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Abstract 14 

  Deep-sea corals are a useful archive of thermocline, intermediate, and deep waters in past 15 

oceans. However, application of traditional oceanographic tracers to deep-sea corals remains a 16 

challenge due to our insufficient understanding of their “vital effects”. Deep-sea corals are ideal 17 

test organisms to study the mechanism underlying vital effects generally, due to the large tracer 18 

gradients in individual corals living under relatively constant environmental conditions.  Lessons 19 

learned from these corals might apply to other scleractinia and to marine calcifiers more generally.  20 

Here we present stable isotope, minor and trace metal (Me/Ca ratios) data in a suite of modern 21 

Desmophyllum dianthus specimens, collected over multiple spatial scales in individual corals 22 

(bulk, micromill, SIMS, NanoSIMS), with multi-proxy analyses made on the same material 23 

whenever possible. Spatially coherent Me/Ca correlations are observed in the fibrous aragonite of 24 

individual corals, including positive correlations between Mg/Ca, Li/Ca and B/Ca, as well as 25 

negative correlations between Mg/Ca and Sr/Ca, consistent with previous studies. We also for the 26 

first time document strong correlations between the isotopic (δ18O and δ13C) and elemental 27 

compositions of the skeletons, most notably a negative correlation between δ18O and Mg/Ca. The 28 

centers of calcification (COCs) in the coral skeletons show distinct tracer correlations from the 29 
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aragonite fibers that possibly reflect a more complicated formation mechanism. We interpret the 30 

spatially coherent tracer correlations in deep-sea corals with a numerical model of coral 31 

calcification previously developed for stable isotopes that considers the role of the enzyme 32 

carbonic anhydrase in the calcification processs. With the carbonate chemistry in the model 33 

constrained by the stable isotope data, we are able to explain the observed Me/Ca correlations as 34 

well as their range of variability, as a result of internal pH elevation in the extracellular calcifying 35 

fluid (ECF) of the corals with limited Ca-pumping through the calicoblastic membrane. In 36 

particular, the positive Mg/Ca–B/Ca correlation in the fibrous aragonite suggests a borate 37 

(B(OH)4–) substitution for carbonate ion (CO32–) incorporation mechanism in biogenic aragonite. 38 

We also suggest the growth rate dependence of the incorporation of minor and trace elements 39 

based conceptually on an ion-by-ion growth model may help explain the absolute Me/Ca values 40 

in biogenic aragonites. Finally, we generally find more limited  tracer variability in corals from 41 

undersaturated seawater compared to their counterparts from supersaturated conditions, suggesting 42 

a limit to their internal pH elevation in response to this environmental stress. Understanding the 43 

biomineralization mechanisms underlying the vital effects is important for better use of these 44 

tracers for paleoceanographic applications, and may shed light on the response of marine 45 

calcification to future ocean acidification. 46 

Key words: Deep-sea Corals; Oxygen and Carbon Isotopes; Minor/Trace Elements; Vital Effects; 47 

Internal pH Elevation; Growth Rate Dependence 48 

 49 

1. Introduction 50 

  Deep-sea scleractinian corals are an emerging archive of intermediate and deep water 51 

conditions in the ocean. Over the past few decades, numerous isotopic and elemental tracers have 52 
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been developed in deep-sea corals to reconstruct the temperature, carbonate chemistry, nutrient 53 

status, and circulation changes in the deep ocean during key climate events of the last glacial period 54 

as well as the Holocene , and reveal the close coupling between ocean dynamics, biogeochemistry 55 

and the global carbon cycle (Smith et al., 1997; Adkins et al., 1998; Goldstein et al., 2001; Frank 56 

et al., 2004; Robinson et al., 2005; Montero-Serrano et al., 2013; Thiagarajan et al., 2014; Wang 57 

et al., 2017; Bonneau et al., 2018; Rae et al., 2018; Elliot et al., 2019; Hines et al., 2019; Li et al., 58 

2020; Wilson et al., 2020). Despite the substantial progress made in using this archive, applications 59 

of traditional paleoceanographic tracers such as oxygen and carbon isotopes and Mg/Ca and Sr/Ca 60 

thermometers remain a challenge due to our incomplete understanding of these tracers in terms of 61 

both empirical calibrations and the underlying biomineralization mechanisms.  62 

  In addition to their use as a paleoceanographic archive, deep-sea corals are ideal test 63 

organisms to study the biomineralization process due to their relatively constant growth 64 

environment and the large range of tracer variability within individual corals (Adkins et al., 2003; 65 

Rollion-Bard et al., 2003; Robinson et al., 2006; Gagnon et al., 2007; Case et al., 2010; Rollion-66 

Bard et al., 2010; Robinson et al., 2014; Rollion-Bard and Blamart, 2015; Stewart et al., 2016). 67 

The variability in tracers has been associated with different growth structures (COCs vs. aragonite 68 

fibers), and attributed to the internal pH elevation process in the ECF of the corals (Adkins et al., 69 

2003; Rollion-Bard et al., 2003; Chen et al., 2018). The internal pH elevation through membrane-70 

bound Ca2+ and proton transporters has been observed in a variety of marine calcifying organisms 71 

(Al Horani et al., 2003; Zoccola et al., 2004; de Nooijer et al., 2009; Venn et al., 2011; Toyofuku 72 

et al., 2017), and is likely a common mechanism for vital effects in geochemical tracers in biogenic 73 

carbonates. In corals, the depletions in δ18O and δ13C from equilibria have been explained by the 74 

kinetic isotope effects of CO2(aq) hydration and carbon source mixing (McConnaughey, 1989a, b; 75 
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Adkins et al., 2003; Rollion-Bard et al., 2003, 2010, 2011; Chen et al., 2018), while the variability 76 

in Me/Ca ratios has been interpreted with the Rayleigh distillation process associated with Ca2+ 77 

dynamics (Gagnon et al., 2007; Gaetani et al., 2011) or possible kinetic effects associated with 78 

growth rates (Sinclair, 2005; Sinclair and Risk, 2006; Rollion-Bard and Blamart, 2015). However, 79 

few studies to date have tried to directly link stable isotopes and Me/Ca ratios to get a coherent 80 

and quantitative understanding of biomineralization and its imprint on vital effects in different 81 

tracers (Allison et al., 2010; Stewart et al., 2016; Wu et al., 2017; Chen et al., 2021). 82 

  Here we present an effort to mechanistically link the stable isotopes and Me/Ca ratios in 83 

the deep-sea coral species D. dianthus, through observations across different spatial scales and a 84 

numerical model of coral calcification. Observations of stable isotopes and Me/Ca ratios are made 85 

on NanoSIMS (a few µm), SIMS (tens of µm), micromill (100 µm) and bulk (mm–cm) scales in 86 

individual corals and consistent tracer correlations are found through these scales. The numerical 87 

model was previously developed to explain the stable isotope vital effects in deep-sea corals as 88 

well as other marine calcifying organisms (Chen et al., 2018). The model is able to explain the 89 

range in δ18O and δ13C variability in individual corals and the strong δ18O–δ13C correlation via 90 

carbonate chemistry changes in the ECF through internal pH elevation. In particular, we found that 91 

the slope of the δ18O–δ13C correlation is modulated by the activity of carbonic anhydrase in the 92 

calcification process. Carbonic anhydrase activity couples δ18O and δ13C by controlling two 93 

important and internally linked processes: the hydration kinetics of CO2(aq) in the ECF and 94 

therefore the cross-membrane CO2(aq) flux into the ECF from the calicoblastic cells. The 95 

hydration kinetics of CO2(aq) relative to CaCO3 precipitation determines the magnitude of 18O 96 

kinetic isotope effects preserved in the skeleton, while the cross-membrane CO2(aq) flux 97 

determines the mixing ratio of 13C-enriched seawater DIC and 13C-depleted cell CO2(aq).  In this 98 
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way the presence of carbonic anhydrase makes the slope of skeletal δ18O vs. δ13C an emergent 99 

property of the biomineralization process (Chen et al., 2018).  By fitting the stable isotope data, 100 

the model also constrains the carbonate chemistry of the calcifying fluid that can influence tracers 101 

sensitive to these changes. Another important aspect of the stable isotope model is the 102 

incorporation of the growth rate dependence of isotope fractionation based on an ion-by-ion 103 

growth model (Watkins et al., 2013, 2014), through which we find an agreement between the 104 

equilibrium isotopic end member in deep-sea corals and inorganic precipitation experiments. In 105 

this study, we attempt to extend these aspects of the stable isotope model to the minor and trace 106 

elements to explore the key biomineralization processes underlying vital effects in deep-sea corals, 107 

and the degree to which these vital effects can be explained with fundamental physicochemical 108 

principles. By understanding the relevant biomineralization processes, we also make a preliminary 109 

attempt to explore the response of the biomineralization process to changes in the ambient 110 

environment and its implications for empirical tracer calibrations. 111 

 112 

2. Methods 113 

2.1 Sample Preparation 114 

  The D. dianthus specimens used in this study were either provided by the Smithsonian 115 

Museum of Natural History or collected from Seamounts south of Tasmania with the deep 116 

submergence vehicle Jason during cruise TN-228 in 2008–2009 on the R/V Thompson. A list of 117 

the coral specimens and their estimated growth environmental conditions can be found in Chen et 118 

al. (2021) as well as the Supplementary Material. Most corals were collected with tissue remains 119 

attached and therefore considered modern. For bulk measurements, a small piece containing both 120 

the septa and theca was removed from each coral calice, rinsed with ethanol and DI water, dried 121 
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with compressed air and crushed with a mortar and pestle before chemical processing. To sample 122 

different growth features in the coral skeleton, a piece of the skeleton was cut from the top view 123 

of a coral calice that comprises a few septa joined by the theca wall (Figure 1). The cut piece was 124 

mounted on a 1’’ glass slide, and a Buehler Isomet low speed water saw with a 0.3 mm diamond 125 

wafer blade was used to slice off the top to make a thick section. The removed top of the cut piece 126 

was then mounted on a different glass slide to make extra thick sections. The sections were hand 127 

polished on 3M lapping films with sequentially finer grating down to 1 µm grain size. For 128 

micromilling purposes, the sections were kept at ~1 mm thick. For SIMS and NanoSIMS analyses, 129 

the sections were polished down to ~100 µm thickness and further smoothed vibrationally on a 130 

polishing cloth with 30 nm colloidal silica. Reflected and transmitted light images were acquired 131 

for the sections with a Leica DM 2500P modular polarizing microscope, as well as a Q-imaging 132 

micropublisher 5.0 ETV camera mounted on an Olympus SZ-CTV microscope (Figure 1). 133 

 134 

2.2 Micromilled Samples 135 

  The micromilling procedure is similar to that used in Adkins et al. (2003) and Gagnon et 136 

al. (2007), and detailed in Chen et al. (2021).  In brief, we used a computer controlled Merchantek 137 

Micromill system, with the goal of making powders of coral growth bands that can be measured 138 

for stable isotopes (δ13C and δ18O) as well as Me/Ca ratios. For stable isotopes, the collected 139 

sample powders (30–100 µg) were transferred to Kiel device vials and analyzed on a Finnigan 140 

MAT 253 mass spectrometer coupled to a Kiel IV device at Scripps Institution of Oceanography. 141 

  The Me/Ca ratios of the samples (50–200 µg) were measured in two different labs at the 142 

