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A B S T R A C T   

The concentration of dissolved barium in seawater ([Ba]SW) is influenced by both primary productivity and 
ocean circulation patterns. Reconstructing past subsurface [Ba]SW can therefore provide important information 
on processes which regulate global climate. Previous Ba/Ca measurements of scleractinian and bamboo deep-sea 
coral skeletons exhibit linear relationships with [Ba]SW, acting as archives for past Ba cycling. However, skeletal 
Ba/Ca ratios of the Stylasteridae – a group of widely distributed, azooxanthellate, hydrozoan coral – have not 
been previously studied. 

Here, we present Ba/Ca ratios of modern stylasterid (aragonitic, calcitic and mixed mineralogy) and azoox-
anthellate scleractinian skeletons, paired with published proximal hydrographic data. We find that [Ba]SW and 
sample mineralogy are the primary controls on stylasterid Ba/Ca, while seawater temperature exerts a weak 
secondary control. [Ba]SW also exerts a strong control on azooxanthellate scleractinian Ba/Ca. However, Ba- 
incorporation into scleractinian skeletons varies between locations and across depth gradients, and we find a 
more sensitive relationship between scleractinian Ba/Ca and [Ba]SW than previously reported. 

Paired Sr/Ca measurements suggest that this variability in scleractinian Ba/Ca may result from the influence of 
varying degrees of Rayleigh fractionation during calcification. We find that these processes exert a smaller in-
fluence on Ba-incorporation into stylasterid coral skeletons, a result consistent with other aspects of their skeletal 
geochemistry. Stylasterid Ba/Ca ratios are therefore a powerful, novel archive of past changes in [Ba]SW, 
particularly when measured in combination with temperature sensitive tracers such as Li/Mg or Sr/Ca. Indeed, 
with robust [Ba]SW and temperature proxies now established, stylasterids have the potential to be an important 
new archive for palaeoceanographic studies.   

1. 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 
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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 po-
sition 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, com-
bined with non-conservative addition and/or removal of Ba along the 
water-mass flow path (Horner et al., 2015; Bates et al., 2017). Recon-
structing 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 [Ba]SW, facilitating the use of these ratios in palae-
oceanography (e.g. Lea et al., 1989; Lea and Spero, 1994; Anagnostou 
et al., 2011; Hönisch 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 (DBa = Ba/Cacoral / Ba/Caseawater) vary systemati-
cally with [Ba]SW (Spooner et al. 2018), while scleractinian corals 
collected from the Rekyjanes Ridge (south of Iceland) have lower DBa 
values than those from other locations (Hemsing et al., 2018; Spooner 
et al., 2018). Additionally, bamboo corals display a negative relation-
ship between coral DBa 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). 

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, 2006). The bal-
ance 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 scler-
actinian 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 un-
certainty into reconstructions of past [Ba]SW, and therefore require char-
acterisation. 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 bathy-
metric 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 vari-
ability 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 investiga-
tion of the role of mineralogy in determining coral geochemistry. 

Recent studies reveal important distinctions between the geochem-
ical composition of stylasterid and scleractinian skeletons. Stylasterid 
skeletal δ18O and δ13C are closer to equilibrium with seawater (Samperiz 
et al. 2020), while δ11B, U/Ca and B/Ca measurements suggest that 
stylasterids calcify from a fluid with pH and [CO3]2− closer to seawater 
than Scleractinia (Stewart et al., 2022). Furthermore, stylasterid Li/Mg 
and Sr/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 modifica-
tion of the stylasterid calcifying fluid suggests that stylasterid skeletons 
may be particularly useful palaeoceanographic 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 measurements of Ba/Ca from azooxanthellate 
Scleractinia. All Ba/Ca data are 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 investi-
gation 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 (Fig. 1) we assess both 

Fig. 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). 
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the biomineralisation mechanisms and palaeoceanographic 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 associ-
ated 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 north-
east 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 
Bell 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 Fig. 1). 

We organise our sample set by both taxonomic affiliation and skel-
etal 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, Lophelia, Paraconotrochus, Solenosmilia and Vaughanella). Our 
new scleractinian data were combined with previous work to create a 
compiled scleractinian dataset, spanning a range of locations (Fig. 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 Supplementary Information. 

