation during calcification (see Stewart et al., 2022; chapter 4). It is
notable that aragonitic stylasterid [238U] is still around an order of magnitude higher than that reported for
calcitic octocorals (e.g. Gutjahr et al., 2013), suggesting that aragonitic stylasterids may be better suited to
U-series dating than calcitic coral taxa. Although I did not measure any high-Mg calcitic stylasterids here,
their low U/Ca compated with their aragonitic counterparts suggest they would be more pootly suited to

application of U-series techniques (Stewart et al., 2022; chapter 4).
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In addition to low [38U], the data suggest that stylasterid skeletons are particularly susceptible to
contamination by Th-bearing phases. 4 of the 8 stylasterid samples measured here have [2Th| which
exceeds 3 ppb, and the average stylasterid [>2Th] presented here is higher than that generally reported for
scleractinian datasets (e.g. de Carvalho Ferreira et al., 2022) (Figure 5). The small number of samples
prevents statistically robust quantification of this observation. However, I suggest that the architecture of

stylasterid skeletons means it is likely they are more susceptible to contamination than scleractinian corals.

Stylasterid skeletons can be extremely porous, being composed of a number of channels which connect
the skeleton interior to the surface (e.g. Moseley, 1878). When the coral is alive, these channels are filled
with organic coral tissue, which will decay postmortem. This decay could lead to U and Th being
complexed from the surrounding fluids, and has been linked to elevated skeletal 222Th in shallow water
scleractinian corals (e.g. Tomiak et al., 2016; supplementary information, section 7.4). Additionally, the
flushing of seawater through these channels after death may lead to addition of Th-bearing phases such as
clays. Cross sections of stylasterid skeletons reveal clear evidence of contaminant phases embedded
within the skeletal framework (supplementary information, section 7.4) which are difficult to clean
mechanically. This is important because the mechanical cleaning step appears to be the most important,
resulting in the largest decrease in [232Th] of all the cleaning steps employed (Figure 7), a finding which
agrees well with previous work (van de Flierdt et al., 2010). The position of these contaminant phases
within the skeleton also means that the standard approach of chemically cleaning chunks of coral (i.e. the
Clean aliquot; see section 2.2.1) does not guarantee exposure to chemical cleaning reagents. Crushing
samples prior to chemical cleaning may increase exposure to cleaning reagents, although the efficacy of
this technique in our sample set is not seen in every sample. For sample Sde43zg, the Crush-clean aliquot
exhibited a substantial reduction in [32Th] compared with the Clean aliquot (~ 2 ppb compared with ~ 3
ppb) (Figure 7). For the other 2 corals, Crush-clean aliquots showed higher [?32Th] than the Clean
aliquots, although all aliquots had low [??Th] (< 1 ppb) (Figure 7; Supplementary table 1).

Stylasterid species evidently vary in their macroscale porosity, meaning some species may be less
susceptible to post-mortem contamination by Th-bearing phases than others. Is notable that I here
targeted specimens which did not display significant macroscale porosity (e.g. Supplementary figure 1),
and yet still observe evidence for increased susceptibility to contamination in comparison to scleractinian
corals. Microscale porosity is likely the more relevant consideration here, as contamination on smaller
spatial scales is the most difficult to remove mechanically. Unfortunately, the small number of species
represented in our sample set precludes an assessment of which species are most suitable for U-series
dating. However, it is likely that some species will be more suitable than others, and assessing sample

porosity prior to analysis may represent a method by which to select the most promising samples.

Thus, in comparison to scleractinian corals, stylasterids have lower skeletal [23U], and may be more
susceptible to contamination by Th-bearing phases. Together, these two factors result in stylasterid

[22Th/238U] being — in general - higher than scleractinian [22Th/238U]. This increases the importance of
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the correction for initial/added 23°Th, and in turn decreases the achievable precision of stylasterid U-series
ages. Despite this, accurate cotrection for initial/added 2%Th may still yield ages with precision sufficient
to be useful in certain palacoceanographic contexts. In the following sections, I explore two possible
correction methods, before making recommendations for best practise when dating stylasterids by U-

series methods.
4.2  Correction for [230Th/232Th];

The commonly-applied method for correcting for initial/added 2°Th in azooxanthellate scleractinian
corals relies on subtracting an initial [20Th/238U]; term from that measutred on the sample. [20Th/238U]; is
estimated by multiplying measured sample [22Th/238U] by an assumed [20Th/232Th]; value (equation 3).
As outlined in section 1.1, these [20Th/232Th]; estimates are highly uncertain, but for scleractinian corals
with high [U] and low [#2Th], the magnitude of the correction is small enough to permit dating to a
precision suitable for studying centennial and millennial shifts in ocean conditions (e.g. Chen et al., 2015;

Rae et al,, 2018; Stewart et al., 2021; Chen et al., 2023).

However, application of this method to stylasterids illustrates the complications imposed by low
stylasterid skeletal [U] and high [3?Th]. The correction for initial 2°Th results in a substantial reduction in
calculated age and increase in age uncertainty for almost all of the stylasterid samples considered here
(Table 3; Figure 6). For 4 of the 8 samples, the substantial effect of the Th correction may be partly
explained by high levels of initial/added Th, reflected in their elevated [22Th] (Figutre 5). Considering the
4 samples with [#32Th] less than the screening limit used in de Carvalho Ferreira et al. (2022), the
corrected age for one sample (Sma04zx) is a negative age, 2 samples have ages ~ 100 years BP with
uncertainties of between 20 and 50 years (Sde88zl and Sde134zv), while another (Sde43zg) has an age of
~ 10,000 * 3000 years BP (Table 3).

The age precision of these low 22Th stylasterid samples suggests that application of U-series dating
techniques to stylasterids could have use in a variety of palacoceanographic contexts. However, precision
is no guarantee of accuracy. To test whether the above approach yields accurate ages, I performed
additional isochron and radiocarbon measurements on three corals (Figure 9). An isochron approach
permits sample-specific estimates of [20Th/232Thl;, allowing assessment of whether commonly-assumed
values are appropriate for our samples, and thus whether the traditionally-applied approach yields
accurate ages. The details of the isochron approach are discussed further in section 4.3, and I here focus

solely on comparison of ages derived by these different approaches.

The 3 methods (traditional [%0Th/232Th]; correction, isochron and radiocarbon) yield consistent ages for
sample Sde88zl (Figure 9). Despite this, the [2Th/22Th]; of the 3-aliquot isochron approach differs
markedly from that commonly assumed (4 and 37, respectively; Table 4). However, this sample has
extremely low [%2Th], meaning the effect of correction for [#0Th/232Th]; is small, thus demonstrating that

extremely clean stylasterid samples can be accurately dated without sample-specific constraint on
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[20Th/232Th];. This is not true, however, for samples Sma04zx and Sde43zg. For both samples, an
isochron approach provides sample-specific estimates of [20Th/232Th]; (~ 30 and ~ 100, respectively;
Table 4) which differ substantially from the commonly-applied regional estimates used in the calculation
of corrected ages of the Clean aliquots (91.4 and 37, respectively; see section 2.4). As a result of the
correction for initial 20T in these samples, the ages derived from the isochron approach also differ
substantially from the corrected Clean aliquot ages. For sample Sde43zg, the magnitude of the difference
is > 6000 years, and concerningly far exceeds the etror estimate on the corrected Clean aliquot age
(Figure 9). Crucially, independent radiocarbon constraint on sample ages suggests that the isochron ages
are the more accurate estimate of the two (Figure 9). Both of these samples therefore indicate that even
for stylasterid samples with relatively high [U] (compared with other stylasterids) and which have been
effectively cleaned (giving low [22Th)), it is still critically important to accurately constrain sample-specific
[2'Th/232Th];. Using regional estimates of this value holds no guarantee of accuracy, as reflected in the
large uncertainties commonly associated with these values, and the large range in [%0Th/232Th]; reported

by previous azooxanthellate coral studies (e.g. Cheng et al., 2000a; Gutjahr et al., 2013).
4.3 Challenges with the isochron approach

Any approach to stylasterid dating must therefore consider methods to more accurately estimate
[20Th/232Th]i. As alluded to above, isochrons provide one method by which this constraint can be
achieved. Isochron methods have previously been applied to estimate [20Th/232Th]; and derive sample
ages for a variety of carbonate materials (e.g. Luo and Ku, 1991; Lomitschka and Mangini, 1999; Cheng et
al., 2000a; Shen et al., 2008; Obert et al., 2016; Wang et al., 2022). While an isochron approach may hold

promise when dating stylasterids, the observations made here suggest that its application is challenging.

The most widely applied regression tool for generating U-series isochrons is the analytical error-weighted,
3-dimensional maximum likelihood technique (Ludwig and Titterington, 1994). Application of this
method to our data yields lines of best fit which are significantly overdispersed (MSWD >> 1; see section
2.4; Table 4). An MSWD > 1 indicates that the scatter about an isochron line of best fit cannot be
accounted for by analytical uncertainties alone. Although this overdispersion could be caused by
underestimation of analytical uncertainties, I am confident in the uncertainty estimates made and thus
discount this possibility. Alternatively, a high MSWD indicates the influence of factors not accounted for

in the isochron model.

U-series isochrons are formulated on the assumption that each aliquot contains varying proportions of
two components with distinct [232Th/238U], but the same [%°Th/232Th]; (e.g. Ludwig and Titterington,
1994; Edwards et al., 2003). Introduction of a third (or more) isotopically-distinct component violates the
isochron assumption, and has been proposed to explain isochron scatter for a variety of sample types (e.g.

Lin et al., 1996; Henderson et al., 2001; Richards and Dorale, 2003; Shen et al., 2008).
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Evidence for more than 2 isotopically-distinct components in our samples comes from comparing the
results of the 3- and 5-aliquot datasets. The 3-aliquot approach includes samples subjected to at least
mechanical cleaning, while the 5-aliquot approach additionally includes the entirely uncleaned and outer
coating sample. For the two corals for which both approaches yielded reasonable results (Sma04zx and
Sde43zg), the 5-aliquot approach gives younger ages, and a higher implied [%°Th/232Th]; (Table 4). The
consistency of the observed offsets for both samples is striking, and suggests that a component with
increased [2°Th/232Th] is contributing to the coating and uncleaned samples, compared with those
samples cleaned at least mechanically. This is supported by sample Sde88, for which the [20Th/232Th] of
the uncleaned and outer coating samples is significantly higher than the [29Th/232Th]; expected from
extrapolation of the 3-aliquot isochron line of best fit (Figure 8). For the 5-aliquot approach, this
ultimately results in a negative relationship between [20Th/22Th] and [»38U/232Th], thus preventing

calculation of a reasonable age (Figure 8; Table 4).