University of St Andrews and the California Institute of Technology. The general procedure of 143 

sample processing is similar between the two labs and has been previously described in Chen et 144 
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al. (2021). A cleaning test was performed at University of St Andrews by measuring splits of the 145 

same powder, one of which was uncleaned, while the other was sequentially cleaned by 0.1M 146 

NH4OH+1% H2O2 and 0.0005M HNO3 solutions. It was found that chemical cleaning would cause 147 

approximately 1/3 loss of sample powder and tend to reduce Me/Ca variability in individual corals 148 

observed with other techniques, suggesting presence of a more soluble phase in the sample powder. 149 

A similar observation can be made on the Jcp-1 standard, as chemical cleaning of the powder 150 

lowers Me/Ca systematically compared to uncleaned powder (Table 1). To better preserve the 151 

Me/Ca variability and compare to other observation techniques, most of the samples were directly 152 

dissolved in 150–300 µL 5% HNO3 (depending on sample size) without chemical cleaning before 153 

ICP-MS analyses.  154 

  The Me/Ca analyses were performed on an Agilent 7500a ICP-MS at St Andrews, and an 155 

Agilent 7500cx ICP-MS at Caltech. Both instruments used an inert sample introduction system 156 

with a Teflon spray chamber and sapphire injector, and used a 3% HNO3+1% HF solution as a 157 

rinse between samples in order to reduce the build-up of boron blanks during an analytical session 158 

(Zeebe and Rae, 2020). A slightly different set of isotopes were collected between the two labs, 159 

but both methods include 7Li, 11B, 24Mg, 25Mg, 27Al, 43Ca, 48Ca, 55Mn, 88Sr, 111Cd, 138Ba and 238U. 160 

The samples were measured with 3 internal cycles at St Andrews and 4 at Caltech. The Me/Ca 161 

intensity ratios were converted to molar ratios by bracketing with in-house calibration standards 162 

that are gravimetric mixtures of single element solutions. A recently developed standard solution, 163 

NIST8301(Coral) (abbreviated as 8301C below), was used as the calibration standard at Caltech, 164 

and was used to correct for Me/Ca ratios of the bracketing standard at St Andrews, in both cases 165 

based on interlab values published in Stewart et al. (2021). The coral standard Jcp-1 (Hathorne et 166 

al., 2013) was measured together with other in-house consistency standards in each analytical 167 
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session to check for accuracy and instrumental drift. Since not all elements measured with wet 168 

chemistry can be measured accurately and precisely with SIMS and NanoSIMS, this paper focuses 169 

on the common elements Li, B, Mg, Ca and Sr. Note that Me/Ca of bulk D. dianthus powder 170 

samples (i.e. large samples, distinct from micromilled bands) were also measured with the same 171 

method at Caltech (sample preparation detailed in Chen et al., 2021), and are referenced in the 172 

following discussions, with more details to be presented in future work. 173 

  Table 1 lists the calibrated Li/Ca, B/Ca, Mg/Ca and Sr/Ca ratios of Jcp-1. Our ratios at both 174 

Caltech and St Andrews for the uncleaned Jcp-1 powder are generally within the uncertainties of 175 

the interlab calibrated values reported by Hathorne et al. (2013), suggesting good accuracy 176 

agreement between the Jcp-1 and 8301C standards. The Sr/Ca ratios of Jcp-1 measured at Caltech 177 

and St Andrews are 1.7% and 1.1% lower than the interlab value in Hathorne et al. (2013) 178 

respectively. The magnitude of this offset is within 1σ of the interlab variations (1.7%) for 8301C 179 

in Stewart et al. (2021), but is reproducible and warrants further laboratory testing. A previous 180 

study using a similar method measured a larger Sr/Ca offset (4.7%) in Jcp-1 from the interlab value 181 

(Stewart et al., 2016), suggesting such offsets are not uncommon for Sr/Ca. We apply these offsets 182 

to our Sr/Ca data, but do not correct for the other Me/Ca ratios. Based on standard deviations of 183 

replicate measurements of the standard solutions or average standard deviations of our samples 184 

(whichever is greater), the analytical uncertainties for our Li/Ca, B/Ca, Mg/Ca and Sr/Ca ratios are 185 

1.4%, 1.9%, 0.6% and 0.6% respectively. 186 

 187 

2.3 SIMS measurements 188 

 The SIMS measurements were performed on a Cameca ims 7f-Geo instrument at the 189 

Caltech Microanalysis Center with a method modified from Gabitov et al. (2013). The prepared 190 
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D. dianthus sections were rinsed with DI water and isopropanol and coated with 20 nm gold before 191 

being loaded into the instrument. A –12.5 keV primary O– beam of 5–6.5 nA and ~25–30 µm in 192 

size was used to sputter the sample surface to generate secondary ions to achieve sufficient spatial 193 

resolution and signal intensity for the trace elements. Positive (+9 keV) secondary ions of 7Li, 11B, 194 

26Mg, 42Ca and 88Sr were collected, with a field aperture of 300 µm, a contrast aperture of 250 µm, 195 

an energy bandwidth of 45 eV, and an entrance/exit slits setting corresponding to a mass resolving 196 

power (MRP) of 3000. This MRP is sufficient to resolve molecular interferences (mostly hydrides) 197 

on the elements of interest, except for 87SrH+ and 44Ca2+ on 88Sr+, which would require an MRP 198 

over 8000 and thus significantly reduce the transmission signals for other secondary ions. However, 199 

our high-MRP mass scan indicated that 87SrH+ and 44Ca2+ contribute less than 1% to the 88Sr+ peak 200 

intensity.  201 

Each spot on the sample was pre-sputtered for 1 minute before data collection with the 202 

same primary beam intensity. The secondary ions were measured for 30–40 cycles on each spot, 203 

and each cycle consisted of 3 seconds of counting for 7Li, 5s for 11B, and 1s each for 26Mg, 42Ca 204 

and 88Sr. A waiting time of 2–7s was applied between the mass peak jumps of the magnet. All 205 

secondary ions were detected with an ETP electron multiplier (EM) and corrected for the EM 206 

deadtime. The typical count rate was 100–200 cps for 7Li and 11B, 6,000–7,000 cps for 26Mg, 207 

80,000–100,000 cps for 42Ca and 100,000–120,000 cps for 88Sr. The relative standard errors for 208 

each spot generally follow counting statistics, with ~1% for Li/Ca and B/Ca, ~0.5% for Mg/Ca 209 

and ~0.2% for Sr/Ca. Although Sr/Ca ratios of individual spots show larger variability compared 210 

to counting statistics expectations (0.1%), likely due to interferences and sample charging, the 211 

errors are still small enough to resolve natural Sr/Ca variability in the coral skeletons.  212 
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The carbonatite standard OKA was used to calibrate Mg/Ca and Sr/Ca ratios in the samples. 213 

This standard has Mg/Ca (4.67±0.15 mmol/mol) and Sr/Ca (19.43±0.76 mmol/mol) ratios close to 214 

those of corals, and Gabitov et al. (2013) identified a relatively homogeneous matrix region that 215 

was ideal for accuracy calibration. 2–3 spots on the standard were measured between samples 216 

during each analytical session, and only Mg/Ca and Sr/Ca measurements from the homogeneous 217 

matrix region were used for calibration. For Li/Ca and B/Ca, no well documented carbonate 218 

standard was available at Caltech during the analytical sessions. A calibration attempt was made 219 

by measuring a series of USGS glass standards with a wide range in Li/Ca and B/Ca (Jochum et 220 

al., 2006). Although the glass-based Li/Ca and B/Ca calibrations are self-consistent, applying them 221 

to the corals caused a strong deviation of the elemental ratios (approximately a factor of 2 for Li, 222 

a factor of 3 for B) from those measured by wet chemistry, suggesting strong matrix-dependence 223 

of the ionization efficiency of these elements between carbonates and silicate glass. To make the 224 

SIMS measurements comparable to the wet chemistry measurements, we chose one D. dianthus 225 

specimen as the calibration reference for all the other samples to build an internally consistent 226 

Li/Ca and B/Ca calibration. Coral 80358 from North Atlantic was chosen because its average 227 

Mg/Ca and Sr/Ca from all measured SIMS spots (independently calibrated by OKA) most closely 228 

match those of the bulk powder measured by wet chemistry (2.3% difference in Mg/Ca, 4.5% 229 

difference in Sr/Ca). As a result, the average Li/Ca and B/Ca of all measured SIMS spots on 80358 230 

are assigned the Li/Ca and B/Ca elemental ratios of the bulk powder, assuming the SIMS spots 231 

have sampled skeletal structures representative of the bulk powder. Although this assumption may 232 

cause inaccuracies in absolute Li/Ca and B/Ca ratios at the few percent level, we do not expect a 233 

major influence on our interpretations of the biomineralization mechanisms, because the range of 234 

Li/Ca and B/Ca variability in individual corals is much larger than this possible offset, and the 235 
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same accuracy offset applies to all spots from an individual coral so that the relative Me/Ca 236 

changes stay the same within each individual.  237 

In addition to Me/Ca measurements with the O– source, we also carried out δ18O 238 

measurements on the corals with the Cs+ source of the same SIMS instrument. The measurements 239 

were made with a +10 keV Cs+ beam and a primary ion current of ~3 nA. The method used a field 240 

aperture of 300 µm, a contrast aperture of 400 µm, an energy bandwidth of 45 eV, and an 241 

entrance/exit slits setting corresponding to an MRP of 1500. Negative (–9 KeV) secondary ions of 242 

16O and 18O were collected with two separate Faraday Cups (FC1 and FC2). Sample charging was 243 

compensated with a –9 keV electron gun. On each spot, sample was first pre-sputtered for 120 244 

seconds to remove gold coating and possible surface contamination. Then secondary ions of 16O 245 

and 18O were measured for 1s each in the peak-jumping mode (with 1s waiting time in between) 246 

for 50 cycles. The internal standard errors of the δ18O measurements are approximately 0.5‰. The 247 

measured 18O/16O ratios are converted to the VPDB scale with two in-house CaCO3 standards of 248 

known δ18O compositions (UWC3 with δ18O of –17.87‰, 46E1436 with δ18O of –8.99‰). 249 

Measurements of multiple spots on each standard yield external standard errors of 0.5‰, consistent 250 

with the internal standard errors of individual spots.  In order to correlate δ18O and Me/Ca ratios, 251 

parallel lines of spots were measured for Me/Ca and δ18O respectively. While the precision of the 252 

δ18O measurements is far from optimum, we find similar Me/Ca–δ18O relations in the SIMS 253 

measurements when compared to other observation scales, as discussed in the following sections. 254 

 255 

2.4 NanoSIMS element mapping 256 
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  We used the imaging mode of a Cameca NanoSIMS 50-L instrument at the Caltech 257 

Microanalysis Center to map the distribution of Li, B, Mg, Ca and Sr in individual D. dianthus. 258 

Ion images of positive (+8 keV) secondary ions were generated with a negative (–8 KeV) 16O– 259 

primary beam of a few to tens of pA rastering over areas of 30×30 µm or 40×40 µm. With a spatial 260 

resolution of ~200-400 nm under such setup, the NanoSIMS mapping is expected to resolve Me/Ca 261 

variability on the scale of a few hundred aragonite unit cells. To remove surface contamination, 262 

30–60 minutes of pre-sputtering with a larger beam (~1 nA) was applied before image collection. 263 