2.2. Hydrographic data 

Proximal [Ba]SW data were compiled from published sources (GEO-
SECS data (corals paired with stations discussed or presented in Chan 
et al. [1977] and Östlund 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; Gey-
man et al., 2019; GEOTRACES Intermediate Data Product Group, 2021). 
Where necessary, data reported in units of nM were converted to 
nmol/kg by assuming a seawater density of 1.025 kg/m3 (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 calcu-
lated by linearly interpolating between the nearest two measurement 
depths. [Ba]SW measurements in the modern ocean remain sparse, 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 Supple-
mentary Information). Uncertainty on matched [Ba]SW values was esti-
mated 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 repre-
sentative, 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 values were converted to seawater 
Ba/Ca ratios (μmol/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. Seawater pH (total scale) and 
aragonite saturation state (Ωarag. = [Ca2+]SW × [CO3

2− ]SW/K*sp) were 
calculated using the SEACARB package in R (Gattuso et al., 2021; input 
parameters were alkalinity and DIC, dissociation constants of carbonate 
taken from Lueker et al., 2000). 

2.3. Specimen mineralogy 

The skeletal mineralogy of four stylasterid samples (Errina sp. (spe-
cies: 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 
were 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 (λ) = 1.54060 Å and 2θ 
ranging from 5 to 70, while at the University of Bristol, λ = 1.54056 Å 
and 2θ 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. 

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). 

2.4. 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 1 g; ~ 
0.5 cm × 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. 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 sepa-
rately. Additional samples of two mixed mineralogy Errina sp. corals 
were taken for cleaning experiments. 

All samples were cleaned using a warm 1% H2O2 (80 ◦C; buffered in 
NH4OH) oxidative leach 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 Errina (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) so-
lution 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 HNO3. 
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2.5. Element/Ca measurements: analytical techniques 

Element/Ca analyses were carried out using similar techniques at the 
University of Bristol and the National Institute of Standards and Tech-
nology (NIST; Hollings Marine Lab) using a Thermo Element ICP-MS, or 
at the University of St Andrews using an Agilent 7500 ICP-MS. In-
tensities of 138Ba, 86Sr and 43Ca were measured in coral samples, blanks 
and well-characterised, synthetic calibrating standards to derive Ba/Ca 
and Sr/Ca ratios for coral samples. 

Analytical reproducibility (RSD; 2 s) 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; 2 s) 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 interlaboratory 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 of 0.97, 1.03 and 0.95 respectively. Sr/Ca mea-
surements from most samples used here have been published previously 
(using the same dissolved solutions, Stewart et al., 2020a). To facilitate 
comparison, all new Sr/Ca data were normalised to NIST RM 8301 
(Coral) (Stewart et al., 2020b), using a small correction factor of 0.98. 
Reference material mean values, reproducibility and correction factors 
are summarised in the Supplementary Information. 

Fe/Ca and Mn/Ca ratios were also measured to screen for the in-
fluence 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. 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 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). 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. 

2.6. Statistical analyses 

For all relationships and regressions in this study, we use the Pearson 
correlation coefficient (r) to assess the degree of linear relationship be-
tween the two variables. p-values <0.05 were considered significant. We 
report the results of both Type I (Ordinary Least Squares; OLS) and Type 
II (Deming) regression analyses for both our Ba/Ca vs [Ba]SW and Sr/Ca 
vs temperature calibrations. OLS regression minimises the sum of the 
squared residuals in the y-variable (Ba/Ca or Sr/Ca) and assumes no 
uncertainty on the x variable ([Ba]SW or temperature). Conversely, un-
weighted Deming regression (equivalent to orthogonal 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 uncer-
tainty. Deming regressions were performed using the deming package in 
R (Therneau, 2018), and assumed equal errors for all x and y variables. 

3. Results 

3.1. Coral Ba/Ca 

Ba/Ca values of aragonitic stylasterid skeletons range from 7 to 19 

μmol/mol, and samples span [Ba]SW from 40 to 100 nmol/kg. Ba 
partition coefficients (DBa) 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 μmol/mol and covering 
[Ba]SW from 60 to 100 nmol/kg. DBa values for stylasterid calcite range 
from 1.3 to 1.6, with a lower mean value of 1.4 (± 0.2, 2SD). 