The outer coatings of all samples measured here are thus enriched in 22Th compared with bulk skeletal
material. Together, these represent 2 isotopically-distinct components. I suggest that organic matter may
represent a third source of U-series isotopes. As outlined in section 4.1, organic matter is more likely to
be trapped in spaces within the stylasterid skeleton, given their porosity. This organic matter likely
represents a source of Th, evidenced by the reduction in [??Th] following chemical cleaning which was
observed for all samples (Figure 7). It is entirely plausible that the isotopic composition of this organic
matter differs to that of the outer coatings and initial Th incorporated into the coral skeleton
(supplementary information, section 7.4). Indeed, Th-isotopic heterogeneity has been noted between a
wide range of particle sources, including clays, organic matter and Fe-Mn oxyhydroxides (e.g. Richards

and Dorale, 2003).

The origin of overdispersion in our stylasterid isochrons thus appears to be the contribution of three or
more isotopically-distinct sources of U-series isotopes. Isochron techniques can be adapted to account for
this overdispersion, and here I calculate isochron ages and their uncertainties by adding an additional
dispersion term to analytical uncertainties, with dispersion attributed entirely to the [20Th/232Th] of
added/initial Th (IsoplotR, model 3; Vermeesch, 2018). In this manner, meaningful isochron ages and
uncertainties can be generated for stylasterid coral samples. More broadly, an isochron approach allows
for sample-specific constraint on [20Th/232Th];, removing the need to assume this value and providing

some assurance of the accuracy of calculated ages.
44 824U and susceptibility to alteration

An aspect of U-series dating yet to be discussed is the requirement that the system remains closed with
respect to U from the time of coral death to measurement (e.g. Edwards et al., 2003). Indeed, the porous
nature of stylasterid skeletons discussed above may act to increase the likelihood of post-mortem
carbonate alteration and thus open-system U behaviour, which apparently complicates U-series dating of

octocoral taxa (e.g. Robinson et al., 2007; Gutjahr et al., 2013; see supplementary information, section
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7.4). As outlined in chapter 2, a common test for open-system behaviour is whether sample §23U; falls
within the bounds of modern seawater (e.g. Cheng et al., 2000a; Edwards et al., 2003; see chapter 2).
Encouragingly, 3234U; for 7 of the 8 stylasterid samples measured was within 6 %o of the modern seawater
value (146.8 %o; Andersen et al., 2010; Figure 6). However, the oldest sample measured had significantly
higher §23#U; than expected (Figure 6). The measured 824U, of this sample was close to modern
seawater, consistent with addition of U with a modern isotopic signature and providing strong evidence
for open-system behaviour in this sample. With only one sample of significant age (i.e. > 10,000 years) in
our dataset, the susceptibility of stylasterids to post-mortem diagenesis and open-system U behaviour
remains an open question. However, their porosity and evidence for increased susceptibility to
contamination (section 4.1; supplementary information, section 7.4) suggests this may represent an

additional limiting factor in our ability to date these corals by U-series methods.
4.5 A practical U-series dating outlook

Low stylasterid [U] — coupled with their susceptibility to contamination by Th-bearing phases — means the
achievable precision of stylasterid U-series dates is not as good as for scleractinian corals. That their low
[U] in comparison to Scleractinia arises from the differing calcification mechanisms of these two groups is
somewhat ironic, given those same differences in biomineralisation apparently make stylasterids
comparatively reliable recorders of past ocean conditions (Samperiz et al., 2020; Stewart et al., 2020b;
Stewart et al., 2022; chapter 3; chapter 4). Determination of sample-specific [20Th/232Th]; can aid the
measurement of accurate stylasterid U-series ages, and isochron approaches provide a potential — if time
consuming — means to achieve this. In practical terms, however, the attractiveness and applicability of
isochron dating may be limited by small sample sizes, the large time burden associated with making
multiple measurements, and significant overdispersion. Without determination of sample-specific
[20Th/232Th];, accuracy of ages is dependent on achieving a small magnitude of initial 22'Th correction,

which may be achieved through careful sample selection and cleaning.

In many cases, however, it will be necessary to accept that stylasterid U-series ages are inherently
uncertain. I suggest that stylasterid dates presented without qualification of sample-specific [20Th/232Th];
should consider the potential effect of a wide range of possible [20Th/232Th];, and could present a range
of possible ages in addition to a best-estimate. In this way, stylasterid U-series ages could be used in a
robust manner to investigate scientific questions which do not require great age precision, such as shifts
in stylasterid distribution or changes in ocean conditions on long (e.g. glacial-interglacial) timescales (e.g.

following themes in Frank et al., 2011; Corbera et al., 2021; de Carvalho Ferreira et al., 2022).
5 Discussion: Radiocarbon growth chronologies

Given the difficulties associated with U-series dating stylasterid skeletons, I also explore the possible use
of stylasterids as high-resolution archives of recent oceanographic change. This exploration is primarily

motivated by previous work which demonstrated that “C dating multiple subsamples from the same
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specimen can produce coherent stylasterid growth chronologies spanning centennial timescales (King et
al., 2018). I explore this theme further here, coupled with the application of recent proxy developments

(Stewart et al., 2020b; chapter 3; chapter 4).
5.1  Stylasterid '“C: growth chronologies

The following sections outline and interpret the '*C-based growth chronologies of samples Adp88,
PS3225, 3403A and 3403B. At the start of each section, the relevant distance vs '4C age plot is
reproduced from Figure 10 for ease of reference, together with an additional plot showing contextual

seawater data (Figure 12; Figure 13; Figure 14).

5.1.1 Sample Adp88 (Equatorial Atlantic, 1175 m)
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Figure 12. a. Distance along branch vs conventional *C age for sample Adp88, reproduced from Figure
10. b. Comparing Adp88 apical tip *C age (red triangle) to seawater conventional *C ages calculated
from nearby GLODAP A#C measurements (grey circles; Lauvset et al., 2022) and taken from published
bottle data collected during CTD and ROV deployments during cruise JC094 (grey diamonds; Chen et
al.,, 2015; note sample Adp88 was also collected during cruise JC094). The chosen paired seawater value
is shown by the gold star in both panels (+ 1 o). Error bars on '4C ages are = 1 o, and are smaller than

the symbol in panel b.

For sample Adp88, firstly, the linear correlation between conventional #C age and distance along the
branch suggests a broadly constant rate of vertical extension of between 0.4 and 0.6 mm/year, dependent

on whether the apical tip subsample is included in the regression (Figure 10; Figure 12; Table 6).

The apical tip subsample has a conventional #C age which is slightly older than that estimated for
ambient seawater (Figure 10; Figure 12). This may be explained by a combination of the sampling strategy

and recent trends in ambient seawater conditions at this site. At a coral growth rate of 0.5 mm /yeat, the 5
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mm along-branch thickness of the tip subsample (note all other subsamples were 2 mm thick; section
2.2.2) represents ~ 10 years of coral growth, meaning much of the subsample grew prior to the coral
collection year (2013). This temporal integration acts to make the tip subsample '“C age older than
seawater at the time of collection. This evidently cannot explain the full ~ 50 year difference between tip
subsample age and seawater. However, this trend may be compounded by recent changes in the #C
content of seawater at this site. It has been shown that the '4C age of seawater at this depth in the
equatorial Atlantic has become younger over the past 30 years, likely due to the very recent first incursion
of bomb-derived C at intermediate depths in this region (Liu, 2022). This observation may be seen by
comparison of seawater data from the GLODAP database (sampled in 1982 and 1983; Lauvset et al.,
2022) and that collected during cruise JC094 in 2013 (Chen et al., 2015) (Figure 12). Thus, not only does
the tip subsample incorporate carbonate material which is older than the coral collection year, but
ambient seawater *C age may also have been older at this time. Together, these factors provide a likely
explanation as to why the tip subsample '“C age is older than that expected from modern ambient

seawater.

An alternative possibility which could explain the faster inferred growth rate when including the apical tip
sample in regression analysis (Table 6) is that specimen growth rate increased toward the branch tip.
However, this interpretation would require an increase from 0.42 mm/year to almost 1 cm/year. A
growth rate of 1 cm/year exceeds the maximum range of previously published stylasterid growth rates
(see section 5.2; Table 7), and it also seems unlikely that such a vast change in growth rate would occur

within a single coral.

The tip subsample *C age falls within the estimated variability in ambient seawater *C values (at the 1 o
level) and overall appears to faithfully record the '*C signature of ambient seawater (Figure 10; Figure 12).
Further, while I find a faster inferred growth rate when the tip sample is included in the regression than
when it is excluded (0.58 mm/year vs 0.42 mm/year; Table 6), these estimates are again within error of
one another (at the 2 o significance level; Table 6). The choice of whether to include the tip subsample in

calculations is therefore inconsequential to the conclusions of this study.

The above discussion also highlights some of the uncertainties implicit in the sampling methodology
employed here. As outlined in section 3.3.1, calculating a growth rate using only the C ages of the
branch tip and the subsample furthest from the tip suggests a faster growth rate (0.85 mm/year) than that
calculated using all subsamples. Additionally, the 4C ages of the branch tip and subsample furthest from
the tip are within error of one another at the 2 o level. This suggests that the coral growth rate calculated
here is pootly constrained and may underestimate the true rate of vertical branch extension. However, as
discussed above, individual subsample 4C ages may be affected by incorporation of material of varying
ages, changes in ambient seawater 14C age and temporal changes in coral growth rate, as well as analytical
uncertainties (generally = 25 years on all samples). By using multiple subsamples to calculate the average

coral growth rate, the effects of analytical uncertainties and incorporation of material of varying ages can
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be somewhat reduced, since these factors should affect all subsamples in a similar manner. Thus, while it
is possible that coral Adp88 grew faster than 0.58 mm/year, the strength and significance of the
correlation between all subsample *C ages suggests that this remains the best, and most robust, estimate

of coral growth rate for this sample.