Then ion images of 512×512 pixels were collected with dwell time of 5–15 ms/pixel. One imaging 264 

frame takes ~20-60 minutes. To strengthen the signals of the trace elements, multiple image frames 265 

were collected on each spot to accumulate as many counts as possible for the trace elements and 266 

reduce the noise in the images.  267 

  The raw data were loaded into Matlab with the package Look@NanoSIMS (Polerecky et 268 

al., 2012) for further image processing, such as averaging, smoothing and Me/Ca ratio calculations. 269 

The L’IMAGE (Larry Nittler) software was used to generate Me/Ca transects across the images. 270 

Due to a lack of charging compensation when sputtering nonconductive samples (like corals) with 271 

an O– beam, especially on a large area (40×40 um) and with a large beam current (tens of pA), 272 

sample charging became significant during NanoSIMS imaging. During our analytical sessions, 273 

we found it generally difficult to generate images with relatively uniform Ca intensity on our coral 274 

samples, especially on the edges of a spot, therefore complicating all Me/Ca patterns. Using a 275 

smaller beam current increases Ca uniformity, but also cuts the signal intensity for all the 276 

secondary ions, which becomes an issue for trace elements. Therefore the discussion below will 277 

focus on the spots that were collected for sufficient time (minimum 4 frames) and show a 278 

reasonable degree of uniformity in Ca intensity (<30% variability). The same method and data 279 
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processing was used on the OKA standard to calibrate our Mg/Ca and Sr/Ca ratios. To calibrate 280 

our Li/Ca and B/Ca ratios, we assumed the average values of our Me/Ca profiles equal those of 281 

the bulk composition of each coral. 282 

 283 

3. Results 284 

3.1 Stable Isotopes 285 

  The δ18O and δ13C of the micromilled D. dianthus samples are shown in Figure 2. As with 286 

previous studies (McConnaughey, 1989a; Smith et al., 2002; Adkins et al., 2003; Blamart et al., 287 

2005), we see a wide range of δ18O and δ13C values in individual corals and a linear δ18O–δ13C 288 

correlation with slopes in the range of 1.9–2.7. The COCs or COC-like structures show slight 289 

deviations from the trend defined by the fibrous aragonite with generally more deplected δ18O and 290 

δ13C values, consistent with previous observations (Adkins et al., 2003; Blamart et al., 2005; 291 

Rollion-Bard et al., 2010). However, the deviations are not as clear for most corals in this study as 292 

those in Adkins et al. (2003), and the sampled COC bands do not always have the most depleted 293 

values in individual corals (e.g. BigBeauty, 48744, Titan-b and Titan-t). We attribute this to the 294 

micromilling procedure used in this study, which targeted larger amounts of aragonite material for 295 

coupled stable isotope and Me/Ca measurements. Given the textural heterogeneities in D. dianthus 296 

skeletons over micrometer scales, micromilling larger amounts of powder could cause more 297 

averaging of the isotopic and elemental compositions of the samples, and mitigate the distinction 298 

between COCs and fibrous aragonite. However, we still see consistent linear δ18O–δ13C correlation 299 

patterns in each individual coral with a narrow range of slopes, suggesting a common 300 

biomineralization process of internal pH elevation modulated by carbonic anhydrase as modeled 301 

in Chen et al. (2018). In light of the Chen et al. (2018) model, we also observe a difference in the 302 
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range of δ18O and δ13C values in individual corals with respect to aragonite saturation states in the 303 

ambient seawater (Figure 2)., We find that corals from undersaturated environments ( Ω" =304 

[𝐶𝑎'(]*+[𝐶𝑂-'.]*+ 𝐾*0
12134 < 1) generally have a narrower range of δ18O and δ13C values, while corals 305 

from supersaturated environments ( Ω" > 1 ) are capable of reaching more extreme isotopic 306 

depletions. Since the δ18O and δ13C range is determined by the magnitude of pH elevation, this 307 

difference in range suggests different amount of pH elevation in individual corals in response to 308 

the saturation state of the seawater, which will be further discussed below. 309 

 310 

3.2 Me/Ca correlations from micromill and SIMS 311 

  Strong correlations in the fibrous aragonite of D. dianthus have been previously observed 312 

for Li/Ca, Mg/Ca and Sr/Ca, with COCs showing distinct relations for these elements (Gagnon et 313 

al., 2007; Case et al., 2010; Rollion-Bard and Blamart, 2015). Possible correlations were also 314 

suggested for these elements with B/Ca and boron isotopes in D. dianthus, although the previous 315 

data were too scarce to evaluate the significance of such correlations (Stewart et al., 2016; Wu et 316 

al., 2017). Examples of Me/Ca correlations from our micromilled samples and SIMS 317 

measurements are shown in Figure 3 and 4 respectively. Unfortunately a significant fraction of the 318 

Li/Ca ratios of the micromilled samples are unrealistically high for corals, most likely due to 319 

contamination introduced during the micromilling process. The contamination is not significant 320 

for B, Mg and Sr given good agreement between micromill, SIMS and bulk measurements.  321 

  From the micromilled samples, we see that Mg/Ca and B/Ca are generally positively 322 

correlated while Mg/Ca and Sr/Ca are negatively correlated in the aragonite fibers of the corals 323 

(Figure 3). The COC regions generally have the highest Mg/Ca in each coral, with intermediate to 324 

low Sr/Ca and B/Ca ratios, and do not have the same Me/Ca correlations as the fibers. However, 325 
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there is significant scatter for these Me/Ca correlations in the micromill data, which is largely 326 

cleaned up in more spatially resolved SIMS measurements (Figure 4).  327 

  For the SIMS data on the four corals shown in Figure 4, we see cleaner positive Mg/Ca–328 

Li/Ca and negative Mg/Ca–Sr/Ca correlations in the aragonite fibers, with COCs often deviating 329 

from the trends, consistent with previous studies (Gagnon et al., 2007; Case et al., 2010; Rollion-330 

Bard and Blamart, 2015). While COCs generally have higher Mg/Ca and Li/Ca than the fibrous 331 

aragonite, their Sr/Ca values are highly variable between (and even within) individual corals. 332 

Among the COCs sampled in these corals, the Sr/Ca of COCs can be of low (80358-S1, 47407-333 

S1, BigBeauty-S1), intermediate (80358-S2, 47407-S2) or high (Gaia) values compared to the 334 

fibers. This phenomenon is difficult to fathom with a simple biomineralization mechanism, but 335 

seems to be very reproducible (Gagnon et al., 2007; Stewart et al., 2016) and is worth further 336 

investigation. The positive Mg/Ca–B/Ca correlation in the aragonite fibers is much more obvious 337 

in the SIMS data than in the micromilled data, with COCs showing an opposite correlation of 338 

higher Mg/Ca and lower B/Ca, forming an overall arch-shaped correlation. We consistently 339 

observe this relation in different corals with SIMS measurements, suggesting a strong coupling of 340 

B and Mg incorporation in the fibrous aragonite and possibly a different mechanism for these 341 

elements in the COCs. We also note that the different Me/Ca correlation patterns between COCs 342 

and fibers are usually most pronounced when sampling pure septa material that is farther away 343 

from the theca, in which case the COCs and fiber bands can be easily distinguished (Figure 4). 344 

Tracer correlations in the theca regions are highly dependent on the location and properties of 345 

materials sampled, with optically dense COC-like materials (usually in the middle of theca) 346 

showing septa COC compositions and trends (80358 and Gaia), while dark fibrous theca materials 347 

(usually on the edge of theca) showing compositions and trends similar to the septa fibers (47407 348 
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and BigBeauty). This spatial heterogeneity is relevant for our micromilled samples, since the 349 

amount of materials needed to make coupled isotope and Me/Ca measurements entailed us to 350 

sample closer to the wider base of the septa that is close to the theca. Given the relatively clean 351 

Me/Ca correlation patterns in the SIMS data (Figure 4), the scatter in the micromill data (Figure 352 

3) may be a result of mixing of COC-like structures and fibrous aragonite on small spatial scales 353 

during the sampling process, with the different Me/Ca correlations in COCs and fibers 354 

complicating the trends. Finally, it is noted in Figure 3 that Gaia, a coral from 2395 m depth in 355 

Tasmania with strong ambient undersaturation, has similar Me/Ca correlations but lower absolute 356 

Me/Ca values compared to other corals from supersaturated seawater (Figures 3, 4), suggesting 357 

possible influence of the saturation state of the seawater on the biomineralization process and thus 358 

tracer variability. 359 

 360 

3.3 NanoSIMS element mapping 361 

   With NanoSIMS mapping, we are examining the element distribution in D. dianthus 362 

within the scale of a single SIMS spot as shown in Figure 1d. Figure 5 shows Me/Ca images of 363 

four 30×30  or 40×40 µm element maps from the septa of coral 62309 and 47407, one exclusively 364 

from the fibrous aragonite and the other covering COC features for each coral. Figure 6 shows 30-365 

pixel-wide Me/Ca transects from the NanoSIMS images. The COCs show up clearly with high 366 

Mg/Ca relative to the fibers (Figure 5g, o, Figure 6f, h). As with Mg/Ca, Li/Ca is also elevated in 367 

the COCs, although the COC features are not as obvious due to the low signal intensities for Li 368 

(Figure 5e, m, Figure 6b, d). In contrast, B/Ca shows a sharp decrease into the COCs, which is 369 

especially clear in the 47407 spot (Figure 5n, 6d). Sr/Ca decreases toward the COC in the 62309 370 

spot (Figure 5h, 6f), while it is influenced by charging effects on the edge with unreasonably high 371 
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values in 47407 (Figure 5l, 5p, 6h). Outside the COCs in the fibrous aragonite, we see quasi-372 

rhythmic Me/Ca bands that are a few µm thick with significant Me/Ca variations (50% in Li/Ca, 373 

B/Ca and Mg/Ca, 20% in Sr/Ca), which is best exemplified by the Mg/Ca bands in both corals 374 

(Figure 5c, g, k, o). As with correlations observed in the SIMS and micromill data, we see that 375 

high Mg/Ca bands are generally collocated with bands of high Li/Ca, high B/Ca and low Sr/Ca in 376 

the fibrous aragonite. The coherent Me/Ca correlations on different measurement scales suggest 377 

fine control on the incorporation of these elements during the biomineralization process. 378 

 379 

3.4 Me/Ca-isotope correlations 380 

  By coupling Me/Ca measurements with stable isotopes, we aim to understand the 381 

incorporation of minor and trace elements in coral skeletons based on our mechanistic 382 

interpretation of the stable isotope patterns as a function of internal pH elevation (Adkins et al., 383 

2003; Chen et al., 2018). Given that δ13C may be slightly influenced by metabolic effects, and the 384 

strong coupling between δ13C and δ18O in the fibrous aragonite, we mainly use δ18O as a reference 385 

metric for the internal pH elevation in the ECF. Figure 7 shows cross plots of δ18O vs. Me/Ca ratios 386 

in the micromilled samples. The strongest correlation pattern is observed for Mg/Ca and δ18O. In 387 

each individual coral, we see a negative Mg/Ca–δ18O correlation that has a similar slope across 388 

corals (Figure 7b). Similarly, there is a negative correlation between δ18O and B/Ca in the fibrous 389 

aragonite of different corals, while the COCs tend to deviate from the correlation with more 390 

depleted δ18O and B/Ca values (Figure 7a). This is expected given the arch-shape Mg/Ca–B/Ca 391 

relation best exemplified in the SIMS data (Figure 4). The relationship between δ18O and Sr/Ca is 392 

more complicated. A positive δ18O–Sr/Ca correlation is observed in the fibrous aragonite of Gaia 393 

and 47407, while there is more scatter for 47394 and BigBeauty (Figure 7c). This is likely a result 394 
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of the mixing effects during the micromilling process, which is more significant for Sr/Ca due to 395 

the aforementioned highly variable COC compositions. Notwithstanding these mixing influences 396 

on Sr/Ca, the relatively strong correlations between δ18O and Me/Ca ratios in the fibrous aragonite 397 

of individual corals further suggest strong common control on these tracers by the internal pH 398 

elevation process. 399 

   400 

4. Discussion 401 

4.1 Tracer Correlations and Variability across Scales 402 

  With Me/Ca measurements across different spatial scales, we generally observe consistent 403 