Scleractinian Ba/Ca data presented here were combined with exist-
ing 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 μmol/mol, spanning [Ba]SW from 
40 to 100 nmol/kg. Aragonitic scleractinian DBa 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 μmol/mol higher than entirely aragonitic stylasterids living in 
similar [Ba]SW conditions (Fig. 2a), corresponding to DBa values of 2.2 to 
2.3 (Fig. 3a). The mixed mineralogy scleractinian coral Paraconotrochus 
has a similar DBa 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). 

3.2. Coral Ba/Ca vs [Ba]SW calibrations 

Stylasterid (aragonitic and high-Mg calcitic) and scleractinian 
(aragonite only) Ba/Ca ratios are linearly related to [Ba]SW (Fig. 2) by 
the regression relationships shown in Table 1. Mixed mineralogy corals 
were not used in regression analyses. For all taxa, OLS and Deming re-
gressions 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 palae-
oceanographic purposes. In practise, the choice of 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 [Ba]SW 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). 

3.3. Coral Sr/Ca 

Sr/Ca data for most samples in this study have previously been 
published (Stewart et al., 2020a), and are in good agreement with the 
new stylasterid (n = 20) and scleractinian (n = 17) measurements. 
Aragonitic corals have higher Sr/Ca (average 10.8 mmol/mol) than 
corals formed from high-Mg calcite (average 3.0 mmol/mol). Previously 
reported relationships between seawater temperature and coral Sr/Ca 
(Stewart et al., 2020a) are within error of those including our new 
samples (Supplementary Information), and aragonitic stylasterid Sr/Ca 
retains a stronger correlation with temperature (r = − 0.80) than 
Scleractinia (r = − 0.59) (Supplementary Information). Subsample Sr/ 
Ca and Ba/Ca ratios of mixed mineralogy corals are positively correlated 
in three out of four cases (Supplementary Information). 

4. Discussion 

4.1. [Ba]SW and sample mineralogy controls on stylasterid Ba/Ca 

When split by mineralogy, stylasterid Ba/Ca ratios correlate strongly 
with [Ba]SW (Fig. 2a), suggesting that [Ba]SW exerts a dominant control 
on stylasterid Ba/Ca ratios. This result is not unexpected, given stylas-
terids calcify from a fluid derived directly from seawater (Stewart et al., 
2022). As reflected in stylasterid DBa values (Fig. 3a), high-Mg calcitic 
stylasterids contain less Ba than their aragonitic counterparts, and their 
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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 (Errina sp. and Errinopsis sp.; Fig. 2a), and, crucially, those 
from the same collection locations and depths (e.g. compare aragonitic 
sample NBP1103-DH22-Stc1–01-Sde22aw (DBa = 1.9) and calcitic 
sample NBP1103-DH22-Stc1–01-Efe22ax (DBa = 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., 2021). Although 
mixed mineralogy stylasterids from the genus Errina have higher Ba/Ca 
than co-located, entirely aragonitic stylasterids (Fig. 3a), the reasons for 
this are likely specific to the species in question (Supplementary 
Information). 

Mineralogical controls on DBa 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 DBa values of aragonitic stylasterid and 
scleractinian corals, and of high-Mg calcitic stylasterid and bamboo 
corals, respectively (Fig. 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; LaVigne 
et al., 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; Fig. 3b). However, high-Mg calcitic corals (LaVigne et al., 2011; 
Geyman et al., 2019; this study) have higher DBa than low-Mg calcite 
produced by molluscs, planktonic foraminifera and in abiogenic pre-
cipitation experiments (e.g. Lea and Spero, 1994; Gillikin et al., 2006; 
Gillikin et al., 2008; Hönisch et al., 2011; Mavromatis et al., 2018; Ulrich 
et al., 2021; Fig. 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) 
DBa values are also elevated in comparison to aragonite produced by 
bivalves (Gillikin et al., 2008; Fig. 3b), fish (otoliths; Bath et al., 2000) 
and in some precipitation experiments (Mavromatis et al. 2018; Fig. 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. Fig. 3b) is therefore diffi-
cult. Stylasterids, however, provide a phylogenetically-controlled nat-
ural mineralogical experiment, and our finding that mineralogy 

Fig. 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. Mixed mineralogy corals are composed of dominantly aragonite with 
minor high-Mg calcite. Dark shading represents 95% confidence intervals, lighter shading represents 95% prediction intervals. Horizontal error bars 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. 
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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). 