I therefore assume that coral Adp88 grew linearly and at a constant growth rate constrained by all 5
measured subsamples. With knowledge that the sample was collected alive in the year 2013, I use the
inferred coral growth rate to assign a calendar age to each subsample (note that ages are assigned at the
midpoint of each subsample), and construct an absolute age model for this specimen (Figure 16; full data
tabulated in the supplementary information, Supplementary table 2). This methodology suggests the
subsamples measured here grew across the period 1924 to 2013, and thus that this coral may represent a
valuable record of changes in intermediate-depth (1175 m) equatorial Atlantic conditions across much of

the 20th century. This possibility is explored in section 5.3.
5.1.2 Sample PS3225 (New Caledonia, 201 m)

Turning to sample PS3225, I again find a linear correlation between conventional “C age and distance
along the branch (Figure 10; Figure 13; Table 6). One sample falls off the trend of decreasing age with
decreasing distance from the branch end (Figure 10; Figure 13). Removing this sample from the
regression results in an extremely strong linear correlation with high significance (R = 0.98, p = 0.01;

Table 6). The interpretation of these results is, however, complicated.
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Figure 13. a. Distance along branch vs conventional *C age for sample PS3225, reproduced from Figure
10. b. Comparing PS3225 subsample *C ages (red triangles) to seawater conventional '*C ages calculated
from nearby GLODAP A#C measurements (Lauvset et al., 2022). Note seawater measurements are

distinguished by collection year, discussed in section 5.1.3. The chosen paired seawater value is shown by

the gold star in both panels (£ 1 6). Pre-bomb surface reservoir age shown in both panels, with
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variability shown as = 1 o (dark shading in both panels) and range (light shading in panel a) (see section

2.6 for data sources and calculation details).

Firstly, this coral was dead on collection, meaning that — in contrast to sample Adp88 - 1 do not have
independent age control on any patt of the skeleton. An alternative approach to converting C ages to
absolute calendar ages is to estimate a seawater radiocarbon age for the collection location, and

subsequently calibrate these ages against the Marine20 curve (Heaton et al., 2020; see section 2.5).

Modern depth-matched seawater conventional '#C age is estimated from the GLODAP database to be —
720 £ 67 (2 o) years BP (Figure 13; Table 6; Lauvset et al., 2022), reflecting the clear influence of bomb-
derived radiocarbon at this site. Subsample radiocarbon ages are significantly older than this, suggesting
this sample grew before the influence of substantial incursion of bomb-derived #C (Figure 10; Figure 13).
Deriving estimates of pre-bomb seawater radiocarbon ages is complicated by a paucity of data at depth.
However, surface ocean pre-bomb reservoir ages are more abundant, and - assuming that seawater
radiocarbon ages increase with depth - can be used to estimate a minimum pre-bomb seawater
radiocarbon age for this sample. The pre-bomb surface ocean reservoir age for this region averages 453 +
35 years BP (1 o; n = 33), with individual values ranging from 360 to 680 years BP (Figure 10; Figure 13).
The geographically closest measurements (from New Caledonia) suggest a reservoir age of ~ 485 years

BP, although this study emphasises the large regional variability caused by seasonal variations in upwelling

(Petchey et al., 2004).

Subsample #C ages from coral PS3225 are in the most part younger than pre-bomb surface reservoir age
values (Figure 10; Figure 13). The most likely explanation for these young 4C ages is the influence of
bomb-derived *C. Additional evidence for the contribution of bomb-derived *C comes from
measurements on an outer portion of the radial section from which the oldest subsample (PS3225.radC)
was taken (see supplementary information, section 7.5). This outer rim subsample has a conventional *C
age of 83 years BP (Supplementary figure 5; Supplementary table 2), significantly younger than any
reasonable marine reservoir age, thus strongly implying some influence of bomb-derived *C (see

supplementary information, section 7.5).

The interpretation of a C chronology for sample PS3225 depends on the mechanism by which bomb-
derived '“C contributes to measured ages. One option is that this coral records the gradual incursion of
bomb radiocarbon at this site. Inspection of Figure 10 (and excluding the outlier subsample) reveals that
the range of pre-bomb surface reservoir ages was first exceeded at 7.2 cm from the branch end, with the
last measured subsample being at 2.8 cm. This model therefore requires that this coral grew at least 4.4
cm in the time after the initial incursion of bomb-14C at this site, but before seawater A4C became
negative. An estimate of bomb-derived radiocarbon incursion in New Caledonian waters at ~ 200 m
depth suggests that A'*C signatures (and thus, conventional *C ages) became significantly negative within
10 years of the first detected incursion (Landman et al., 1988). This rapid change in seawater A*C is

supported by a deeper time series from 400 to 500 m in the Tasman Sea, recorded by fish otoliths, which

204



suggested a first incursion of bomb-derived #C in the early 1960’s, and a peak at negative A*C values
within ~ 20 years (Grammer et al., 2015; Figure 15). This would therefore require growth rates for this
specimen to be at least 4.4 mm/year. In reality, coral growth rate would likely have to far exceed this,
given that the outer rim sample introduced above also has a non-negative 4C age. If this outer rim sample
represents the youngest part of this coral, this suggests that entire 7.2 cm of branch grew in ~ 10 years.
Although within the range of published values (section 5.2; Table 7), growth rates > 4 mm/year are
significantly larger than those inferred for other samples in this study, and those found for Southern

Ocean stylasterids by King et al. (2018) (Table 7).

Alternatively, subsamples of this coral may include a mixture of pre-bomb carbon and younger bomb-
derived carbon, the latter of which could be derived from either post-mortem alteration or from the
younger, outer surface of the coral. The sampling technique of cutting discs perpendicular to each branch
likely results in integration of material which grew at different times. Although branch growth is clearly
fastest parallel to the branch, slower branch thickening in a radial direction must occur (e.g. King et al.,
2018). Although care was taken to remove the outer surface of each subsample, it is possible that some
younger material was incorporated into each subsample. If this material had the extremely young 4C
signature characteristic of modern seawater at this site (Figure 13), only a small amount would be required

to substantially alter pre-bomb coral ages.

Alternatively, post-mortem precipitation of secondary carbonate with the signature of modern seawater
could have an equivalent effect. The porous nature of stylasterid skeletons and their susceptibility to
alteration has already been discussed in section 4.1. It is notable that all branch cross sections showed
consistent evidence for pink colouration in branch centres with whiter colouration toward outer rims, in
addition to numerous potre spaces which were variably filled with contaminant phases and/or appeat
white in colour (see supplementary information, section 7.5). This may indicate potential evidence of
secondary carbonate precipitation, which could have inherited a modern, post-bomb '“C signature. This
process has been shown to impact '4C dates in shallow-water corals (e.g. Zaunbrecher et al., 2010;

Druffel-Rodriguez et al., 2012)

Evidence in favour of the hypothesis of added, bomb-derived #C is provided by subsample PS3225.m (at
~ 9 cm from the branch end), which has a younger #C age than expected from the rest of the coral
chronology. This could be explained by a greater influence of bomb-derived #C for this sample. Whether
this added, young *C is derived from the youngest part of the coral growing after the addition of bomb-
14C at this site, or from the contribution of secondary carbonate is uncertain, however the visual evidence

for post-mortem alteration suggests this is the more likely hypothesis.

Interpretation of subsample “C ages in sample PS3225 is thus highly uncertain. Despite this, the strong,
linear correlation between subsample *C age and distance along the branch (when excluding sample
PS3225.m) is striking. It may be that pervasive alteration of this sample caused addition of a relatively

constant (proportionally) amount of bomb-derived *C to each subsample, thus offsetting each by a
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constant amount and maintaining the linear relationship shown in Figure 10 (reproduced in Figure 13).
The calculated growth rate is consistent with those calculated for specimen Adp88 and for samples in
King et al. (2018), and suggests that the 11 cm length of this branch represents ~ 206 years of growth
(Table 7). However, owing to the substantial uncertainties present, I do not attempt to convert
conventional *C ages into calendar years for this sample. More broadly, this sample illustrates that the
susceptibility of stylasterids to contamination has implications for dating these corals by radiocarbon

techniques, and that live-collected, pristine specimens are likely the best targets for this technique.
5.1.3 Samples 3403A and B (New Caledonia, 425 m)

Finally, 14C ages for samples 3403A and 3403B are significantly negative (Figure 10; Figure 14). This is
consistent with all subsamples showing the signature of bomb-derived “C, in agreement with ambient
seawater (Figure 10; Figure 14). The apical tip *C age from sample 3403B is less negative than the paired
ambient seawater value (Figure 10; Figure 14). However, the seawater sample is not from the same site as
the coral collection location owing to the sparse regional data coverage, and was collected in 1992, some
30 years prior to the coral sample (coral collection in 2021). In the period between 1992 and 2009,
GLODAP bottle data reveal that the signature of bomb-derived C in this region has started to decay,
and ambient seawater *C ages are becoming less negative (Figure 14). Thus, the mismatch in collection

location and time of the coral and seawater samples may well explain the difference in their *C signatures.

Turning now to the growth chronologies of samples 3403A and 3403B, low sampling resolution
precludes identification of key features including the first incursion of, and peak in, bomb C at this site,
which have been used to provide valuable chronological constraint in some previous studies (e.g. Roark et
al., 2006; Sherwood and Edinger, 2009). However, the fact that all subsamples measured here show clear
evidence for bomb #C does allow us to place minimum bounds on the vertical growth rates of these

samples.
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Figure 14. a. Distance along branch vs conventional *C age for samples 3403A and 3403B, reproduced
from Figure 10. b. Comparing PS3403B apical tip subsample 4C age (black triangle) to seawater
conventional *C ages calculated from nearby GLODAP A*C measurements (Lauvset et al., 2022). Note
seawater measurements are distinguished by collection year. The chosen paired seawater value is shown

by the gold star in both panels (£ 1 o).