Me/Ca correlation patterns in different D. dianthus individuals as summarized in Figure 8. 404 

Although direct comparison across measurement scales can be complicated by different methods 405 

and assumptions used in the Me/Ca calibrations, we see similar ranges of Me/Ca values on 406 

different measurement scales for individual corals. As it measures the smallest spatial scales, we 407 

see that the NanoSIMS data show the widest range of Me/Ca variability that is partially smoothed 408 

away in the SIMS data, and further averaged out in the micromill data (Figure 8). A similar 409 

phenomenon was observed in surface corals, with high-resolution sampling showing noisier data 410 

and weaker tracer correlations, while a certain degree of spatial averaging can enhance the 411 

correlation patterns (Sinclair, 2005). Nevertheless, we observe on different measurement scales 412 

the positive Mg/Ca–B/Ca correlation and negative Mg/Ca–Sr/Ca correlations in the fibrous 413 

aragonite of each coral, while the high Mg COCs show a different correlation, with a decrease in 414 

B/Ca and variable Sr/Ca values. Despite significant averaging, the micromill data still captures the 415 

Me/Ca variability and correlation patterns in the SIMS and NanoSIMS data. The consistent 416 
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correlations and relatively high variability across scales suggest that the Me/Ca tracers are 417 

incorporated in a tightly controlled and highly dynamic biomineralization process.  418 

  The consistent tracer correlation across measurement scales not only applies to Me/Ca 419 

ratios, but also to Me/Ca and isotope correlations. Figure 9 shows the Mg/Ca–δ18O correlations 420 

across measurement scales in our D. dianthus collection. We see linear negative Mg/Ca–δ18O 421 

correlations with similar slopes in SIMS and micromill data of each individual coral. For Big 422 

Beauty, the micromill and SIMS data with independent calibration methods show the same 423 

Mg/Ca–δ18O relation, although the SIMS data include points of more extreme compositions (high 424 

Mg/Ca and low δ18O, Figure 9a). In addition to variations within individual corals, we also observe 425 

a similar Mg/Ca–δ18O relation in our bulk coral samples (Figure 9c). This correlation strongly 426 

suggests coupling between the incorporation of isotopes and metal cations in the biomineralization 427 

process of D. dianthus. Finally, we note that despite similar Mg/Ca–δ18O relations in different 428 

corals, the range of Mg/Ca and δ18O variability is different between individuals (Figure 9b, c). 429 

Corals from supersaturated seawater generally have a wider range in Mg/Ca (2 mmol/mol) and 430 

δ18O (4‰) that reach more extreme values of high Mg/Ca and low δ18O, while corals from 431 

undersaturated seawater have a narrower range (1.5 mmol/mol in Mg/Ca, 3‰ in δ18O). The 432 

differences point toward a response of the biomineralization process to the saturation conditions 433 

in the ambient environment. 434 

 435 

4.2 Understanding Tracer Incorporation Mechanisms with a Numerical Biomineralization Model 436 

4.2.1 Basic Model Setup and Behavior 437 

  The coral biomineralization model was previously developed to explain the stable isotope 438 

vital effects in deep-sea corals as well as other marine calcifying organisms (Chen et al., 2018). In 439 
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addition to the stable isotope fractionation processes, the Chen et al. (2018) model also simulates 440 

the carbonate chemistry of the ECF in response to alkalinity pumping, which sets the chemical 441 

microenvironment for the incorporation of the minor and trace elements. We added equations for 442 

minor and trace elements to the previous model  (Figure 10). In the model, elements such as Li, B, 443 

Mg and Sr are transported into the ECF by seawater and removed by coprecipitation with aragonite. 444 

The incorporation of these elements are coupled to Ca to calculate the Me/Ca ratios of the skeletons. 445 

The governing equations added to the model for the cations are: 446 

𝑑[𝐶𝑎'(]
𝑑𝑡 =

1
𝜏*+

([𝐶𝑎'(]*+ − [𝐶𝑎'(]) +
1
𝑧 (
1
2 𝑓B1𝐹"DE − 𝐹B1BFG)						(1) 447 

𝑑[𝑀𝑒]
𝑑𝑡 =

1
𝜏*+

([𝑀𝑒]*+ − [𝑀𝑒]) −
1
𝑧 𝐹B1BFG𝐷LM

[𝑀𝑒]
[𝐶𝑎'(]						 (2) 448 

For the concentration terms, subscript “sw” stands for seawater, while terms without 449 

subscript represent the ECF. For the Ca and minor/trace element “Me”, there is a seawater flushing 450 

term with a timescale of 𝜏*+. The seawater turnover timescale is constrained to be a few minutes 451 

based on the measured stable isotope values in the same sample.  The residence time is especially 452 

sensitive to the range of δ13C observed in the skeleton (Chen et al., 2018). The minor/trace element 453 

is removed from the ECF with an aragonite precipitation flux of 𝐹B1BFG  and a distribution 454 

coefficient of 𝐷LM = NLM
B1
O
1213

/ NLM
B1
O
QBR

. The 𝐷LM  values for different elements are obtained 455 

from either aragonite precipitation experiments (Kinsman and Holland, 1969; Gaetani and Cohen, 456 

2006) or empirical fits to coral data (Marriott et al., 2004; Reynaud et al., 2007; Montagna et al., 457 

2014), and discussed in detail in the following sections. The term “z” represents the average 458 

thickness of the ECF. The geometry of the calcifying space in corals may be more complicated 459 

than sketched in Figure 10, and previous studies have estimated a range of values for the dimension 460 

of the ECF (Tambutté et al., 2007, 2011; Venn et al., 2011; Gagnon et al., 2012; Cai et al., 2016). 461 
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Here we picked a value of 10 µm for “z”,  which is on the higher end of previous observations 462 

(Venn et al., 2011; Cai et al., 2016) and suggested to be possible for deep-sea corals (Adkins et al., 463 

2003; Gagnon et al., 2012). For Ca, there is an additional term that represents an alkalinity flux 464 

into the ECF by membrane transporters such as Ca-ATPase. The term “fCa” varies between 0 and 465 

1 to account for the fact that not all alkalinity pumps are Ca transporters (Jokiel, 2013; Barott et 466 

al., 2015; Barron et al., 2018), and is important for the Ca budget and the incorporation of the 467 

minor/trace elements. As with the stable isotopes, the alkalinity pump is the primary perturbation 468 

in the model. Starting from seawater composition, the model is run toward steady state at a 469 

prescribed alkalinity pump rate with Matlab’s ode15s solver. 470 

In contrast to the metal cations, boron exists in seawater as B(OH)3 and B(OH)4–, the 471 

proportions of which change as a function of pH. The incorporation mechanism of boron in 472 

carbonate minerals is a topic of active debate. Studies of inorganic and biogenic calcite have 473 

revealed different boron incorporation mechanisms (Hemming and Hanson, 1992; Klochko et al., 474 

2009; Rollion-Bard et al., 2011; Rae et al., 2011; Branson et al., 2015; Noireaux et al., 2015; 475 

Uchikawa et al., 2015; Uchikawa et al., 2017; Farmer et al., 2019; Henehan et al., 2022). However, 476 

aragonite has been generally considered a relatively simple system dominated by B(OH)4– 477 

incorporation, although debates remain as to which DIC species is substituted by B(OH)4– 478 

(Mavromatis et al., 2015; Noireaux et al., 2015; Holcomb et al., 2016; Balan et al., 2016; Branson, 479 

2018; Farmer et al., 2019). We test different boron incorporation rules for biogenic aragonite by 480 

comparing the deep-sea coral data to model outputs. The equation for boron in the model is 481 

formulated as: 482 

𝑑[𝐵]
𝑑𝑡 =

1
𝜏*+

([𝐵]*+ − [𝐵]) − 𝐷T
𝜒T[𝐵]
𝜒B[𝐷𝐼𝐶]

𝐹B1BFG
𝑧 						(3) 483 
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In equation (3), 𝜒T is a fraction term that accounts for the boron species incorporated into the 484 

aragonite: for scenarios with sole borate incorporation, 𝜒T is the fraction of borate in total boron; 485 

and for the total boron incorporation scenario, 𝜒T equals 1. 𝜒B  is the fraction of the DIC species 486 

being substituted by boron. The boron equation can be solved together with other elements to 487 

reveal tracer correlation patterns as a result of the biomineralization process.  488 

  Figure 11 shows the steady state responses of isotope and Me/Ca tracers to the prescribed 489 

alkalinity pump rates in our model. We see the depletion in δ18O with increasing alkalinity pump 490 

rates (Figure 11a), interpreted as a stronger expression of the CO2(aq) hydration kinetic isotope 491 

effects at higher pH modulated by carbonic anhydrase activity (Chen et al., 2018). The δ18O of the 492 

skeleton is insensitive to the fraction of Ca2+ pump (fCa), as it is dominantly controlled by the 493 

dynamics of the DIC system. As with δ18O, B/Ca is relatively insensitive to the fCa parameter 494 

(Figure 11c), as its incorporation also follows the DIC system. When we consider the total boron 495 

over DIC substitution rule as suggested in some calcite precipitation experiments (Uchikawa et al., 496 

2015; Uchikawa et al., 2017; Farmer et al., 2019), skeletal B/Ca are mirror images of DIC changes 497 

with alkalinity pump rates (Figure 11b, c), since the removal of boron is limited by a very small 498 

DB. The DIC changes mainly reflect the modulation of the cross-membrane carbon flux by 499 

carbonic anhydrase as previously discussed (Chen et al., 2018). In comparison, B/Ca increases 500 

with alkalinity pump rates when following the commonly suggested B(OH)4– for HCO3– 501 

incorporation rule for aragonite (Hemming et al., 1995; Branson, 2018; Farmer et al., 2019). This 502 

is a result of both an increase in B(OH)4– fraction in total boron and a decrease in HCO3– fraction 503 

in DIC at elevated pH. 504 

  In contrast, the metal cations are strongly influenced by the Ca2+ dynamics in the ECF, and 505 

therefore are sensitive to the fCa parameter. Figure 11b shows steady state [Ca2+] in the ECF at 506 
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different fCa fractions. When fCa =1, there is limited change in [Ca2+] due to a balance between 507 

Ca2+ pumped into the ECF and precipitated out as CaCO3 in our steady-state model. When fCa 508 

decreases, a lower Ca2+ supply by active pumping causes lower ECF [Ca2+] at higher pump rates 509 

and more Ca2+ contribution from seawater transport to balance the precipitation loss. In response, 510 

Mg/Ca and Li/Ca are perfect mirror images of [Ca2+] (Figure 11d, e). Due to their low distribution 511 

coefficients, only a very small fraction of Mg and Li are removed by precipitation. As a result, the 512 