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. Comparing these reveals the dominant 
[Ba]SW and mineralogical controls on coral Ba/Ca (Fig. 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 our high-Mg calcitic stylasterid samples 

(LaVigne et al., 2011; Supplementary Information). These bamboo 
corals from deeper, Ba-enriched waters are impacted by decreasing DBa 
with increasing water depth (Geyman et al. 2019). While we find no 
such relationship between our high-Mg calcitic stylasterid DBa values 
and depth (Supplementary Information), 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 DBa values and Ba/ 
Ca vs [Ba]SW relationships of these two coral taxa (Fig. 3a; Fig. 4). 

Similarly, aragonitic stylasterid and scleractinian Ba/Ca ratios are 
strongly related to [Ba]SW, with similar slopes and similar average DBa 
values (Fig. 3a; Fig. 4; Table 1; sections 3.1 and 3.2). While this suggests 
that [Ba]SW exerts a primary control on Ba/Ca ratios of both these coral 

Fig. 3. Boxplots showing DBa values of 
a) azooxanthellate coral taxa (this study; 
LaVigne et al., 2011 (only samples 
paired with [Ba]SW < 105 nmol/kg, see 
section 4.2 and Fig. 4); Hemsing et al., 
2018; Spooner et al., 2018), and b) a 
wider range of marine calcifiers and 
abiotic precipitates, grouped by miner-
alogy (sources in Fig. 3a (including all 
samples from LaVigne et al., [2011]); 
Dietzel et al., 2004; Gaetani and Cohen, 
2006; Gonneea et al., 2017; Mavromatis 
et al., 2018; Ulrich et al., 2021). Note 
change of scale between plots. DSC =
deep-sea coral, HMC = high-Mg calcite, 
LMC = low-Mg calcite.   
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taxa, more detailed comparison reveals important differences between 
them. Ba-incorporation into aragonitic stylasterid skeletons is less var-
iable than into scleractinian skeletons, illustrated by the improved fit 
and narrower prediction interval of the regression between [Ba]SW and 
stylasterid Ba/Ca (Fig. 2; Table 1), the smaller variability of stylasterid 
DBa values (mean 1.9 ± 0.4, 2SD) compared with Scleractinia (mean 2.0 
± 0.6, 2SD; Fig. 3a), and the smaller average difference between sty-
lasterid sample replicates (Table 2). Additionally, our updated scler-
actinian Ba/Ca vs [Ba]SW relationship is significantly steeper than that 
reported previously (Spooner et al., 2018; Fig. 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 there-
fore 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. 

4.3. 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 

Table 1 
Relationships between azooxanthellate coral Ba/Ca and [Ba]SW in the general form: Ba/Ca = m (± 2SE) × [Ba]sw + c (± 2SE). Results of both Ordinary Least Squares 
(OLS) and unweighted (orthogonal) Deming regression shown (see section 2.6). For stylasterids and Scleractinia, we recommend use of bold highlighted relationships 
when reconstructing past changes in [Ba]SW. Prediction intervals calculated for Ba/Ca = 13 μmol/mol and 11 μmol/mol for aragonitic and calcitic calibrations, 
respectively. For details of regression types used and the meaning of statistical indicators, see section 2.6.  

Taxon Source r p Regression 
type 

Gradient, 
m 

(±
2SE) 

Intercept, 
c 

(±
2SE) 

r2 95% prediction 
interval 

Stylasterids (arag. 
all) This study 0.98 

< 
0.05 

OLS 0.21 0.02 ¡1.55 1.20 0.96 ± 9.3 
Deming 0.21 0.02 − 1.57 1.38 –  

Errina sp. (arag.) This study 0.98 
<

0.05 OLS 0.24 0.05 − 3.83 3.20 0.96  

Stylaster sp. (arag.) This study 0.98 
<

0.05 
OLS 0.20 0.02 − 0.72 1.56 0.96  

Stylasterids (calc. 
all) 

This study 0.94 < 
0.05 

OLS 0.14 0.04 ¡0.42 3.56 0.88 ± 14.8 
Deming 0.14 0.05 − 0.45 3.75 –  

Errinopsis sp. (calc.) This study 0.96 
<

0.05 OLS 0.13 0.04 0.45 3.10 0.93  

Scleractinia (all) 
This study;Spooner et al. [2018]; 
Hemsing et al. [2018] 0.90 