As outlined in section 5.1.2, the first marine signature of bomb radiocarbon in the New Caledonian
region was in the late 1950’s, and estimates suggest this signal may have penetrated to 400 m water depth
by ~ 1965 (Landman et al., 1988). This is supported by fish otoliths from 400 to 500 m in the Tasman
Sea, which record the first incursion of bomb radiocarbon in 1963 (Grammer et al., 2015; Figure 15).
Given all subsamples from corals 3403A and 3403B are influenced by bomb C; this suggests that these
corals were at most 58 years old at the time of collection in 2021, implying minimum growth rates of 0.9

and 1.1 mm/year for 3043A and 3403B, respectively.

Further constraint can be placed on the growth rate of sample 3403B. *C ages for this sample become
significantly more negative toward the branch tip (Figure 10; Figure 14; Figure 15). This indicates that
sample 3403B started growing before the peak in bomb-1C occurred at this site, a suggestion further
supported by the more negative subsample ages of the co-located specimen 3403A. Previous work
suggests that the bomb-14C signature at 400 to 500 m in the Tasman Sea peaked in the eatly 1980’s
(Grammer et al., 2015; Figure 15). Assuming a similar timescale for the New Caledonian region suggests
that sample 3403B started growing prior to this date. Overall, this implies that sample 3403B was at most
58 years old and at least 41 years old at the time of collection in 2021, and in turn suggests a growth rate

of between 1.1 and 1.6 mm/year (Table 7).
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Figure 15. Record of seawater “C age at 400 to 500 m depth in the Southwest Pacific, derived from fish
otoliths (Grammer et al., 2015). Note y axis inversion. Conventional *C ages were calculated from
published Fm values in Grammer et al. (2015), using the equation *Cage = — 8033 X In(Fm). Dashed
line through data shows a LOESS fit. Also shown as horizontal lines are the C ages of subsamples
from corals 3403A and 3403B. Note there is a large location difference between fish and coral collection
sites, likely leading to differences in absolute *C ages. However, the timescales of bomb-radiocarbon

mixing and decay may be more comparable between the two sites.

5.2  Stylasterid coral growth rates

The growth rates of stylasterid corals measured here are compared with previously published growth rate
estimates in Table 7. Estimates for samples Adp88 and PS3225 agree well with those of King et al. (2018),
the only other study to estimate stylasterid growth rates by radiometric techniques. Sample 3403B
suggests faster, but still comparable, growth rates of 1.1 to 1.6 mm/year. Together, these data provide
strong evidence for slower rates of stylasterid growth than suggested by photographic studies (Chong and
Stratford, 2002; Miller et al., 2004; Wisshak et al., 2009). This conclusion remains robust for sample
Adp88 when using the faster growth rate calculated from the difference in age of the branch tip and

subsample furthest from the tip (0.85 mm/year; see section 3.3.1 and discussion in section 5.1.1).

Whether growth rates determined by radiometric techniques and photographic methods are directly

comparable is unclear. For instance, studies based on photography span time periods of at most 3 years
(Miller et al., 2004), and may struggle to resolve slower rates of growth (King et al., 2018). Additionally,
short term stylasterid growth rates likely far exceed net skeletal growth rates over a prolonged period of

time, for instance due to growth hiatuses or branch damage.
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More broadly, I suggest that the view of stylasterids as fast-growing corals may falsely imply their
resilience to disturbances, for instance by bottom trawling. Radiometrically-derived growth rates < 2
mm/yeatr have now been reported for a range of specimens from the Southern Ocean (King et al., 2018),
southwest Pacific (this study) and equatorial Atlantic (this study) (Table 7). The destruction of large
stylasterid specimens and the ecosystems they support by activities such as bottom trawling may therefore
represent the destruction of skeletons which took decades or even centuries to form, and may take

equally significant periods of time to recovet.
5.3  Applying the stylasterid skeletal Li/Mg, Ba/Ca and 6''B palaeo-ocean proxies

The primary objective of this study was to develop geochronological tools which would allow the
application of stylasterid geochemical proxies in palacoceanographic contexts. Although dating stylasterid
corals by U-series techniques is challenging, construction of radiocarbon growth chronologies of live-
collected stylasterids exhibited greater promise as a palacoceanographic tool. Indeed, sample Adp88 (from
1175 m in the equatorial Atlantic) apparently grew over a period spanning much of the 20% century
(calendar years 1924 to 2013; section 5.1.1). In the following section, I use Li/Mg, Ba/Ca and 8''B ratios
measured on this sample to provide constraint on variations in mid-depth equatorial Atlantic temperature,
[Ba]sw and pH across this time period, which are summarised in Figure 16. This figure directly follows
Figure 11, with the x-axis converted to time using the age model in section 5.1.1 and coral geochemistry

converted to seawater parameters using the calibrations and calculations outlined in section 2.7.

Considering firstly the fidelity of the proxies used here, the Li/Mg and !B ratios of the (assumed
modern) branch tip subsample imply temperature and pH values within error of modern seawater (Figure
11; Figure 16). Importantly, this suggests that apical tip geochemistry is faithfully recording seawater
parameters, despite evidence that 8!'B of stylasterid apical tips can be influenced by calcification-related
effects (chapter 4; note also that apical tip Li/Mg ratios are impacted by these effects to a lesser degtee).
This reatfirms our confidence in the use of both these ratios to reconstruct variations in seawater
conditions. Conversely, [Ba]sw implied by subsample Ba/Ca is elevated above the modern seawater value
by ~ 10 nmol/kg (Figure 11; Figure 16). This offset is within the range of the 95 % prediction interval of
the stylasterid Ba/Ca vs [Ba]sw calibration (chapter 3) and is broadly consistent across all subsamples. 1
therefore choose to interpret subsample Ba/Ca as a record of [Ba]sw, but focus on relative changes
between subsamples, rather than absolute reconstructed [Ba]sw values. Finally, the objectively low Fe/Ca
values of our subsamples (<0.8 pmol/mol) suggest that contaminant phases do not influence our

observations (discussed in detail in the supplementary information, section 7.3).
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Study Genus Growth rate  Basis Location and Notes
(mm/year)* depth
This study  _Adelopora sp. 0.58 Radiocarbon Equatorial Single branch extension
(Adp88) Atlantic, 1175 m  rate
Stephanobelia >0.9 Radiocarbon New Caledonia, Minimum estimate,
sp. (3403A) 425 m single branch extension
rate
Stephanobelia 1.1 -1.6 Radiocarbon New Caledonia,  Single branch extension
sp. (3403B) 425 m rate
Chong and  Errina 2.7 Stereo Doubtful Sound, Branch extension rate. 62
Stratford novaezelandiae photogrammetry New Zealand branches from 7 colonies
(2002) (fjord), 16 to 18
m
Miller et al.  Errina 7 Photography Doubtful Sound,  Average of 27 colonies
(2004) novaezelandiae New Zealand observed over 3 years.
(fjord), < 40 m Measurement is change
in colony width,
therefore not directly
comparable with branch
extension rates
Wisshak et Errina dabneyi 4 - 6 Photography Azores, ~ 500 m  Branch extension rate, 1
al. (2009) colony
Kingetal.  Errina sp. 0.24-0.51 Radiocarbon Wilkes Branch extension rate, 4
(2018) Land/Ross Sea,  measurements in this

500 to 1700 m

range

Table 7. Growth rates of stylasterids in this study and published previously. Note that where growth

rates wete inferred from radiocarbon methods, growth rates are given in mm/*C year. Our growth rate

estimate for sample PS3225 is considered highly uncertain, as addressed in section 5.1.2.

Having established the robustness of the proxies used, the most striking palacoceanographic observation
I make is a significant (at the 90 % level) trend of dectreasing coral Li/Mg towatd the branch tip (»= 0.7, p
= 0.06; Figure 11). When distance along the branch is converted to calendar age and Li/Mg to
temperature, this trend represents an increase in seawater temperature of ~ 1.7 °C over the 90 year
timespan of the record, with the majority of this change occurring in the last 15 years of coral growth
(between ~ 1997 and 2013) (Figure 16). I note that although Li/Mg ratios of the base and tip subsamples
are significantly different from one another (i.e. differ by more than the analytical error; Figure 11), the
implied temperature change between the base and tip is within the 95 % prediction uncertainty associated

with temperature reconstruction using stylasterid Li/Mg ratios (+ 1.7 °C; Stewart et al., 2020b; Figure 16).
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However, much of the scatter in the Li/Mg vs temperature calibration likely results from using different
coral species from different locations, and this source of variability would be removed when comparing
subsamples from a single coral, as in this study. Overall, the excellent agreement between the apical tip

subsample and modern seawater (Figure 11; Figure 16), coupled with the statistically significant trend in

coral Li/Mg along the branch (Figure 11), suggests that the reconstructed temperature increase is robust.
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Figure 16. Reconstructed seawater temperature (a), seawater pH (b) and [Ba]sw (c) as a function of time,

from coral Adp88 (Equatorial Atlantic, 1175 m depth). Age model follows results in section 5.1.1.
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Hydrographic parameters calculated based on coral geochemistry, using calibrations and calculations
outlined in section 2.7. Grey bars show the 95 % prediction uncertainty for each calibration, centred on
the mean of the reconstructed values (£ 1.7 °C (Stewart et al., 2020b), £ 0.2 pH units (chapter 4) and £
9 nmol/kg (chapter 3), respectively). In panel b, double-headed arrow shows theoretical effect of
increased contributions of North Atlantic Deep Water INADW) and Antarctic Intermediate Water

(AAIW) at this site.
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Figure 17. Modern hydrographic setting for sample Adp88, with pH (a), temperature (c) and [Ba]sw (d)
shown. Temperature and pH data taken from the GLODAP bottle database (Lauvset et al., 2022). pH
calculated in Ocean Data View software (Schlitzer, 2023) using alkalinity and DIC pairs. [Ba]sw data

taken from the co-located profile in Bates et al. (2017). Figure produced in Ocean Data View software

(Schlitzer, 2023).