Mg/Ca and Li/Ca of the ECF and therefore the aragonite, are dominated by the Ca2+ dynamics, 513 

with lower [Ca2+] corresponding to higher Mg/Ca and Li/Ca ratios. This is also the reason why 514 

Mg/Ca and Li/Ca have identical shapes in each model scenario (Figure 11d, e). On the contrary, 515 

Sr/Ca always decreases with alkalinity pump rates. This is a result of DSr being larger than 1 in 516 

aragonite, causing preferential Sr2+ removal relative to Ca2+ in the precipitation process regardless 517 

of the Ca2+-pumping scenarios. With different sensitivities of the isotope and Me/Ca tracers to 518 

alkalinity pump rates and fCa, we can use model-data comparisons to learn about the relevant 519 

biomineralization processes underlying the vital effects. 520 

 521 

4.2.2 Ion Pumping Effects 522 

  The observations of consistent tracer variability and correlations across measurement 523 

scales, especially in the aragonite fibers of the D. dianthus skeletons, strongly suggest control by 524 

a universal process in a dynamic biomineralization system. We have previously interpreted the 525 

stable isotope compositions of D. dianthus as a natural result of the internal pH elevation process 526 

modulated by carbonic anhydrase (Chen et al., 2018). It is reasonable to expect the incorporation 527 

of minor and trace elements to respond to the calcium and carbon dynamics in the ECF given the 528 

observed correlations between them and with δ18O. Previous studies have suggested Rayleigh 529 
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distillation as the dominant control on the Me/Ca variability in corals (Sinclair and Risk, 2006; 530 

Gaetani and Cohen, 2006; Gagnon et al., 2007; Gaetani et al., 2011), as was first suggested in 531 

foraminifera calcification (Elderfield et al., 1996). We can further test this mechanism with the 532 

ECF carbonate chemistry independently constrained by the stable isotope measurements and our 533 

coral calcification model. 534 

  Figure 12 shows modeled tracer correlations in comparison with the data in coral 47407. 535 

The model results are generated with the same set of biological parameters as presented in Figure 536 

11, assuming constant distribution coefficients for the minor and trace elements. Among the model 537 

cases with different fractions of Ca2+ in the alkalinity pump, we see that cases with low fCa best fit 538 

the tracer correlations and the range of variability in the data. As discussed in Section 3.5, fCa has 539 

different impacts on Li and Mg compared to Sr due to their different distribution coefficients. With 540 

distribution coefficients much smaller than 1, Li/Ca and Mg/Ca in the ECF (and therefore the 541 

skeleton) are dominantly controlled by [Ca2+]. In order to generate a 2-fold change in Mg/Ca and 542 

Li/Ca in the coral skeleton, a 2-fold change in [Ca2+] of the ECF is required if D is held constant. 543 

In contrast, with a distribution coefficient larger than 1, Sr2+ is preferentially removed relative to 544 

Ca2+ from the ECF into the aragonite skeleton, and a larger Ca2+ flux through the alkalinity pump 545 

causes more preferential removal of Sr2+ and thus a larger range in Sr/Ca ratios. Therefore, the 546 

relatively wide range in Mg/Ca and Li/Ca as well as the relatively narrow range in Sr/Ca observed 547 

in D. dianthus (Figure 3, 4) both require a small fraction of Ca2+ in the alkalinity pump (fCa). In 548 

addition, the negative correlation between Mg/Ca and δ18O suggests that Mg is enriched relative 549 

to Ca as the alkalinity pump rate increases. Given a limited amount of Mg removal from the ECF 550 

by precipitation due to its small distribution coefficient, the observed Mg/Ca–δ18O relation 551 



 25 

requires a decrease in [Ca2+] with increasing alkalinity pump rates, further supporting the case for 552 

a low value of fCa.  553 

  While Ca-ATPase has been suggested to play an important role in the calcification process 554 

of surface corals (McConnaughey, 1989a; Al Horani et al., 2003; Zocolla et al., 2004), it may not 555 

be the most efficient way to facilitate precipitation. Given a 5:1 ratio of Ca2+ to DIC (and ~100:1 556 

Ca2+:CO32- ratio) in seawater, the calcification process is more limited by DIC, while Ca2+ supply 557 

through seawater transport may be sufficient. Increasing the pH of the ECF through proton 558 

pumping, regardless of the involvement of Ca2+, can increase the concentration of CO32- by two 559 

mechanisms.  First, the speciation of DIC shifts from HCO3– to CO32– with increasing pH.  In 560 

addition, higher pHs in the ECF lead to larger DIC concentrations due to the cross-membrane 561 

CO2(aq) flux (as has been observed by Allison et al., 2014), until ~pKa2 when the [CO2(aq)] 562 

gradient appoaches its maximum value. This extra carbon flux is enhanced by carbonic anhydrase 563 

because the enzyme efficiently converts new CO2(aq) from outside the ECF to HCO3– (Chen et al., 564 

2018).  Both of these mechanisms relieve the lack of carbon relative to Ca and make Ca2+ pumping 565 

of lesser importance in the biomineralization process. A limited effect of Ca2+ pumping compared 566 

to total H+ pumping has also been suggested in foraminifera (Vigier et al., 2015) as well as 567 

laboratory simulations of the biomineralization process (Zeebe and Sanyal, 2002), and is likely the 568 

calcification strategy used by deep-sea corals in an environment of relatively low aragonite 569 

saturation. 570 

 571 

4.2.3 Possible Growth Rate Effects  572 

  Although the simple model with constant distribution coefficients can explain most tracer 573 

correlation features in the data with the low fCa case, the full range of Me/Ca variability would 574 
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require fCa to be close to 0, and calls for pumps other than Ca-ATPase as the major source of 575 

alkalinity to the ECF in D. dianthus. In addition, microelectrode measurements of [Ca2+] in the 576 

ECF of surface corals show slight increases relative to seawater (Al Horani et al., 2003), instead 577 

of a 2-fold decrease suggested by the our simple model (Figure 11b). While it is possible that deep-578 

sea corals have different calcification dynamics, such a large discrepancy from surface corals 579 

would seem unlikely. Finally, in order to fit the Me/Ca ratios in the deep-sea coral data, we need 580 

specific distribution coefficients for Mg, Li and Sr. Among the three, only DSr is taken directly 581 

from inorganic aragonite precipitation experiments (Kinsman and Holland, 1969; Gaetani and 582 

Cohen, 2006). Both DMg and DLi are derived from empirical fits to coral data (Reynaud et al., 2007; 583 

Montagna et al., 2014) and very different from the available constraints by inorganic experiments 584 

(Marriott et al., 2004; Gaetani and Cohen, 2006). These observations call for an additional 585 

mechanism not considered in our simple biomineralization model with constant distribution 586 

coefficients. 587 

  A likely candidate for the additional mechanism of tracer incorporation is the growth rate 588 

effect. In recent years, a number of carbonate precipitation experiments have been conducted to 589 

study the growth rate dependence of the incorporation of minor and trace elements (e.g. Gabitov 590 

et al., 2008; Tang et al., 2008; Mavromatis et al., 2013; Gabitov et al., 2014), as well as stable 591 

isotope fractionation (e.g. Tang et al., 2008; Gabitov et al., 2012; Gabitov, 2013; Watkins et al., 592 

2013; Mavromatis et al., 2013). These experiments generally attempt to construct a sigmoid 593 

function of the distribution coefficients or fractionation factors with respect to CaCO3 growth rates, 594 

with an equilibrium end member at low growth rates, a kinetic end member at high growth rates 595 

and a transition at intermediate growth rates (DePaolo, 2011). Theoretical frameworks for the 596 

growth rate dependence of the distribution coefficients and fractionation factors have been 597 
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constructed based on the semi-empirical approach of a diffusion-related surface entrapment model 598 

(Watson, 2004), and a more mechanistic approach of an ion-by-ion growth model governed by 599 

energetics at the fluid-mineral interface (DePaolo, 2011; Nielsen et al., 2012, 2013; Watkins et al., 600 

2013). We favor the ion-by-ion mechanism based on its successful application in our stable isotope 601 

model results (Chen et al., 2018). By applying the growth rate dependent oxygen isotope 602 

fractionation factors derived from the ion-by-ion growth model (Watkins et al., 2014), we 603 

generated an inorganic end member δ18O and δ13C composition that is consistent with the deep-604 

sea coral data (Chen et al., 2018). Therefore it is reasonable to expect some growth rate dependence 605 

of the incorporation of minor and trace elements in the corals as well.  606 

  Application of the ion-by-ion model to Me/Ca ratios in the corals, however, is limited by 607 

the availability of experimental constraints. The number of aragonite precipitation experiments 608 

with minor and trace elements is much smaller than those for calcite, and very few have examined 609 

the growth rate dependence systematically (Gaetani and Cohen, 2006; Gabitov et al., 2008; 610 

Mavromatis et al., 2018). Therefore, we use the model formulation proposed in DePaolo (2011), 611 

and try to constrain the sigmoid of distribution coefficients with the deep-sea coral data. The 612 

sigmoid can be modeled as: 613 

𝐷 =
𝐷X

1 + 𝑅Z𝑅X
[
𝐷X
𝐷M\

− 1]
				 (4) 614 

In Equation (4), Df and Deq are the distribution coefficients for the kinetic and equilibrium end 615 

members respectively. The effective D varies between the two end members modulated by the 616 

ratio of backward and forward reaction rates (Rb/Rf). While the DePaolo (2011) model equated the 617 

forward and backward reactions to gross carbonate precipitation and dissolution, an updated 618 

version of the model interpreted the forward and backward reactions as the attachment and 619 
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detachment frequencies of specific ions to the mineral surface, and can therefore be different for 620 

different elements (Zhang and Nancollas, 1998; Nielsen et al., 2013). As one of the few existing 621 

systematic aragonite precipitation experiments, Gaetani and Cohen (2006) noted that their 622 

experimentally measured distribution coefficients for inorganic aragonite precipitated from 623 

seawater may be kinetically controlled and very different from thermodynamic considerations. We 624 

use their experimentally derived as well as theoretically calculated (based on lattice strain theory 625 

by Blundy and Wood, 1994) DMg and DSr as the reference points for our model. 626 

  Figure 13 shows the growth rate dependence of DMg and DSr calculated from the deep-sea 627 

coral isotope and Me/Ca data, obtained by using our biomineralization model to esimate the Me/Ca 628 

ratios in the ECF at the moment of calcification. The growth rates, as well as [Ca2+] and carbonate 629 

chemistry in the ECF, are derived by fitting the stable isotope data of each coral with the model 630 

parameters used in Chen et al. (2018). The isotope-based [Ca2+] and carbonate chemistry then 631 

allows us to simulate the Me/Ca ratios in the ECF corresponding to specific growth rates at 632 

different fCa, and calculate the required distribution coefficients from the measured Me/Ca data in 633 

the coral skeleton and the modeled Me/Ca ratio in the ECF. We see that little growth rate 634 

dependence is required to fit the data for the fCa=0 case (Figure 13a, 13d). As discussed in Section 635 