< 
0.05 

OLS 0.20 0.02 ¡0.33 0.96 0.81 ± 16.0 
Deming 0.21 0.02 − 0.44 1.31 –  

Caryophyllia sp. This study; Spooner et al. [2018];  
Hemsing et al. [2018] 

0.92 <

0.05 
OLS 0.18 0.02 1.02 1.51 0.85  

Desmophyllum sp. This study; Spooner et al. [2018];  
Hemsing et al. [2018] 

0.95 <

0.05 
OLS 0.18 0.03 0.03 1.56 0.89  

Flabellum sp. 
This study; Spooner et al. [2018];  
Hemsing et al. [2018] 0.93 

<

0.05 OLS 0.23 0.04 − 0.24 2.74 0.87  

Scleractinia 
Spooner et al. [2018](included data 
from Hemsing et al. [2018]) – – OLS 0.15 0.02 2.5 1.4 0.7 ± ~ 14 

Bamboo coral LaVigne et al. [2011] – – OLS 0.079 0.008 4.205 0.870 0.77   

Fig. 4. Comparison of Ba/Ca vs [Ba]SW calibrations (Ordinary Least Squares) 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 (see section 4.2). Error bars removed for clarity. Shading shows 95% confidence intervals. 
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following section, we investigate potential further influences on their 
Ba/Ca ratios, including genus-specific effects, a suite of additional hy-
drographic parameters, depth and location. Of these, only seawater 
temperature appears to influence stylasterid Ba/Ca, and the magnitude 
of this effect is small compared with the overriding [Ba]SW and miner-
alogical 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 replicate samples (Table 2). Conopora sp. and Errina sp. (calc.) 
have relatively high variability, but these are based on one pair of rep-
licates, 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 impacted by intra-skeletal variability in Ba/Ca, and all 
are suitable targets for use in reconstructing [Ba]SW using the bulk 
sampling methods employed here. 

Secondly, we examine the residuals of our stylasterid Ba/Ca vs 
[Ba]SW relationships (i.e. Ba/Cameasured – Ba/Carelationship) and stylasterid 
DBa values to explore the influence of secondary environmental controls. 
These do not correlate with salinity, pH, Ωarag., and dissolved phosphate 
concentrations (p > 0.05, − 0.28 < r < 0.35; Supplementary Informa-
tion). Additionally, while the residuals of the aragonitic calibration are 
significantly – but weakly – correlated with depth (p = 0.02, r = − 0.45), 
similar correlations are not observed between depth and either the re-
siduals of the calcitic calibration, or stylasterid DBa (p > 0.05, − 0.32 < r 
< 0; Supplementary Information). Furthermore, although aragonitic 
stylasterid DBa values are significantly correlated with dissolved oxygen 
concentrations (p = 0.04, r = 0.39), a similar correlation is not observed 
for calcitic stylasterid DBa values (r = 0.08) or for the residuals of the 
aragonitic or calcitic stylasterid calibrations (p > 0.05, 0 < r < 0.29; 

Supplementary Information). Together, these results suggest that these 
parameters do not significantly influence Ba-incorporation into stylas-
terid skeletons. The strongest, consistent correlations for both aragonitic 
and calcitic stylasterid DBa values are with temperature and dissolved 
silica concentrations (Fig. 5; Supplementary Information). Although 
neither temperature nor dissolved silica concentrations are significantly 
correlated with regression residuals (Supplementary Information), this 
does not preclude their influence on stylasterid Ba-incorporation. Both 
temperature and dissolved silica concentrations are strongly correlated 
with [Ba]SW 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, DBa 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 (r = − 0.88) makes it 
difficult to isolate the effects of each variable. However, to our knowl-
edge 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 DBa 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 stylas-
terid DBa, 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 DBa and dissolved silica concentration. 