The warming trend observed is consistent with a range of direct observational and modelling based
studies, which suggest that intermediate depth (i.e. ~ upper 2000 m) north Atlantic warming has occurred
across the late 20t and early 21+t centuries (e.g. Arbic and Owens, 2001; Lozier et al., 2008; Hikkinen et
al., 2015; Desbruyeres et al., 2017). On longer timescales, comparison of data from the Challenger
expeditions (1872 to 1876) with those from Argo deployments (2004 to 2010) reveals a global warming
trend at ~ 900 m (Roemmich et al., 2012). A major advantage of our approach is the continuous and
somewhat temporally-averaged nature of the coral subsamples. Given a growth rate of 0.6 mm/year
(section 5.1.1; Table 7), the 2 mm branch slices taken here represent 3 to 4 years of coral growth. This
time integration mitigates for the influence of monthly to decadal variability which can complicate the
comparison of temperature measurements made at single points in time (e.g. Bryden et al., 2003; Wunsch

and Heimbach, 2006; Lozier et al., 2008).

There are a number of plausible mechanisms by which seawater temperature may have increased at this

site over the 20t century. Observational and modelling-based studies have broadly attributed warming
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trends to: (i) vertical displacement of isopycnals bringing warmer waters to greater depth (“heave”; e.g.
Arbic and Owens, 2001; Hikkinen et al., 2015) and (ii) warming along isopycnals (“spiciness”; e.g. Lozier
et al., 2008; Desbruyeres et al., 2017). The relative contributions of these components to the overall
warming trend at a given location are depth, time, location and model dependent (e.g. Hikkinen et al.,

2015; Desbruyeres et al., 2017).

Here, I suggest that the multi-proxy approach employed helps to deconvolve the possible sources of
warming at this site, which is close to the modern-day boundary between Antarctic Intermediate Water
(AAIW) and North Atlantic Deep Water INADW) (Figure 17). Since NADW is warmer than AAIW, one
possibility which would result in warming is an increased relative contribution of NADW at this site,
either by a shoaling of the boundary between these two water masses (a “heave” component), or by a
reduction in the northward penetration of AAIW into the Atlantic. Reconstruction of seawater pH from
stylasterid 8!'B allows a test of this hypothesis. An increase in the relative contribution of NADW
through time should lead to a corresponding increase in seawater pH, since NADW has generally higher
pH than carbon-rich AAIW (Figure 17). However, coral 8''B exhibits no statistically-significant trend
along the length of the branch (» = 0.65, p = 0.12; Figure 11), and if anything decreases toward the branch
tip (Figure 106). This suggests either an invariance of, or decrease in, ambient seawater pH at this site

through time, inconsistent with an increased influence of NADW (Figure 16; Figure 17).

Alternatively, an increase in the depth of the thermocline in this region could lead to warming by
increased diffusive or advective heat transfer to the coral collection site, in turn helping to explain the
relative invariance of seawater pH and [Ba]sw (Figure 16). It is possible that a deepening of the
thermocline in the equatorial Atlantic might also result in a corresponding deepening of the boundary
between AAIW and NADW, which is also consistent with our observations. Owing to the weak regional
depth gradient in seawater pH, a deepening of the AATW/NADW boundary would result in a slight
decrease in seawater pH at the coral collection site of no more than 0.1 pH units (Figure 17). As noted
above, the relationship between stylasterid 8''B and distance along the branch suggests a statistically
insignificant decrease in seawater pH (Figure 16). This is consistent with a deepening of the
AAIW/NADW boundary, which would result in small changes in ambient seawater pH (< 0.1 pH units)
compared with the prediction uncertainty associated with this proxy (~ 0.2 pH units; see chapter 4).
Further, the absence of a depth gradient in [Ba]sw at these depths (Figure 17) means that a deflection of
the AAIW/NADW boundaty is also consistent with the invariance of reconstructed [Ba]sw (Figure 16).
As outlined above, this downward heave of isopycnals has been linked to recent intermediate-depth
warming in various locations across the north Atlantic (e.g. Arbic and Owens, 2001; Lozier et al., 2008;
Hikkinen et al., 2015; Desbruyeres et al., 2017). Further, modelling and proxy-based studies have inferred
a deepening of the Atlantic thermocline during periods in Earth’s past, including during Heinrich Stadials
and the Younger Dryas (e.g. Rithlemann et al., 2004; Hain et al., 2014; Pedro et al., 2018) and at the
termination of the Little Ice Age (Liu, 2022).
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The multi-proxy approach employed here suggests this is the most likely explanation for the warming
trend I observe at this site. A deepening of the thermocline and associated subsurface warming across the
late 20 and early 215t centuries may be linked with a reduction in the strength of the Atlantic Meridional
Overturning Circulation (AMOC) (e.g. Arbic and Owens, 2001; Rithlemann et al., 2004). Indeed,
subsurface tropical and north Atlantic warming has been linked to periods of weakened AMOC strength
in Farth’s past (e.g. Rihlemann et al., 2004; Marcott et al., 2011; Galbraith et al., 2016; Pedro et al., 2018;
Oppo et al., 2023). However, the significance of recent variations in the strength of AMOC remain highly

uncertain (e.g. compare Caesar et al., 2021 and Kilbourne et al., 2022).

Overall, these data provide evidence for intermediate-depth, tropical north Atlantic warming across the
20t century, which agrees with direct observational records and model outputs. Most of the implied
warming occurs in the period 1997 to 2013. By employing a multi-proxy approach, I suggest this warming
is most likely linked to a deepening of the thermocline. Importantly, these data represent only the second
use of stylasterid corals in a palacoceanographic context (see King et al. (2018) for the first), and are the
first application of the recently developed stylasterid temperature, pH and [Ba]sw proxies. This analysis
illustrates the power of employing a multiproxy approach, which here permits the distinction of two
plausible explanations for the changes observed. More broadly, the robust geochemical proxies developed
in this thesis, coupled with a simple yet effective sampling procedure, provide a blueprint for the use of

large, live-collected stylasterid skeletons to reconstruct past variations in ocean conditions.
6 Conclusions

In this study, I demonstrate the utility of stylasterid corals as palacoceanographic archives, as well as the
challenges of employing them as such. U-series dating stylasterid corals is complicated by their low
skeletal [U] and susceptibility to contamination by Th-bearing phases. These characteristics mean that, in
general, accurately correcting for the contribution of initial/added 2'Th is crucial to obtaining accurate
ages. The procedure commonly-applied to scleractinian corals — in which a regional [20Th/232Th]; value is
assumed and assigned a 100 % 2 o uncertainty — produces ages which are imprecise and, owing to the
large variability in sample-specific [20Th/232Th];, may be highly inaccurate. I demonstrate that an isochron
approach — while complicated by the likely presence of three or more isotopically-distinct U-Th sources -
provides one means to achieve sample-specific [2°Th/22Th];, which in turns provides some assurance of
age accuracy and improved precision. In practise, however, the construction of isochrons is unlikely to
be attractive in palacoceanographic contexts, owing to the time-consuming and sample-intensive nature

of this technique.

Stylasterids dated by U-series techniques are, therefore, unlikely to be useful as archives of centennial to
millennial changes in ocean conditions in the manner that scleractinian corals have been so successfully
employed. However, U-series approaches applied to stylasterids may still be useful for studies of longer
timescales and which can tolerate age imprecision. For example, it may be possible to explore multi-

millennial shifts in stylasterid distributions and ocean conditions (e.g. following de Carvalho Ferreira et al.,
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2022). In these instances, I recommend careful sample selection and rigorous cleaning to reduce [22Th| as
far as is practical, coupled with consideration of the full range of possible [20Th/232Th]; values. In this
way, one can provide upper and lower age bounds for each sample — in addition to a best estimate — thus

ensuring the robustness of any conclusions.

Stylasterid radiocarbon growth chronologies, on the other hand, exhibit far greater promise as a
palacoceanographic tool. Our data confirm the finding that large stylasterid skeletons grow on decadal to
centennial timescales (King et al., 2018), and that coherent growth chronologies can be constructed for
pristine, live-collected samples. Using a coral dated as such, I demonstrate the first application of
stylasterid Li/Mg-temperature, 8!'B-pH and Ba/Ca-[Ba]sw proxies in a palacoceanographic context. This
multi-proxy approach illustrates a warming trend in the intermediate-depth north Atlantic since the early
1900’s, coupled with minimal variability in pH and [Ba]sw. I suggest that these observations are most
consistent with a deepening of the thermocline, which may be linked with variations in AMOC strength.
Opverall, the approach employed here demonstrates that, by application of a simple sampling strategy,
coupled with robust proxy calibrations, large, live-collected stylasterids can be used to provide powerful
palacoceanographic constraint on decadal to centennial timescales, representing a clear target for future

work.

Finally, the stylasterid radiocarbon growth chronologies presented here imply skeletal growth rates in
agreement with the only other existing study of this kind (King et al., 2018). These growth rates (< 1.6
mm/year) are significantly slower than those suggested by photogrammetric studies, and a stylasterid
colony with branches 10 cm long can be expected to be on the order of 100 years old. This emerging
picture contrasts with a view of stylasterids as fast growing corals, and suggests that the recovery of
ecosystems containing stylasterid colonies from destructive activities such as bottom trawling - if indeed
the ecosystem is able to recover - could take hundreds of years. The data presented here and by King et
al. (2018) provide a clear illustration of the long-lived nature of stylasterid corals, strengthening the case

for protection of these corals and the ecosystems they support.
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7 Supplementary information

7.1 lIsochron aliquots and their activity ratios

Aliquots used in isochrons (Table 2; section 2.2.1) are photographed below, along with the full coral
specimen prior to sampling (Supplementary figure 1). Coating aliquots are not pictured, but appeared as
labelled in the “Unclean” aliquot. Isochron aliquot activity ratios, errors and error correlations are shown

in Supplementary table 1.