4.2, the Ca2+ dynamics alone can drive most of the observed range in Me/Ca with constant 636 

distribution coefficients at fCa=0 (Figure 11). At higher fCa, the calculated DMg and DSr start to show 637 

increases with growth rates (Figure 13b, c, e, f). As fCa increases in the alkalinity pump, the [Ca2+] 638 

change in the ECF is more strongly buffered (Figure 13b), therefore requiring a stronger growth 639 

rate dependence of the distribution coefficients to drive the observed Me/Ca changes. This effect 640 

influences DSr more than DMg, as more Ca2+ pumping (higher fCa) increases the preferential 641 

removal of Sr2+ (as discussed in Section 4.2.2), lowers Sr/Ca in the ECF, and requires higher DSr 642 
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to match the observed Sr/Ca in the corals. If we take the seawater aragonite precipitation 643 

experiments by Gaetani and Cohen (2006) as a constraint on the kinetic end member (1.33 at 5°C 644 

as the upper limit for DSr), a sensitivity test with our model suggests that fCa cannot exceed 0.1, 645 

which corresponds to limited Ca2+ pumping with a relatively weak growth rate dependence.  646 

  To further evaluate the growth rate effects in cation incorporation, it is instructive to 647 

compare the deep-sea coral data to inorganic experiments as well as other marine calcifying 648 

organisms, especially those that make aragonite. Recently it was discovered that the aragonitic 649 

benthic foraminifera Hoeglundina elegans shares the same Li/Mg–temperature relation with 650 

different coral species (Marchitto et al., 2018; Stewart et al., 2020). However, the Li/Ca, Mg/Ca 651 

and Sr/Ca ratios of H.elegans are lower than those of corals and closer to those of other calcitic 652 

foraminifera (Rosenthal et al., 2006; Bryan and Marchitto, 2008; Marchitto et al., 2018). A 653 

plausible explanation is a difference in growth rates between foraminifera and corals. Although it 654 

is difficult to constrain foraminifera growth rates, they are likely much lower than corals. A surface 655 

area normalized growth rate of planktonic foraminifera is estimated at 1×10–8 mol/m2/s by Erez 656 

(2003), and that of benthic foraminifera in deep environments is likely even lower. We estimate 657 

the growth rates of H.elegans by assuming precipitation of aragonite from a medium similar to 658 

seawater with the same rate law as the deep-sea corals (Romanek et al., 2011; Chen et al., 2018). 659 

To account for the fact that some H.elegans were found in undersaturated seawater, we apply a 660 

50% increase in the aragonite saturation state in their calcifying fluid relative to the ambient 661 

seawater, the minimum amount required for individuals living in the most undersaturated seawater 662 

to achieve supersaturation. The growth rates we obtain for H.elegans are in the range of 10-10–10-663 

9 mol/m2/s, which are likely on the low end of possible growth rates given our conservative 664 

assumptions. When compared to corals, the relatively low growth rates of H.elegans may account 665 
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for its low Me/Ca ratios (Figure 13). In fact, DMg and DSr of H.elegans are close to the 666 

thermodynamic values estimated by Gaetani and Cohen (2006) for aragonite based on the lattice 667 

strain theory (Blundy and Wood, 1994), while deep-sea corals have higher distribution coefficients 668 

(Figure 13). It is also noted that DSr obtained in seawater aragonite experiments by Zhong and 669 

Mucci (1989) fall between deep-sea corals and H.elegans with intermediate growth rates (Figure 670 

13d). DMg values from experiments by Gabitov et al. (2008), in contrast, are significantly lower 671 

than other inorganic and biogenic carbonates (Figure 13a), likely due to the their specific 672 

experimental setup and very different Mg/Ca ratios in these experiments from seawater.  673 

  Although there is significant scatter in the compiled aragonite data, it is possible to derive 674 

the growth rate sigmoids for DMg and DSr in aragonite with Equation (4) at different backward 675 

reaction rates (Rb) as a sensitivity study. The sigmoid curves in Figure 13 show that the Rb values 676 

required for Mg and Sr are on the order of 10-7 and 10-10 mol/m2/s respectively. The Rb for Sr is 677 

similar to aragonite dissolution rates measured in seawater near saturation (Dong et al., 2019), 678 

suggesting similar behavior of Sr and Ca in terms of attachment to and detachment from the 679 

mineral surface. The much higher Rb for Mg suggests higher detachment rates relative to 680 

attachment rates to the mineral surface, as incorporation of Mg in the aragonite lattice is 681 

thermodynamically unfavorable (Berner, 1975; Sun et al., 2015). The different growth rate 682 

sensitivities for Mg and Sr can therefore explain the relatively large difference in Sr/Ca between 683 

corals and H.elegans, as opposed to similar Mg/Ca values for the two different aragonite 684 

producers. Although these preliminary results suggest the possibility of a common mechanism for 685 

cation incorporation in inorganic and biogenic aragonite, we caution that the growth rate 686 

dependence derived here for aragonite has many uncertainties, and needs to be tested with more 687 

systematic inorganic aragonite precipitation experiments and more rigorous surface speciation 688 
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models in the future. Meanwhile, we cannot rule out the possibility that the foraminifera 689 

calcification process is completely different from corals in terms of the biological controls and 690 

chemical flux balance, which we cannot account for in our simplified calculations. 691 

 692 

4.2.4 Boron Incorporation Mechanism in Corals 693 

  While the metal cations are mainly controlled by the Ca2+ dynamics in the ECF, likely with 694 

an influence from growth rates, boron incorporation in carbonates follows the DIC system. 695 

However, the strong correlations between B/Ca, Mg/Ca and δ18O in deep-sea corals, especially in 696 

the fibrous aragonite, suggests close coupling between calcium and carbon dynamics during the 697 

biomineralization process. To our knowledge, few studies have reported such strong correlations 698 

between boron and other elements for a coral species (Sinclair, 2005; Stewart et al., 2016; Wu et 699 

al., 2017). Through the negative Mg/Ca–δ18O correlation, we have established how Mg can be 700 

enriched with increasing alkalinity pump rates. Therefore, a positive B/Ca–Mg/Ca correlation 701 

suggests B is also enriched as the alkalinity pump increases. By comparing model simulations to 702 

the data, we can test different boron incorporation mechanisms in the deep-sea corals. 703 

  Figure 14 shows the B/Ca–Mg/Ca correlation from SIMS measurements compared to 704 

model outputs of different boron partition rules.  We consider both total boron and B(OH)4– in the 705 

numerator of DB, and DIC, HCO3–, and CO32– in the denominator of DB.  We see that in order to 706 

get a positive B/Ca–Mg/Ca correlation (i.e. the left limb of the Mg/Ca–B/Ca “arch” seen in fibrous 707 

aragonite), B(OH)4– has to be the species that gets incorporated (Figure 14a). Since the distribution 708 

coefficient of boron is much smaller than 1, the total boron in the ECF is minimally impacted by 709 

precipitation. Therefore the predicted B/Ca ratio would be controlled by the DIC dynamics if a 710 

distribution coefficient based on total boron is considered, just like Mg and Li are controlled by 711 
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the Ca dynamics. Due to the catalytic effect of carbonic anhydrase, the DIC in the ECF is elevated 712 

above ambient seawater from the cross-membrane CO2(aq) flux over a large range of alkalinity 713 

pump rates (Figure 11b, Chen et al., 2018). As a result, when total boron is incorporated, B/Ca 714 

would first decrease at elevated DIC (or HCO3–), and then increase after the precipitation rate is 715 

high enough to remove the extra DIC from the ECF (Figure 11c, 14b).  This is the opposite of the 716 

pattern we observe at all scales in our modern deep-sea corals. In the case of total boron and 717 

[CO32–], B/Ca keeps decreasing because [CO32–] keeps increasing at elevated pump rates and 718 

higher pH (Figure 14b). In contrast, when only B(OH)4– is incorporated, the increase in B(OH)4– 719 

fraction at higher pH can outcompete the DIC increase and make B/Ca increase with Mg/Ca. 720 

However, when DIC or HCO3– is substituted by B(OH)4–, the predicted B/Ca increase is too rapid 721 

compared to the data (Figure 14a). In order to balance the B/Ca increase, the substituted species 722 

(the denominator in the boron partition rule) has to increase more rapidly than DIC and HCO3–, 723 

leaving CO32– as the only candidate. However, since pKa2 (9.3 at 5°C) of the DIC system is higher 724 

than pKB (8.8 at 5°C) of the boron system, CO32– increases more rapidly than B(OH)4– in the pH 725 

range of the ECF, causing a decrease in B/Ca at higher Mg/Ca when a [B(OH)4–]/[CO32–] rule is 726 

used (Figure 14a). The best agreement between the model and the range and relationships of the 727 

B/Ca and Mg/Ca data from the fibrous aragonite of the corals is found when the partition rule of 728 

[B(OH)4–]/[CO32–]0.5 is used (Figure 14a), as the square root term modulates the magnitude of 729 

[CO32–] change. 730 

  For boron incorporation in aragonite, it has generally been suggested by theory and 731 

observations that B(OH)4– is the dominant species incorporated (Klochko et al., 2009; Noireaux et 732 

al., 2015; Holcomb et al., 2016; Balan et al., 2016; Branson, 2018; Farmer et al., 2019; Henehan 733 

et al., 2022). Our deep-sea coral data is consistent with this idea, providing support to the boron 734 
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isotope proxy in D. dianthus based on the assumption of exclusive B(OH)4– incorporation 735 

(Anagnostou et al., 2012; McCulloch et al., 2012; Stewart et al., 2016; Rae et al., 2018). The 736 

[B(OH)4–]/[CO32–]0.5 partition rule that best fits our Mg/Ca–B/Ca data in fibrous aragonite, though, 737 

has received less attention. The rule was proposed by Holcomb et al. (2016) based on a charge 738 

balanced exchange reaction, in which a B(OH)4– only substitutes for half the charge of CO32–, and 739 

the square root power comes from the CO32– stoichiometric coefficient of the exchange reaction. 740 

Although the physical basis of such an exchange reaction is debatable, Holcomb et al. (2016) found 741 

that this rule explains most of the variance in their inorganic aragonite experiments. An equally 742 

good rule in Holcomb et al. (2016) that collapses the variance in their data is Btotal/DIC, but we do 743 

not find it favorable for the deep-sea coral data. In addition, the DB value estimated from the deep-744 

sea coral data with the [B(OH)4–]/[CO32–]0.5 rule is within the range obtained from the inorganic 745 

precipitation experiments by Holcomb et al. (2016). It is important to understand the underlying 746 

physicochemical basis of this partition rule that applies to both corals and inorganic aragonite, and 747 

a detailed surface speciation model for boron in aragonite will be helpful. The surface speciation 748 

for boron in aragonite and calcite is likely very different (Branson, 2018; Farmer et al., 2019; 749 

Henehan et al., 2022), and it is unclear whether there is a significant growth rate effect on boron 750 

in aragonite. The increase in DB with growth rate in calcite has been attributed to increased 751 

incorporation of B(OH)3 at higher growth rates (Farmer et al., 2019), which is probably of lesser 752 

importance in aragonite. In fact, using a constant DB already explains most of the B/Ca range in 753 

D. dianthus. The only exception is the COCs (i.e. the right limb of the Mg/Ca–B/Ca “arch”). The 754 

current biomineralization model based on known physicochemical rules cannot predict the low 755 