Considering our stylasterid dataset more broadly, we find strong 
support for the role of temperature in Ba-incorporation into stylasterid 
skeletons. The DBa of aragonite produced by abiotic precipitation ex-
periments 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 DBa and temperature reported 
here are subparallel to that reported by Dietzel et al. [2004] for abiotic 
aragonite (Fig. 5a). Furthermore, a temperature effect can explain why 
aragonitic stylasterids collected from the cold waters of the Drake Pas-
sage and South Orkney regions have mean DBa values of 1.96 (± 0.19, 
2SD) 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, 2SD)) Atlantic (Fig. 6b). Finally, a temperature influence 
can also explain the positive correlation between aragonitic stylasterid 
DBa values and [Ba]SW (Fig. 6b). The negative covariation of tempera-
ture and [Ba]SW in the modern ocean means that colder waters tend to 
have higher [Ba]SW than warmer waters. Although we find no correla-
tion between high-Mg calcitic stylasterid DBa values and [Ba]SW 
(gradient = 0.001, r = 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 DBa could 
relate to surface entrapment, whereby the temperature-dependent bal-
ance between crystal growth rate and element diffusivity impacts Ba- 
incorporation (e.g. Watson, 2004; Gaetani and Cohen, 2006). Alterna-
tively, 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 2006). As 
discussed in section 4.5, variations in Rayleigh fractionation appear to 
have a relatively small influence on stylasterid DBa. 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 DBa and [Ba]SW in our sample set, DBa increases by 
11% as [Ba]SW increases from 40 to 100 nmol/kg (Fig. 6). Stylasterid Ba/ 
Ca at the high (100 nmol/kg) [Ba]SW end of the relationship is therefore 
~2 μmol/mol higher than the theoretical case in which DBa remains 
constant at the value which characterises stylasterids at low (40 nmol/ 

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 
μmol/mol are shown in bold. For mixed mineralogy Errina sp. samples, between 
2 and 6 replicates were measured on 3 corals, difference between maximum and 
minimum Ba/Ca values shown.  

Taxon Genus No. 
pairs 

Mean difference Ba/Ca 
(μmol/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  
Vaughanella 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  
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kg) [Ba]SW. Assuming this variation in DBa is driven entirely by tem-
perature, 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 DBa 27% lower than aragonitic stylasterids). The 
small magnitude and uncertain nature of the temperature influence on 
stylasterid Ba/Ca (Fig. 5), coupled with the uncertainties in stylasterid 
temperature reconstruction (Stewart et al., 2020a; ± 2.3 ◦C using 
aragonitic stylasterid Li/Mg) mean that quantitatively correcting for this 
effect in palaeoceanographic contexts is unlikely to lead to more accu-
rate estimates of past [Ba]SW. Indeed, stylasterid Ba/Ca ratios are 
dominantly controlled by [Ba]SW and sample mineralogy, and provide a 
useful record of [Ba]SW. Temporal records of stylasterid Ba/Ca should, 
however, ideally be presented alongside corresponding records of 
temperature-sensitive ratios (either Li/Mg, Sr/Ca or δ18O (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. 

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 char-
acterised by as-yet-unexplained 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 
Flabellum (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 Sr/Ca show smaller COC 
influence (see Stewart et al., 2020a, samples are same measured solu-
tions). Theca-only subsamples have systematically lower Ba/Ca than 
bulk calyx samples by around 10% (Supplementary Information). 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 (Fig. 2b). Previous studies have concluded that other aspects of the 
skeletal geochemistry of Flabellum sp., including Li/Mg (Case et al., 
2010; Cuny-Guirriec et al., 2019; Stewart et al., 2020a), Sr/Ca, δ18O and 
δ13C (Stewart et al., 2020a), are 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). Addi-
tionally, this proximity to sediment may mean that Flabellum is partic-
ularly 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). However, Ba-incorporation into Fla-
bellum does not differ significantly from other scleractinian genera or 
our overall Ba/Ca vs [Ba]SW relationship (Table 1). Therefore, we retain 
this genus in our Ba/Ca vs [Ba]SW relationship, but emphasise the 