A. Unclean B. Mechanical

Example of
coat?ng ks ) Sma04zx

Stylaster marenzelli

Galapagos Islands
176 m depth

C. Clean

A. Unclean B. Mechanical
Sded43zg
Example of -
coating " : N Stylaster densicaulis

Shackleton Fracture Zone,
Drake Passage
856 m depth
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A. Unclean B. Mechanical Sde88zl

Example of Stylaster densicaulis
coating
Interim Seamount, Drake
Passage
982 m depth

C. Clean D. Crush-clean

Supplementary figure 1. Isochron aliquots used in this study. Labels in each panel refer to the aliquots
defined in Table 2. Note all pictures were taken prior to chemical cleaning steps. Coating aliquots were

not pictured, annotations in panel a for each coral show the appearance of coatings for each sample.
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Sample  Aliquot [P%U] +26 [®?Th] t20 [P%U/?2Th] *20 [P%U/?2Th] *2¢  [®0Th/?2Th] *2o¢ tho84 1ho80 rho40
(ppm) (ppb)

Sde88z1  Crush-clean 1.112  0.003  0.0342 0.0009  99267.87 2516.67 113759.14 2881.71 166.78 7.80 0.999  0.541  0.541
Clean 0.822  0.002 0.0101 0.0003  249627.80 6859.09  286065.58 7860.80  478.59 22.42 0.999  0.581  0.583
Mechanical — 0.688  0.003  0.4130 0.0057  5095.39 70.74 5835.48 80.98  12.83 0.41 0.998  0.402  0.403
Unclean 1.020 0002 1.0727 0.0044  2905.55 13.02 3327.83 1495  109.93 0.79 0.977  0.504  0.500
Coating 1269 0018  26.3386 0.3910  147.20 0.75 168.99 0.93 97.33 0.68 0.918  0.534  0.500

Sma04zx Crush-clean 0948  0.003 0.1617 0.0010  17918.38 122.09  20527.00 14042 59.80 1.10 0.989 0267  0.266
Clean 1.072  0.003  0.0905 0.0005  36191.91 210.54  41455.05 241.49 8891 1.38 0.986  0.307  0.305
Mechanical — 0.884  0.002  0.4672 0.0022  5783.61 30.25 6639.24 3492 36.56 0.40 0.982 0.354  0.355
Unclean 0.913  0.002  3.0880 0.0135  903.49 4.40 1034.64 5.04 35.17 0.28 0.983 0471  0.468
Coating 0.695  0.011 29.1783 0.4998  72.83 0.42 83.39 0.52 38.35 0.34 0.914  0.442  0.409

Sde43zg  Crush-clean 1122 0.003  2.0579 0.0092  1665.98 8.24 1913.22 9.50 173.63 1.19 0.982  0.546  0.544
Clean 1179 0.003  2.8969 0.0129  1243.47 6.23 1425.31 7.15 171.09 1.16 0.984 0.542  0.542
Mechanical ~ 1.140  0.003  3.9299 0.0172  886.62 4.33 1016.19 4.98 137.18 0.88 0.982 0569  0.567
Unclean 2714 0.006  33.7414 0.1466  245.79 1.17 281.76 1.35 112.10 0.71 0982 0576  0.578
Coating 2116 0.083 10462662 421423 6.18 0.03 7.07 0.04 120.77 0.79 0918 0.570  0.527

Supplementary table 1. Isochron aliquot U and Th concentrations, activity ratios and error correlations (thoXY values) required to generate all plots and calculations in

this thesis. Note that activity ratios and their errors were generated by Monte Catlo simulation, and will thus differ slightly from those calculated from the isotope

concentrations recorded here.
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Subsample 4C ages, Li/Mg, Ba/Ca and 8!'B used in this study are shown in Supplementaty table 2.

Geochemical data for radiocarbon subsampling experiments

Sample Subsample Distance Fm Error (+  1C age Error Li/Mg Ba/Ca 1B (%0)
from 1 0) (years BP) (*10) (mmol/mol) (prmol/mol)
branch
end (cm)
PS3403A 3403A.T 0.2 3.82 7.80 14.60
(live- 3403A.2 1.6 4.50 7.78 15.46
collected in 3403A.4 2.3 4.67 7.73 15.71
2021) 3403A.6 34 1.055 0.004 — 427 29 4.66 7.81 16.04
3403A.8 4.3 4.80 7.87 16.00
3403A.10 5.4 1.047 0.004 —373 29 4.71 7.89 15.99
PS3403B 3403B.T 0.3 1.045 0.003 —352 25 4.19 8.25 15.33
(live- 3403B.2 2.5 4.54 7.86 15.88
collected in 3403B.4 4.3 1.040 0.003 —317 25 4.74 7.96 16.17
2021) 3403B.6 5.4 4.66 7.72 15.92
3403B.8 6.7 1.030 0.003 —235 25 4.71 7.73 16.13
PS3225 PS3225.a 0.1 2.63 5.56 18.97
(dead- PS3225.b 1.1 2.67 5.50 18.68
collected in PS3225.c 1.9 2.65 5.55 18.78
2021) PS3225.d 29 0.969 0.005 256 41 2.64 5.52 18.60
PS3225.¢ 3.6 2.64 5.55 18.71
PS3225.f 4.2 2.70 5.45 18.87
PS3225.¢ 4.8 0.965 0.003 289 25 2.65 5.47 18.89
PS3225.h 6.1 2.66 5.50 18.76
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Sample Subsample Distance Fm Error (+  1C age Error Calendar  Li/Mg Ba/Ca 1B (%0)

from 10) (years BP) (£106) year(CE) (mmol/mol) (pmol/mol)
branch
end (cm)
PS3225. 6.7 2.71 5.44 18.99
PS3225, 7.3 0.957 0.004 355 30 2.66 5.43 18.90
PS3225.k 7.9 2.69 5.39 19.09
PS3225.1 8.7 2.71 5.37 19.01
PS3225.m 9.2 0.965 0.004 288 30 2.73 5.43 18.99
PS3225.radC 11.0 0.951 0.004 402 30 2.70 5.32 18.86
PS3225.radlInt 0.953 0.004 384 31 2.64 5.51 18.10
PS3225.radOut 0.990 0.004 83 30 2.73 5.54 18.07
Adp88 (live-  Adp88ca.l 5.2 0.906 0.003 796 25 1924 4.83 11.19 15.29
collected in Adp88ca.2 4.4 0.905 0.004 804 33 1938 4.78 10.85 15.29
2013) Adp88ca.3 3.7 0.909 0.003 769 25 1950 4.69 10.95 15.13
Adp88ca.4 2.7 1967 4.75 10.75 15.23
Adp88ca.5 2.1 0.912 0.003 740 26 1977 4.71 10.94 15.07
Adp88ca.6 1.0 1997 4.75 11.00 14.42
Adp88.T 0.3 0.912 0.003 738 25 2009 4.46 10.96 15.07

Supplementary table 2. Geochemical measurements for subsamples used in radiocarbon subsampling experiments. Radiocarbon dates given as conventional C ages.
Note Li/Mg, Ba/Ca and 8!"B wete not discussed for samples PS3403A, PS3403B and PS3225, but are included here for completion. Subsample labels follow Figure 3
(whete T refers to Tip). Analytical errors on Li/Mg, Ba/Ca and 8""B measurements were + 2 %, 1 % and 0.16 %o, respectively (aside from sample Adp88.T, for which
81"B reproducibility is assigned as 0.33 %o; see section 2.7). Li/Mg and Ba/Ca ratios corrected for analytical offsets as outlined in section 2.7. Note that subsample

positions (i.e. distances from the branch end) were recorded at the midpoint of each radial subsample slice.
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7.3  Adp88: Fe/Ca and Mn/Ca contamination indicators

Subsample Fe/Ca and Mn/Ca ratios were monitored to check for the influence of contaminant phases on
Li/Mg, Ba/Ca and 8!'B proxies. Fe/Ca and Mn/Ca ratios ate not correlated with either Ba/Ca or 8''B
(— 0.1 <r <0.1, p > 0.8). Howevert, strong correlations were observed between subsample Li/Mg and
both Fe/Ca and Mn/Ca (r < — 0.8, p < 0.05). Despite this, I suggest that these correlations do not
indicate the significant influence of Fe/Ca or Mn/Ca in our dataset. Firstly, these cotrelations result
primarily from the tip subsample, which has low Li/Mg and slightly elevated Fe/Ca and Mn/Ca
(Supplementary figure 2). This same tip subsample has a Li/Mg value which, when converted to seawater
temperature, agrees extremely well with modern seawater (Figure 11). This suggests that the Li/Mg ratio
of this subsample is faithfully recording ambient seawater parameters, and is minimally influenced by
additional factors. Additionally, subsample Fe/Ca and Mn/Ca values are extremely low. For Mn/Ca,
values are less than detection limits for 5 of the 7 subsamples, while for Fe/Ca, even the tip subsample
(Fe/Ca = 0.8 pmol/mol) is significantly lower than all commonly applied screening limits (e.g. 40
pmol/mol in Spooner et al., 2018; chapter 3). Finally, any significant influence of contaminant phases
ought also to elevate the Ba/Ca ratio of the tip subsample, however this is not observed (Supplementary

figure 2). Thus, I am confident that contaminant phases are unlikely the cause of our observations.
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Supplementary figure 2. Variations in subsample geochemistry with distance along the branch for sample

Adp8S.
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Stylasterid porosity: Th-bearing contaminant phases and diagenetic alteration

As outlined in the main text (section 4.1), stylasterids may be particularly susceptible to contamination by

Th-bearing phases owing to the porous nature of their skeletons. Additionally, this porosity may result in

multiple types of contaminant phase being deposited differentially within the skeleton, which could

contribute to the observed scatter in the isochrons developed here (section 4.3). Finally, the porosity of

stylasterid skeletons may lead to an increased susceptibility to diagenetic alteration, with the possibility of

open-system U-series behaviour (section 4.4).
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One sample from the Bristol collection (not measured here) illustrates these points well (Supplementary
figure 3). The sample is evidently coated in a brown/black matetial, which can easily be removed
mechanically. However, small, sub-mm pores are also evident at the branch exterior, which are difficult to
clean mechanically. Additionally, exposing the branch interior in cross-section reveals the deposition of
significant quantities of a second, lighter brown/orange material. This material is concentrated along the
central branch axis. Finally, white, chalky skeletal zones provide clear visual evidence for alteration of
primary carbonate, along the same central axis as the orange contaminant material. This alteration

apparently propagates from a point on the branch surface.