B/Ca in the COCs with the same rule as the aragonite fibers. The only model that reaches the 756 

measured COC composition is with the [B(OH)4–]/[CO32–] rule (Figure 14a). It is possible that a 757 
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drastic change in growth conditions and surface energetics between COCs and aragonite fibers can 758 

cause a change in the apparent boron incorporation rule. It is also possible that the COCs formed 759 

from a different calcification mechanism such as amorphous CaCO3 (ACC) precursors, as has been 760 

suggested in different calcifying organisms (Jacob et al., 2008; Rollion-Bard et al., 2010; Mass et 761 

al., 2017; Sun et al., 2020). Finally, we note that boric acid diffusion has recently been suggested 762 

to influence the δ11B proxy in corals (Gagnon et al., 2021). We do not find the B(OH)3 diffusion 763 

process can significantly alter the Mg/Ca–B/Ca correlation patterns in our model within a 764 

reasonable range of membrane B(OH)3 diffusivities. In contrast, B(OH)3 diffusion could influence 765 

the δ11B of the coral skeletons more strongly by altering the δ11B of total boron in the ECF. 766 

 767 

4.2.5 Influence of Growth Environment on Coral Calcification 768 

  In the discussion above, we have focused on the spatially coherent tracer correlations in 769 

individual corals, and how they can be explained in the framework of a biomineralization model 770 

that considers the important fluxes in the calcification process. However, the calcification process 771 

is also expected to be sensitive to a coral’s growth environment, as alluded to in the range of tracer 772 

variability in individual corals (Figures 2, 4, 8, 9). Numerous studies have shown the impact of 773 

ocean acidification and changes in the ambient saturation state on the growth of surface corals (e.g. 774 

Langdon et al., 2000; Cohen et al., 2009; Venn et al., 2013; Mollica et al., 2018), which is also 775 

reflected in the incorporation of minor and trace elements (Cohen et al., 2009; Gagnon et al., 2013). 776 

With a growth environment that is right around aragonite saturation, deep-sea corals provide a 777 

natural experiment to study the interaction between the ambient saturation state and the 778 

biomineralization process. 779 
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  From the stable isotope results in D. dianthus, we see that corals from undersaturated 780 

seawater have a narrower range in δ13C and δ18O that is biased toward more enriched values 781 

(Figure 2). This is also reflected in the range of Mg/Ca variability, with corals from undersaturated 782 

seawater having a narrower range and lower mean values (Figure 9). In light of our 783 

biomineralization model, this suggests a limited amount of alkalinity pumping under the stress of 784 

ambient undersaturation. Figure 15 shows histograms of model-derived ECF pHs of four D. 785 

dianthus individuals with a relatively large number (N>25) of δ18O measurements (this study and 786 

Adkins et al., 2003). We see that corals from undersaturated seawater (84820 and Titan) mostly 787 

have a pH upper limit of 9, while corals from supersaturated seawater (47407 and 78459) have a 788 

fraction of data points that are above pH 9. This difference suggests that the corals may only exert 789 

high alkalinity pump rates that take the ECF pH up to pKa2 in the fibrous aragonite (and beyond 790 

pKa2 in the COCs) of the carbonate system (~9.3 at 5°C) in a favorable growth condition of ambient 791 

supersaturation. Stress from ambient undersaturation may limit the amount of alkalinity pumping 792 

the corals utilize to make their skeleton and puts a lower threshold on the ECF pH than pKa2, which 793 

has also been suggested for ocean acidification studies of surface corals (Gagnon et al., 2013; Venn 794 

et al., 2013). It is also noted that the minimum pH in the ECF is lower for corals from the 795 

thermocline (~8.3, Figure 15a) compared to those from below 2000m depth (~8.5, Figure 15b). 796 

Corals seem to need to achieve higher pH values in their ECF before precipitation can start when 797 

they grow at greater depths. This threshold pH is likely influenced by the effects of low 798 

temperature and high pressure on the aragonite saturation state (ΩA) in the deep ocean. Indeed, 799 

through our model, we find that the threshold ΩA in the ECF corresponding to the threshold pH is 800 

higher for the deep water corals (ΩA=5.7) compared to the thermocline ones (ΩA=3.6), after 801 

accounting for the temperature and pressure effects on aragonite solubility. We suspect that this is 802 
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related to a pressure-dependent kinetic effect on aragonite precipitation in the deep ocean, in 803 

addition to the thermodynamic control on ΩA. A pressure dependence on calcite dissolution 804 

kinetics has been experimentally observed, where raising the pressure by 700 dbar increases the 805 

dissolution rates of calcite by a factor of 2–4 compared to ambient pressure at the same saturation 806 

state (Dong et al., 2018). A similar pressure-related kinetic effect on precipitation may exist, as 807 

our model also predicts a minimum precipitation rate corresponding to the threshold pH in deep-808 

water corals to be approximately twice as much as their thermocline counterparts. This is an 809 

interesting observation that warrants more robust experimental exploration. Finally, we also note 810 

that despite the differences in the range of ECF pH achieved in corals from supersaturated and 811 

undersaturated seawater, the differences in ECF pH corresponding to the mean δ18O of each coral 812 

is very small (dashed lines in Figure 15). This is a result of the larger fractions of data points in 813 

the low to medium pH range for each coral that correspond to the fibrous aragonite in the skeletons. 814 

The small difference in mean ECF pH may explain the relatively low sensitivity of the δ11B–pH 815 

proxy (δ11Bcoral–δ11Bborate slopes much shallower than 1:1) in bulk deep-sea coral calibrations 816 

(Anagnostou et al., 2012; McCulloch et al., 2012; Stewart et al., 2016; Rae et al., 2018), while also 817 

allowing the bulk δ11B values to retain a signal of external seawater pH despite the range of pHs 818 

experienced in the ECF. 819 

  In addition to alkalinity pump rates, it should be pointed out that there are other parameters 820 

in our model that can be changed for individual corals, including the seawater turnover rate and 821 

the fCa parameter. A natural response to ambient undersaturation for the corals would be to slow 822 

down the turnover rates of the corrosive seawater (increase τsw), and increase fCa through the pump 823 

to make up for the reduced Ca2+ supply from seawater. Such a response would make the ECF a 824 

more closed system and increase the pH at low pump rates (Chen et al., 2018; Chen et al., 2021), 825 
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and change the associated Me/Ca variability. An example of such a case is coral Gaia from deep 826 

waters off of Tasmania, which has lower Me/Ca ratios than the other corals in our dataset (Figure 827 

3, 4). An increase in fCa would limit the Mg enrichment and strengthen the Sr depletion effect 828 

(Figure 11e, f), while a slower growth rate may have also played a role in its lower Me/Ca values 829 

(Figure 13). Such a change in calcification strategy and its impact on tracers can have important 830 

implications for tracer-environment calibrations with bulk samples.  831 

  832 

5. Synthesis 833 

  We have observed spatially coherent isotope and Me/Ca variability in the model deep-sea 834 

coral species D. dianthus that span a range of scales from a few microns to bulk samples. The 835 

coherent isotope and Me/Ca correlations in the fibrous aragonite can be systematically explained 836 

by a biomineralization model that simulates the internal pH-elevation process in the ECF of the 837 

corals. In response to the pH elevation, there is a depletion in δ13C, δ18O and Sr/Ca, coupled to 838 

enrichments in Li/Ca, Mg/Ca and B/Ca, resulting in the observed correlation patterns. The 839 

correlations in the fibrous aragonite break down in the COCs for most of the tracers, suggesting 840 

the possibility of a different biomineralization mechanism in this skeletal texture.  841 

  The observed tracer variability and correlations in the fibrous aragonite of D. dianthus 842 

suggest control by an alkalinity pump with a low fraction of calcium ion transporters. The growth 843 

rate dependence of the incorporation of minor and trace elements may also play a role in 844 

determining the absolute Me/Ca ratios in deep-sea corals and explain the different Me/Ca ratios in 845 

different inorganic and biogenic aragonites. We also find that the positive Mg/Ca–B/Ca correlation 846 

in the fibrous aragonite supports the incorporation of B(OH)4– in place of CO32– in the coral 847 

skeleton. 848 
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  Finally, we generally observe a narrower range in tracer variability and less extreme tracer 849 

values in corals from undersaturated seawater compared to those from supersaturated seawater, 850 

suggesting a change in the strength of the alkalinity pump in response to the ambient growth 851 

environment. This response may be the underlying mechanism of different environmental 852 

sensitivities of various carbonate chemistry proxies. By better understanding such mechanisms, 853 

we can potentially improve paleoceanographic tracers in deep-sea corals with a multi-proxy 854 

approach coupled with a quantitative, process-based biomineralization model in the future. 855 
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 1233 

 1234 
Figure 1 Schematic diagram of the sampling process. (a) The main panel shows the front view of 1235 
a D. dianthus calice (~7 cm in height). The inset shows the top view of the calice along the 1236 
transverse plane (~4 cm in diameter, Gagnon et al., 2007). (b) A thick slice of the calice is cut from 1237 
the top view (5–10 mm in width, ~1 mm thick). The thick slice can be split into two thinner layers 1238 
with a diamond saw blade, as illustrated by the dashed lines. The two thinner pieces can be polished 1239 
and used for micromilling and SIMS/nanoSIMS analyses respectively. (c) A reflected light image 1240 
of a thick section of D. dianthus taken with an Olympus SZ-CTV microscope. The two septa S1 1241 
and S2 both have a white COC band running through the middle, surrounded by dark aragonite 1242 
fibers on each side.  The theca is a mixture of COC-like white material and fibrous-aragonite-like 1243 
dark material. (d) A transmitted light image of the S1 septum taken with a Leica DM2500P 1244 
microscope. The COC shows up as the dark band in the middle. The fibrous aragonite shows 1245 
needle-like patterns radiating from the COC. Micromilling typically samples the whole growth 1246 
band along its orientation as shown by the black rectangles. The actual lengths of the micromilled 1247 
bands are longer than those shown in this image. The SIMS O– beam typically measures a spot 1248 
25–30 µm in size, as shown by the red circles. The nanoSIMS measurements sample a square 1249 
region similar in size to a SIMS spot, and make a 512×512 pixel element map of the whole square. 1250 
The rightmost yellow square with grid lines illustrates this mapping process but with much lower 1251 
resolution than the actual measurements.  1252 
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 1253 
Table 1 Me/Ca measurements of Jcp-1 standard 1254 

Ratio Calibration 
Standard 

Li/Ca 
(µmol/mol) 

B/Ca 
(µmol/mol) 

Mg/Ca 
(mmol/mol) 

Sr/Ca 
(mmol/mol) 

Hathorne 
(2013) 

Multiple 
Labs 

6.185±0.107 459.6±22.7 4.199±0.065 8.838±0.042 

Caltech 
uncleaned 

8301C 
(N=15) 

6.350±0.089 476.2±9.1 4.215±0.022 8.692±0.051 

St Andrews 
uncleaned 

BSGS/8301C 
(N=3) 

6.003±0.282 428.3±3.5 4.199±0.054 8.743±0.033 

St Andrews 
cleaned 

BSGS/8301C 
(N=4) 

4.709±0.147 357.6±12.5 3.168±0.193 8.723±0.023 

Note: Errors for Caltech measurements are standard deviations (1 SD) of replicate measurements 1255 
of different dilutions of a Jcp-1 solution made from fresh powder without chemical cleaning. The 1256 
St Andrews measurement errors are 1 SD of replicate measurements of a single solution, and 1257 
results for both cleaned and uncleaned powder are shown. The Hathorne et al. (2013) values are 1258 
robust means and standard deviations (1σ) of an interlab calibration effort as originally reported. 1259 
 1260 