Fig. 5. Stylasterid DBa 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 r and 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. 
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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 DBa, or worse fit of the scleractinian Ba/Ca vs 
[Ba]SW relationship. Instead, we suggest that Ba-incorporation in scler-
actinian corals varies between locations, and across depth gradients. 
Previous work has shown that Icelandic Scleractinia have lower DBa 
values than those collected from the equatorial Atlantic and Southern 
Ocean (Hemsing et al., 2018; Spooner et al., 2018; Fig. 6a). Our new 
data show that Scleractinia from the northeast Pacific (NE Pac.) region 
also have low DBa, while those from South Orkney (SO Ork) and Lab-
rador Sea (LS) sites have high DBa (Fig. 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 scler-
actinian DBa and [Ba]SW (Spooner et al., 2018, their fig. 10). Locational 
differences become increasingly apparent when DBa values are consid-
ered as a function of water depth: Scleractinia from the Drake Passage 
and equatorial Atlantic regions show sub-parallel, negative correlations 
between DBa and water depth (r = − 0.59 and - 0.66, respectively, p <
0.05; Fig. 6b). Because [Ba]SW increases with increasing water depth in 
the modern ocean, a depth control on scleractinian DBa in these two 
regions may explain the correlation observed between scleractinian DBa 
and [Ba]SW when considering these two regions in isolation (Fig. 6; 
Spooner et al., 2018, their fig. 10). 

No single variable can explain both the location and depth-related 
variability in scleractinian DBa values. While the decrease in scler-
actinian DBa values with increasing water depth may be explained by 

Fig. 6. Scleractinian (a) and aragonitic stylasterid (b) DBa values as a function of [Ba]SW, by location. Location codes follow Fig. 1. Average vertical error bars shown 
in panels a and c. 
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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 DBa values or residuals of the 
Ba/Ca vs [Ba]SW relationship (− 0.20 < r < 0.20; Supplementary In-
formation). The only significant correlation found is between scler-
actinian calibration residuals and temperature (p = 0.03, r = − 0.17). 
However, this correlation is weak, and temperature does not correlate 
significantly with scleractinian DBa values (p > 0.05, r = − 0.15). These 
results suggest that none of these additional hydrographic properties 
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 (Fig. 6). This suggests the driver of the variability in 
scleractinian DBa 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 degree of Rayleigh fractionation (i.e., the relative rates of coral 
growth and calcifying fluid replenishment; Gaetani and Cohen, 2006; 
Pretet et al., 2015; Geyman et al., 2019; Reed et al., 2021), and the 
precipitation of witherite (BaCO3) 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 Sr/Ca ratios of stylasterid and scleractinian 
corals suggests that variations in the degree of Rayleigh fractionation is 
the most likely cause of the increased variability in scleractinian DBa. 
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 DBa > 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 calcifying 
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 zoox-
anthellate 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 DBa 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; Fig. 7). Stylasterid Sr/Ca 
ratios are sensitive to temperature, while scleractinian Sr/Ca ratios show 
the combined influence of temperature and Rayleigh fractionation 
(Gagnon et al., 2007; Ross et al., 2019; Stewart et al., 2020a; Supple-
mentary Information). 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 Sr/Ca-temperature residuals and DBa 
because both DSr and DBa of coral aragonite are greater than 1 (Gaetani 
and Cohen, 2006). 

Although both aragonitic stylasterid and scleractinian DBa values are 
positively correlated with Sr/Ca ratios (p < 0.05, r > 0.61; Fig. 7), we 
find an insignificant and comparatively weak correlation between 
aragonitic stylasterid DBa and Sr/Ca-temperature residuals (p = 0.07, r 
= 0.35; Fig. 7c). This strongly suggests that temperature is driving the 
covariance between stylasterid DBa and Sr/Ca (see section 4.3), and that 
variations in the degree of Rayleigh fractionation between stylasterid 
coral samples are small. Conversely, our scleractinian DBa values retain a 
significant, positive correlation with Sr/Ca-temperature residuals (p <

0.05, r = 0.55; Fig. 7b), supporting the hypothesis that Rayleigh frac-
tionation impacts Sr- and Ba-incorporation into scleractinian skeletons. 

Variations in the degree of Rayleigh fractionation may explain 
variability in scleractinian DBa between locations and across depth 
gradients, as well as the absence of a dominant environmental control on 
scleractinian DBa (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; 
Büscher et al., 2017), oxygen concentrations, carbonate system param-
eters and temperature (e.g. Büscher et al., 2017; Gómez et al., 2018), 
which in turn vary between locations and with depth. For example, 
decreasing DBa 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 sug-
gested 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 frac-
tionation provides a plausible explanation for the variability in scler-
actinian DBa. 