Overall, these observations support the existence of at least two contaminant phases in stylasterid
skeletons. The dark-coloured phase (Fe-Mn coating?) is concentrated on the branch exterior, while the
softer, lighter-coloured material is found in the branch core (organic matter?). If these contaminant
phases have different [20Th/232Th];, this may explain isochron overdispersion (section 4.3). This sample
also illustrates how these contaminant phases are linked to stylasterid skeletal structure, and how
alteration of primary carbonate may also occur in similar orientations. While only one sample is presented
here, the porosity of stylasterid skeletons and presence of cyclosystems on branch surfaces are common
features of a number of stylasterid genera. Thus, I suggest that these observations are likely to hold true
for a wider array of stylasterid specimens, reducing the suitability of U-series dating techniques for this

taxon more broadly.
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Mechanically-cleaned branch exterior Original sample

Sde23zn

Stylaster sp. (uncertain)
NBP0805-Dr23-Stns-A-
JK2

Drake Passage,
Shackleton Fracture
Zone

819 m

Small pores evident

Contaminant
phases deposited
in branch interior

Whiter areas
indicate carbonate
alteration

Alteration propagates from branch
exterior — cyclosystem?

Supplementary figure 3. Example of a stylasterid specimen exhibiting contamination and alteration
features referred to in the main text. Sample was not measured in this study. Sample metadata is

summarised in the figure.

7.5  Sample PS3225: additional observations

As outlined in the main text (section 5.1.2), 14C ages of sample PS3225 are younger than expected, and
may be influenced by bomb radiocarbon. Examples of two of the cross sections on which C ages were
measured are shown in Supplementary figure 4. These reveal that cross sections had a pink inner centre,
with a whiter outer rim. This colour gradient may indicate post-mortem diagenetic alteration. I also
observe significant internal porosity, which again often has a white colouration. Whether the material
within these pores is primary or secondary is at this stage unknown, however the visual appearance of
branch cross sections is consistent with post-mortem infilling of internal porosity with secondary
carbonate. If this secondary material inherited the C signature of modern seawater, pervasive alteration

of this specimen could explain the younger-than-expected radiocarbon ages observed.
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PS3225.m - PS3225.j

White outer
colouration may
indicate alteration

Internal pores also
white in colour —
possibly infilled with
secondary material?

Supplementary figure 4. Photographs of two subsamples of coral PS3225 which were analysed for *C

ages. Scale bar is common to each sample. Photos oriented to show branch cross sections.

Additionally, I present measurements of *C ages at 3 points along the thickest branch cross section, to
investigate the possible influence of bomb radiocarbon in this sample (Supplementary figure 5). This
section is that which the oldest subsample (PS3225.radC) was taken. The outermost subsample from this
section shows a *C age of ~ 80 years, which is both significantly older than modern seawater, but
significantly younger than pre-bomb surface ocean reservoir age (Figure 10; Figure 13). Therefore, this
outermost subsample clearly shows the influence of bomb radiocarbon, which may be incorporated by

the precipitation of secondary carbonate (see section 5.1.2 for detailed discussion).
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500
400 AN A
300+
200+

100

e age (years BP)

-100-

PS3225.radC PS3225.radint PS3225.radOut

Supplementary figure 5. C ages of subsamples taken from thickest branch subsection. Areas within
black lines show the extent of each subsample. Subsample PS3225.radC is the oldest subsample used in

the branch chronology. Ages reported as conventional '*C years, analytical error bars are shown (£ 1 o).
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l. Overview

This thesis presents novel inorganic geochemical data measured on stylasterid coral skeletons. The two
primary aims of this thesis were to (i) develop stylasterid inorganic geochemistry as a palacoceanographic
tool and (i) investigate stylasterid biomineralisation mechanisms to provide information on their
vulnerability/resilience in a changing ocean. In the following sections, I first summatise the main

conclusions as they relate to each theme, before highlighting suggested areas for future research in section

4.
2. Palaeoceanographic potential

This thesis develops stylasterids as palacoceanographic tools by both calibrating stylasterid inorganic
geochemistry with ocean conditions, and developing tools to radiometrically date their skeletons. These
are addressed in the following sections, and the current state of the stylasterid palacoceanographic

toolbox is summarised in Table 1.
2.1 Proxy development

This thesis significantly expands the stylasterid palacoceanographic toolbox by developing stylasterid
skeletal Ba/Ca and 8''B as novel archives of past ocean [Ba]sw and pH, respectively. The calibration lines
developed include a number of stylasterid genera collected from a diverse range of geographic locations,

and are therefore robust and widely applicable.

In both proxy systems explored here, stylasterid inorganic geochemistry more reliably records seawater
conditions than azooxanthellate scleractinian coral geochemistry, which has been widely applied in
palaecoceanographic reconstruction (e.g. Rae et al., 2018; Chen et al., 2020; Stewart et al., 2021; T. Chen et
al., 2023). The improved goodness-of-fit of the stylasterid calibrations suggest stronger environmental
controls on stylasterid skeletal geochemistry, in agreement with conclusions drawn from previous studies
of stylasterid 8180 and Li/Mg (Samperiz et al., 2020; Stewart et al., 2020). The origin of the improved fit
of stylasterid geochemical calibrations compared with azooxanthellate Scleractinia is almost certainly

related to the disparate calcification mechanisms of these two coral groups, as discussed in section 3.

Together with established stylastetid temperature (Li/Mg and 8'80) proxies (Samperiz et al., 2020;
Stewart et al., 2020), the stylasterid [Ba]sw and pH proxies developed here form a powerful set of
palaecoceanographic tools with the potential to provide constraint on past variations in fundamental
hydrographic variables (temperature, pH) as well as climatically-relevant oceanic processes (circulation,
primary productivity and carbon storage). In combination with the global distribution of stylasterids in
the modern ocean (Cairns, 2011), the strong relationships between stylasterid inorganic geochemistry and

key hydrographic variables suggest they hold great promise as an archive of past ocean conditions.
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Measurement  Study Palaeoceanographic Comment

use

Ba/Ca This thesis, Proxy for [Ba]sw —
chapter 3

81"B This thesis, Proxy for seawater pH
chapter 4 &

Stewart et al.

All calibrations show key advantages (e.g.
(2022)
higher R?, narrower prediction intervals)
3180 Samperiz et al. Proxy for seawater -

compared to equivalent calibrations using

(2020) temperature
scleractinian corals
Li/Mg* Stewart et al. Proxy for seawater
(2020) temperature
St/ Ca* Stewart et al. Proxy for seawater

(2020) and this temperature

thesis, chapter 3

U-series This thesis, Dating Low skeletal [U] in stylasterids creates
chapter 5 difficulties in achieving the high precision U-
series dates that are typical obtained for U-rich
scleractinian corals. May be useful on longer

(e.g. glacial-interglacial) timescales.

14C This thesis, Dating and proxy for Stylasterid A'C reliably records seawater AC,
chapter 5 & seawater AM4C simple sampling strategy for generating robust
King et al. (2018) 14C growth chronologies established. Large,

live-collected stylasterids acting as archives of
recent (decadal to centennial) oceanographic

change are key targets for future work

*Stylasterid Li/Mg ratios ate a more robust temperature proxy than St/Ca ratios, and are the preferred stylasterid

elemental temperature proxy (see Stewart et al., 2020)

Table 1. The stylasterid palacoceanographic toolbox. Table summarises existing proxy calibrations
(cither published or developed in this thesis) and the potential applications of U-series and radiocarbon

(**C) radiometric dating techniques.

2.2 Radiometric dating

This promising proxy potential motivated the investigations in chapter 5 of this thesis, in which I explore
the application of two radiometric dating techniques (U-series and radiocarbon) to stylasterid coral
skeletons. As outlined in chapter 1, temporal constraint on the age of a palacoceanographic archive is
fundamental to its development. Despite this, prior to this thesis, only one published study had
investigated the application of radiometric dating to stylasterid corals, with a focus on radiocarbon (King

etal,, 2018).
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Considering U-series techniques, firstly, I find that low stylasterid skeletal [U] compared with
azooxanthellate scleractinian corals results in smaller amounts of radiogenic 22'Th production, while the
porous nature of stylasterid skeletons promotes accumulation of Th-bearing contaminant phases and may
increase their susceptibility to diagenetic alteration. Together, these factors limit the achievable age
precision when dating stylasterids by U-series techniques. The origin of low stylasterid skeletal [U]
compared with azooxanthellate Scleractinia appears to be the differing calcification mechanisms of these
two coral groups (Stewart et al., 2022). Somewhat ironically, then, the same calcification-related
differences which make stylasterid skeletal geochemistry a more reliable record of oceanic conditions than
scleractinian coral geochemistry are also those which complicate the application of U-series dating

techniques to stylasterid skeletons.

Despite this, stylasterid specimens can be dated by U-series techniques, albeit to a limited degree of
precision, while isochron techniques represent one possible strategy to more accurately date larger
specimens. However, the difficulty associated with finding suitable samples, coupled with the time-
consuming nature of isochron techniques, means that generating palacoceanographic records at
centennial/millennial resolution from stylasterid skeletons using U-seties techniques is — in contrast to
scleractinian corals - unlikely to be an efficient and fruitful avenue for future research. Instead, U-series
dated sub-fossil stylasterids are likely better suited to investigating temporal changes in seawater
conditions and coral occurrence over longer (e.g. glacial-interglacial) timescales (e.g. following themes in

Frank et al., 2011; de Carvalho Ferreira et al., 2022).

Conversely, large stylasterid coral skeletons dated by radiocarbon techniques do hold significant promise
as archives of recent, decadal to centennial changes in oceanographic conditions. A previous study
demonstrated how along-branch sub-sampling and radiocarbon dating can be used to constrain the
timescale of stylasterid skeletal growth and found that stylasterid specimens collected from the Southern
Ocean grow on decadal to centennial timescales (King et al., 2018). Here, I confirm these observations
using stylasterids collected in the equatorial Atlantic and southwest Pacific. These new data confirm that
large stylasterid colonies exhibit integrated growth rates between 0.5 and 1.5 mm/year, far slower than
those implied by photogrammetric studies (King et al., 2018). In turn, this suggests that these colonies
and the ecosystems they support could take centuries to recover from disturbances or destruction (see

section 3.2).