 1261 
Figure 2 Stable isotope compositions of micromilled bands in D. dianthus individuals. Open 1262 
symbols indicate aragonite fibers, and filled symbols indicate samples from regions containing 1263 
COCs or COC-like structures from the same coral, though we note that given the sample sizes 1264 
these likely contain a mix of both COC material and fibrous aragonite.  Panel (a) shows corals 1265 
from supersaturated seawater with respect to aragonite (Ω" > 1), while panel (b) shows corals 1266 
from undersaturated seawater with respect to aragonite (Ω" < 1). The numbers show the least-1267 
squares δ18O–δ13C slopes calculated from fibrous aragonite data points of the same color. The stars 1268 
show the expected compositions of inorganic aragonite precipitated directly from the seawater 1269 
each coral grew in (with corresponding symbol colors), following the model approach of Chen et 1270 
al. (2018). 1271 
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 1273 
Figure 3 Correlations of Mg/Ca with (a) B/Ca and (b) Sr/Ca  from micromilled samples in different 1274 
D. dianthus individuals measured at Caltech. The open symbols represent aragonite fibers, while 1275 
filled symbols represent COCs or COC-like structures, though we note that given the sampling 1276 
size these likely contain a mix of both COC material and fibrous aragonite. The black crosses on 1277 
the upper left corners in each panel mark average analytical uncertainties (2 SD) of the micromilled 1278 
samples.  1279 
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 1280 
Figure 4 Me/Ca correlations measured by SIMS on four individual D. dianthus, with each column 1281 
corresponding to one individual. Row 1 (a–d), row 2 (e–h) and row 3 (i–l) show Mg/Ca correlations 1282 
with Li/Ca, B/Ca and Sr/Ca in each coral respectively. Red circles and blue squares represent spots 1283 
from different septa (S1 and S2) of the same coral, with open symbols showing aragonite fibers 1284 
and filled symbols showing COCs. Yellow diamonds represent spots from the theca regions of the 1285 
corals. The bottom row (m–p) shows reflected light images of a thick section of each coral with 1286 
locations of the SIMS data points. The white scale bars in each image correspond to 1 mm. For 1287 
Gaia, the S2 data points come from the bottom of the septum very close to the theca. The black 1288 
crosses in panels (d), (h) and (l) mark average analytical uncertainties (2 SD) of all the SIMS data 1289 
points. 1290 
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 1292 
Figure 5 NanoSIMS mapping of coral 62309 and 47407. Each row shows Me/Ca mapping of a 30 1293 
or 40 µm spot (512×512 pixels) on the septa of the corals.  A 7-pixel smoothing is applied to the 1294 
raw images to enhance the patterns, especially for Li and B. The top two rows (a–d, e–h) show 1295 
spots from 62309 and the bottom two rows (i–l, m–p) show spots from 47407. Rows 1 and 3 1296 
correspond to a fibrous aragonite (FIB) spot in each coral, while rows 2 and 4 include COC features 1297 
as evidenced by high Mg/Ca. The images were generated in two separate analytical sessions for 1298 
the two corals, and the instrument sensitivity was different between the sessions, especially for Li 1299 
and B. The colorbars for Li/Ca and B/Ca are adjusted for the two corals to maximize the color 1300 
contrast of each image. The orientations of the growth bands are different for the two corals 1301 
(vertical for 62309, diagonal for 47407) due to the angles of particular septa when the coral 1302 
sections were placed into the instrument. The black rectangles in each panel are 30-pixel wide 1303 
bands through which Me/Ca profiles are generated by L’IMAGE and shown in Figure 6. The high 1304 
Sr/Ca values on the left edge for 47407 (panel l and p) are most likely a result of surface charging 1305 
on the sample and do not reflect true Sr/Ca changes in the coral. 1306 
  1307 
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 1308 
Figure 6 Standardized Me/Ca profiles from transects in NanoSIMS images in Figure 5 produced 1309 
by L’IMAGE. Each column represents a spot in Figure 6. The top row (a–d) shows Li/Ca on the 1310 
left axes and B/Ca on the right axes, while the bottom row (e–h) shows Mg/Ca on the left axes and 1311 
Sr/Ca on the right axes. Significant Me/Ca variations are observed on micron scales in each 1312 
transect. The COC features show up with significant increase in Mg/Ca and decrease in B/Ca. 1313 
Sr/Ca for the 47407 spots are cut off at 12 mmol/mol to avoid the high edge values and be 1314 
consistent with the 62309 spots. 1315 
 1316 

 1317 
Figure 7 Correlations between δ18O and (a) B/Ca, (b) Mg/Ca and (c) Sr/Ca ratios from micromilled 1318 
samples (as in Figure 3). The open symbols represent fibrous aragonite while the filled symbols 1319 
represent the COCs or COC-like structures. 1320 
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 1322 
Figure 8 Comparison of Me/Ca correlations across measurement scales in four individual D. 1323 
dianthus. The upper row (a–d) shows Mg/Ca-B/Ca correlations, while the lower row (e–h) shows 1324 
Mg/Ca-Sr/Ca correlations. Yellow circles represent NanoSIMS data presented in Figure 6. Red 1325 
squares represent SIMS data, most of which are presented if Figure 4. Blue triangles represent 1326 
micromill data, most of which are presented in Figure 3. Black stars represent the bulk composition 1327 
measured for each coral. Open symbols represent aragonite fibers and filled symbols represent 1328 
COCs or COC-like structures identified on each measurement scale.   1329 
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 1330 
Figure 9 Mg/Ca–δ18O correlation across measurement scales. (a) SIMS and micromill data of Big 1331 
Beauty. The SIMS data (open circles) are plotted with 2 standard errors. The micromill data (filled 1332 
circles) have errors smaller than the symbol size. (b) Micromill data of four individual D. dianthus. 1333 
47394 (open squares) and 47407 (open circles) are from supersaturated seawater, while Gaia (solid 1334 
diamonds) and 84820 (solid triangles) are from undersaturated seawater. The measurement errors 1335 
are smaller than the symbols. (c) Mg/Ca and δ18O of bulk coral samples. Each point is a bulk 1336 
sample of an individual D. dianthus. Open symbols and filled symbols are corals from 1337 
supersaturated and undersaturated seawater respectively. The error bars are 2 SD of replicate 1338 
measurements of multiple aliquots of the bulk powder.  1339 
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 1340 

 1341 
Figure 10 Schematic diagram of the coral biomineralization model. The dynamics of carbonate 1342 
chemistry and stable isotope fractionation are the same as in Chen et al. (2018). Metal cations are 1343 
added to the model, with a source from seawater transport (with rate of Dsw) and sink by 1344 
coprecipitation with CaCO3. The dimension of the ECF is z=10 µm, and the seawater turnover 1345 
timescale is 𝜏*+ = 𝑧/𝐷*+.  1346 
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 1347 

 1348 
Figure 11 Model output of isotope and Me/Ca tracers vs. alkalinity pump rates. Each point on a 1349 
model curve is a steady state solution to a prescribed alkalinity pump rate with ambient seawater 1350 
as the initial condition (5°C, 500 m, 2150 µeq/kg Alk, 2000 µmol/kg DIC). Panel (a) shows δ18O 1351 
of the skeleton, panel (b) shows [Ca2+] and DIC in the ECF, and panels (c)–(f) show B/Ca, Li/Ca, 1352 
Mg/Ca, Sr/Ca of the skeleton respectively. Constant distribution coefficients are assumed for 1353 
different elements based on inorganic precipitation experiments (DB=0.003, Hemming et al., 1995; 1354 
DSr=1.33, Gaetani and Cohen, 2006) or empirical fits to coral data (DLi=4×10-3, Montagna et al., 1355 
2014; DMg=3×10-4, Reynaud et al., 2007). Two scenarios are shown for B/Ca corresponding to two 1356 
different boron incorporation rules, B(OH)4– substituting HCO3– and total boron substituting total 1357 
DIC. In each panel, the three curves correspond to a different fraction of Ca2+ in the total alkalinity 1358 
pump (fCa=0 black solid, fCa=0.5 blue dashed, fCa=1 red dash-dot).  1359 
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 1360 

 1361 
Figure 12 Comparison of model simulations with constant distribution coefficients to tracer data 1362 
in coral 47407. SIMS data are shown in panels (a) and (b), while micromill data are shown in panel 1363 
(c). Different curves correspond to different fractions of Ca2+ pump in total alkalinity pump. The 1364 
distribution coefficients used are DMg=4.5×10-4, DLi=4×10-3, DSr=1.33 respectively. DLi and DSr 1365 
are the same as in Figure 9, while DMg is adjusted to fit the data.  1366 
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 1367 

 1368 
Figure 13 Growth rate dependence of DMg (a–c) and DSr (d–f) in aragonite from deep-sea coral D. 1369 
dianthus, foraminifera H.elegans and inorganic experiments. Growth rates on the x-axis are net 1370 
aragonite growth rates (R=Rf–Rb). H.elegans data (orange bar) are selected from a temperature 1371 
range of 4–6°C in Rosenthal et al. (2006). The foraminifera growth rates are calculated with the 1372 
same rate law as the deep-sea corals and assumes a 50% increase in aragonite saturation in the 1373 
foraminifera calcifying fluid relative to the ambient seawater, with the same Mg/Ca and Sr/Ca as 1374 
seawater. We only show the range of estimated values with the orange bar due to many 1375 
uncertainties involved. Inorganic aragonite data (purple dots) are from Gabitov et al. (2008) for 1376 
Mg and Zhong and Mucci (1989) for Sr. The sigmoid curves are calculated from Equation (4), 1377 
with different backward reaction rates (Rb in units of mol/m2/s). The equilibrium end member at 1378 
low growth rates are calculated from the lattice strain theory (Blundy and Wood, 1994) following 1379 
Gaetani and Cohen (2006) (𝐷L3

M\ =2.95×10-4, 𝐷`2
M\=0.0776). The kinetic end member at high growth 1380 

rates are based on experimentally determined temperature dependence in Gaetani and Cohen (2006)  1381 
(𝐷L3

X =2.14×10-3, 𝐷`2
X =1.33). Different columns correspond to fCa values of 0, 0.25 and 0.5.  1382 
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 1383 
Figure 14 Data-model comparison of Mg/Ca–B/Ca correlation in D. dianthus. The data are from 1384 
SIMS measurements of corals growing close to 5°C. The open symbols show fibrous aragonite 1385 
while the filled symbols show corresponding COCs of individual corals. Panel (a) shows model 1386 
results assuming B(OH)4– is the species incorporated into the aragonite, while panel (b) shows 1387 
model results assuming all boron gets incorporated. Different model curves correspond to different 1388 
DIC species being substituted by boron (DIC with black dash-dot line, HCO3– with orange dashed 1389 
line, CO32– with purple dotted line, [CO32–]0.5 with green solid line). The boron distribution 1390 
coefficients (DB) are adjusted to match the data at the lowest Mg/Ca. Mg/Ca are modeled with 1391 
fCa=0.1 with growth rate dependence of DMg at Rb=2×10-7 mol/m2/s (see Figure 13).  1392 
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 1393 
Figure 15 Histogram of ECF pH in D. dianthus derived from δ18O measurements (this study and 1394 
Adkins et al., 2003) and the biomineralization model. Panel (a) shows two corals from the 1395 
thermocline, and panel (b) shows two corals from >2000m depth. In each panel, one coral is from 1396 
supersaturated seawater (blue) and the other is from undersaturated seawater (red). The dashed 1397 
lines show the ECF pH corresponding to the mean δ18O composition of each coral. 1398 