A second hypothesis for the cause of variability in scleractinian DBa is 
the incorporation of witherite (BaCO3) 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 [CO3]2− (and therefore Ωarag.) to promote calcification (Al-Horani 
et al., 2003; Sinclair and Risk, 2006). At high degrees of carbonate 
oversaturation, coprecipitation of witherite (BaCO3) within the domain 
of aragonite is likely, but is supressed at lower degrees of oversaturation 
(Mavromatis et al. 2018). Therefore, variations in the carbonate chem-
istry of the scleractinian calcifying fluid could lead to variations in 
witherite formation and, consequently, coral DBa. 

However, Sr/Ca ratios should be unaffected by witherite precipita-
tion, meaning this hypothesis cannot explain the observed correlation 
between scleractinian Sr/Ca-temperature residuals and DBa (Fig. 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 δ11B, U/Ca and B/Ca suggest that stylasterids calcify 
from a fluid with significantly lower pH, [CO3]2− and Ωarag. 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 DBa values than 
Scleractinia. Yet, the average DBa values of these coral taxa are very 
similar (Fig. 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 stylasterid and scleractinian corals, 
with recent work showing that stylasterid Li/Mg, Sr/Ca, δ18O, δ13C and 
δ11B 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 DBa 

The differences between stylasterid and scleractinian coral calcifi-
cation may have important implications for understanding why DBa 
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; Fig. 3). 

While abiogenic aragonite with DBa > 1 has been produced by some 
precipitation experiments (Dietzel et al., 2004; Gaetani and Cohen, 
2006; Gonneea et al., 2017; Fig. 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 (Ωarag. < 2) 
has DBa less than 1 (Mavromatis et al., 2018; Fig. 3b). Therefore, it has 
been suggested that witherite precipitation in the domains of aragonite 

could also be responsible for elevated coral DBa compared with other 
marine calcifiers (Mavromatis et al. 2018). However, the similarity of 
stylasterid and scleractinian DBa 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 2006), stylasterids are thought to calcify from a fluid 
with Ωarag. ~ 1.5 (Stewart et al. 2022). Therefore, although stylasterid 
and scleractinian corals share similar average DBa, they likely form their 
skeletons from fluids with very different degrees of carbonate over-
saturation. In turn, this may indicate that elevated coral DBa does not 
result from witherite precipitation triggered by high degrees of car-
bonate oversaturation in the coral calcifying fluid. 

These estimates of stylasterid calcifying fluid Ωarag. are minimum 
estimates, and it is possible that a small degree of additional pH and 

Fig. 7. Scleractinian (top) and aragonitic stylasterid (bottom) DBa values as a function of Sr/Ca (a & c) and Sr/Ca temperature residuals (b & d; residuals = Sr/Cacoral 
- Sr/Cacalibration). Effect of increasing temperature (T) and precipitation efficiency (P.E.) on Sr/Ca and DBa indicated in a and b. Average error bars shown in panels a 
and c. Sr/Ca error bars are the largest of the analytical uncertainty or ± 2SD of replicate samples. The mixed mineralogy scleractinian Paraconotrochus sp. was not 
included in these plots. 
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Ωarag. 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 DBa. Alterna-
tively, enrichment in coral Ba/Ca may instead result from precipitation 
of amorphous carbonate phases (Mavromatis et al. 2018), or the pres-
ence of organic molecules which act as templates for calcification (e.g. 
Drake et al., 2021) and can influence skeletal composition (e.g. Mav-
romatis et al., 2017; Mavromatis et al., 2018). Although we cannot 
constrain the reasons for the enrichment in coral DBa here, our data 
clearly 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 ra-
tios. Mineralogy exerts a strong control on stylasterid Ba/Ca, with 
aragonitic samples having higher Ba/Ca than their high-Mg calcitic 
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 pre-
cipitation experiments. Simultaneous measurement of temperature 
sensitive Li/Mg and/or Sr/Ca ratios in stylasterid samples provides a 
means to qualitatively assess the possible role of temperature in palae-
oceanographic [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 Sr/Ca values are consistent with the in-
fluence of Rayleigh fractionation related to the coral calcification pro-
cess. 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 
palaeoceanographic archive. 
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Barium uptake into the shells of the common mussel (Mytilus edulis) and the 
potential for estuarine paleo-chemistry reconstruction. Geochim. Cosmochim. Acta 
70, 395–407. https://doi.org/10.1016/j.gca.2005.09.015. 

Gillikin, D.P., Lorrain, A., Paulet, Y.-M., André, L., Dehairs, F., 2008. Synchronous 
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