In a palacoceanographic context, the decadal to centennial timescale of stylasterid growth, coupled with
our ability to generate coherent radiocarbon growth chronologies, suggests that large, live-collected
stylasterid specimens may be ideal palacoceanographic targets. To demonstrate this, I couple the
radiocarbon growth chronology for one specimen used in this thesis with the geochemical proxies
outlined above to constrain variations in mid-depth (~ 1200 m) equatorial Atlantic pH, temperature and

[Ba]sw over the period 1924 to 2013. These data reveal a robust warming trend across the 20t century,
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which, when considered in combination with previously published proxy records, likely results from a

deepening of the thermocline in this region.
3. Stylasterid biomineralisation and resilience

The geochemical data generated as part of this thesis also provide important insights into stylasterid
biomineralisation. Broadly, these investigations fall under two themes: i) boron isotopic insights into

stylasterid calcification and ii) radiocarbon constraints on stylasterid skeletal growth rates.
3.1  Boron isotopes and stylasterid calcification

In chapter 4 of this thesis, I show that stylasterids from an extremely broad range of oceanographic
environments have skeletal 8''B in equilibrium with seawater 8!'Bporaee. Crucially, this feature of stylasterid
skeletal geochemistry is observed for samples collected from waters in the north Pacific, which are
significantly undersaturated with respect to aragonite. This finding agrees with an initial study of the
boron isotopic composition of stylasterid skeletons, which investigated a smaller number of samples from
a more limited range of oceanic conditions (Stewart et al., 2022). Together, the initial data in Stewart et al.
(2022) and those presented in this thesis unequivocally demonstrate that — regardless of ambient seawater

conditions — stylasterid skeletal 8!'B is in equilibrium with seawater 8''Bporate.

This finding has important implications for physico-chemical models of coral calcification, and for
interpretations of coral skeletal boron isotopic signatures. Firstly, applying the traditional interpretation of
coral skeletal 5!B as reflecting calcifying fluid pH, stylasterid skeletal !B in equilibrium with 8" Bporate
suggests that stylasterids do not employ any upregulation of their calcifying fluid pH. However, a recent
study showed that boric acid diffusive connectivity between the coral calcifying fluid and external
seawater can decouple coral skeletal 3!'B from calcifying fluid pH (Gagnon et al., 2021). Indeed, the
correlations between stylasterid B/Ca, U/Ca and 8!'B found by previous work and supported by the new
data presented here can be best explained by a calcification model which invokes boric acid diffusion
(Stewart et al., 2022). In particular, the comparison between apical tip and bulk skeletal geochemistry
presented for the first time in chapter 4 of this thesis reveals strongly correlated variability in a wide range
of geochemical parameters, which are consistent with the influence of boric acid diffusion (and Rayleigh

fractionation) on stylasterid skeletal geochemistry.

If diffusion of boric acid is to explain correlations in stylasterid geochemistry, stylasterids must employ
some degree of calcifying fluid pH upregulation. This is supported by deviations of stylasterid 880 and
313C from equilibrium (Samperiz et al., 2020), however these 880 and 8'3C deviations are smaller in
magnitude than those found for scleractinian corals (Samperiz et al., 2020; Stewart et al., 2020).
Furthermore, the finding that stylasterid element/Ca ratios display less variability than in Scleractinia

(Stewart et al., 2020) is also reinforced by the Ba/Ca and St/Ca data presented in chapter 3 of this thesis.
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Perhaps the most likely scenario suggested by the range of stylasterid inorganic geochemical data which
now exists is one in which stylasterid corals employ some pH upregulation (required to permit diffusion
of boric acid into the stylasterid calcifying fluid), but that this upregulation is muted compared with
scleractinian corals (thus explaining the reduced evidence for biological modification of the stylasterid
calcifying fluid and the stronger correlations between stylasterid geochemistry and environmental
parameters). However, the magnitude of stylasterid pH upregulation remains an open question, which will
have important implications for their resilience to future changes in seawater conditions. On the one
hand, reduced reliance on pH upregulation suggests that stylasterids may be particularly susceptible to
future ocean acidification (e.g. Stewart et al., 2022). However, the distribution of stylasterids in the
modern ocean clearly demonstrates they are able to build skeletons in waters undersaturated with respect
to aragonite (this thesis, chapter 4; Auscavitch et al., 2020; Stewart et al., 2022). Thus, a decreased reliance
on pH upregulation may instead confer upon them an increased resilience, perhaps owing to the smaller
energetic burden of a calcification strategy which instead relies on, for instance, organic molecules to
catalyse carbonate formation (e.g. Drake et al., 2013; Mass et al., 2013; Von Euw et al., 2017; Stewart et
al., 2022). Distinguishing these two hypotheses is a key target for future work, and suggested avenues of

research are outlined in section 4.
3.2  Stylasterid growth rates

In addition, as outlined above, the new stylasterid radiocarbon growth chronologies presented here reveal
that stylasterids from two contrasting oceanographic regions (the equatorial Atlantic and southwest
Pacific) have growth rates < ~ 1.5 mm/year. These estimates agree well with a previous radiocarbon-
based study on Southern Ocean stylasterids (King et al., 2018; growth rates ~ 0.5 mm/year) in that they
are significantly slower than estimates derived from observational, photogrammetric studies.
Discrepancies between different methods of growth-rate estimation are not unexpected, and the possible
reasons for this are outlined in chapter 5. Most likely is that photogrammetric studies provide
instantaneous rates of growth, while a radiometric approach provides an integrated view of skeletal

growth, incorporating for instance periods of no growth or skeletal dissolution/damage.

Importantly, the consistently slow growth rates implied by radiometric techniques suggest that stylasterid
colonies from a wide range of locations grow over the course of tens to hundreds of years. This finding is
extremely important in conservation contexts, as it provides a minimum estimate for the recovery time of
large stylasterid colonies and the ecosystems they support after damage from disturbances, such as those
caused by trawling. To view stylasterids as fast-growing corals which can recover quickly from damage
would be to ignore the mounting evidence which suggests that stylasterid colonies can represent decades

or even centuries of growth.
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4. Summary and outlook

Overall, the data presented in this thesis significantly expand our understanding of stylasterid
geochemistry as a palacoceanographic tool and provide novel insights into stylasterid biomineralisation.
Inevitably, these data have highlighted existing evidence gaps and generated new questions, thus

providing clear targets for future work. The most pressing of these are shown in Figure 1.

Stylasterid sample
being collected in
the Galapagos
Islands, 797 m depth

Aragonite saturation
horizon at ~ 300 m*

How are stylasterids able
to survive (thrive?) in
undersaturated
conditions without
substantial pH
upregulation?

Branches > 10 cm long =
> 100 years of growth?

Centennial record of

eastern equatorial Pacific Cruise: FKt230918
deep ocean conditions? Gear: ROV SuBastian, SciCam

Depth: 797 m
Latitude: — 0.930005°N = -
Longitude: — 88.932630 °E

Figure 1. Stylasterid sample being collected by the manipulator arm of ROV SuBastian during cruise
FKt230918. Longest branch of specimen is ~ 10 cm in length. White text summarises main outstanding
research questions leading from this thesis, which are exemplified by this specimen. *Aragonite
saturation horizon depth estimated using nearest available GLODAP bottle alkalinity and DIC
measurements (Lauvset et al., 2022), with carbonate system parameters calculated following method in
chapter 4. Image acknowledgements: Schmidt Ocean Institute/Galipagos National Park

Ditectorate/Chatles Darwin Foundation/ Memotial University of Newfoundland.

Focusing firstly on stylasterid biomineralisation, constraining the degree of stylasterid calcitying fluid pH
upregulation and the associated energetic burden of calcification will be key to understanding their
resilience in a changing ocean. Numerical modelling perspectives may provide constraint in this regard, as
illustrated by recent studies focusing on scleractinian corals (e.g. Gagnon et al., 2021; S. Chen et al., 2023).
A particular target for future work regarding stylasterids is using the boron isotopic and element/Ca ratio
data presented in this thesis and by previous work (Stewart et al., 2022) as inputs into a calcification
model which includes the role of boric acid diffusion (Gagnon et al., 2021). Further, note that this thesis
focuses entirely on the inorganic aspects of stylasterid skeletal geochemistry. Given the distinct possibility

that stylasterids rely more heavily on organic molecules to promote calcification than scleractinian corals,
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comparing the organic geochemical composition of stylasterid and scleractinian coral skeletons is likely to

vield new and important insights.

Additionally, observational evidence and my own experiences onboard cruises AT50-09 and FKt230918
to the Galapagos Islands suggest that stylasterid corals are generally found at deeper depths and in more
undersaturated waters than scleractinian corals. This observation should be interrogated statistically and at
other locations: such observations will be important to our assessment of stylasterid resilience.
Quantifying these observations using collected specimens or museum databases is difficult, owing to
factors including sampling bias and an absence of proximal hydrographic data (specifically carbonate
system data) to assess ambient seawater conditions. One powerful tool in this regard could be systematic
analysis of video imagery collected during cruises AT50-09 and FKt230918, which would enable
statistically-rigorous assessments of benthic community composition which could in turn be paired with
proximal hydrographic data (including carbonate system parameters) collected during cruise AT50-09.
Finally, to my knowledge no attempts have ever been made to culture stylasterids under prescribed
conditions. The ability to do so would allow us to investigate the effects of, for instance, changing pH or

food supply on their calcification, thus providing fundamental insights into their resilience.

In a palacoceanographic context, further developmental work could of course be carried out, for instance
by calibrating other aspects of stylasterid skeletal geochemistry with seawater conditions (e.g. Nd
isotopes), or by investigating 2!°Pb systematics, which could provide precise radiometric age constraint in
fast growing specimens. However, an array of geochemical tools now exist which permit the application
of stylasterid geochemistry in palacoceanographic contexts. As outlined in chapter 1, observations of
recent, decadal to centennial changes in deep ocean conditions are fundamental to our understanding of
the impact of anthropogenic emissions on Earth’s ocean, yet remain sparse. Large, live-collected
stylasterid specimens represent an ideal target to address this data gap, and suitable stylasterid samples
have been documented and collected from sites across the global ocean, including sites in climatically-
important regions such as the Southern Ocean and north Pacific (e.g. Samperiz et al., 2020; Robson;
2023). Perhaps the most important finding of this thesis it that, with robust stylasterid temperature, [Ba]sw
and pH proxies now established, as well as a simple method for generating coherent radiocarbon-based
growth chronologies, large, live-collected stylasterids should now be considered a go-to archive of recent

(i.e. decadal to centennial) change in the deep ocean.
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