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Abstract

The ocean’s physicochemical variability (e.g. temperature) is not well under-

stood despite its importance for the world’s climate because of rare instrumental

time series. This issue can be resolved through natural archives that recorded past

environmental conditions such as corals. The cosmopolitan calcitic bamboo corals

(Isididae) belong to the subclass of Octocorallia and are long-lived, thus offering the

potential to record environmental parameters over a wide range of oceanic condi-

tions. This study provides a detailed look into the chemical composition of bamboo

coral skeletons to distinguish between environmental and biomineralisation con-

trols over the skeletal composition.

The ability of bamboo corals to record seawater temperature and nutrient con-

ditions was investigated in chapter two this thesis. For this purpose the distribution

of Mg and Ba, respectively, in the calcitic internode of an Atlantic specimen from the

Blake Plateau off Florida was measured. We observed that the mean Mg/Ca com-

position of a bamboo coral can be used to reconstruct the ambient seawater tem-

perature while mean Ba/Ca was found to record [Ba]SW. Conversely, microscale

variations suggest environmental variability which cannot reflect ambient seawater

conditions. Instead, the coral physiology has a strong impact on skeletal formation

and with that on the micron-scale skeletal Mg and Ba composition. The physio-

logical impact on the skeletal composition is further indicated by chemical patterns

formed along regions of nearly simultaneous growth excluding an environmental

impact for the origin of these patterns. If ambient seawater conditions exerted the

sole control over these elemental ratios, a certain environmental parameter such

as temperature should cause the same response everywhere along the region of

simultaneous growth. Further, we propose that the observed isolated microscale

compositional features are related to tissue attachment. Taken together, these re-

sults suggest that bamboo corals can be used as temperature and [Ba]SW recorder

when utilising mean skeletal compositions, while variations on the micrometre scale

exceed that ambient conditions and are hence controlled by internal physiological

processes.
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The use of skeletal Na and S contents as environmental proxies in marine cal-

cifiers is debated. Therefore it was evaluated in chapter three whether these po-

tential proxies record ambient seawater conditions in two Atlantic bamboo corals

from the Bear Seamount and the Blake Plateau during the time of their growth.

The microscale distribution of Na and S can show a concentric structure and zig

zag patterns as found for Mg. The comparison of the variability of two Atlantic

samples revealed that with increasing variability of salinity, the variations of Na in

the sample are higher. Nevertheless, we cannot exclude a coincidence. As seen in

chapter two for Mg and Ba, the microscale heterogeneity indicates a main control

of the coral physiology over the skeletal composition. We present a calcification

model that is capable of explaining the Na and S inverse correlation. This model

includes Ca pumping and bicarbonate active transport while assuming conserva-

tive behaviour of Na and S in the calcifying fluid. Although the inverse correlation

of Na and S can be explained without the involvement of skeletal organic matter, it

cannot be excluded as an additional minor influence on the skeletal incorporation of

these two elements. The results suggest that the skeletal microscale distribution of

both Na and S are mainly influenced by physiological processes rather than ambient

environmental conditions.

The B elemental as well as its isotopic composition in calcium carbonates have

been used to study the carbonate system, and in particular ambient pH, of the calci-

fying fluid. Chapter four describes the B/C and B isotopic spatial distribution in an

Atlantic (Bear Seamount) and a Pacific (Monterey Canyon) bamboo coral specimen

measured in the bulk internode material and the purified calcite fraction. We found

a correlation between bulk d11B values and B/C on the samples employing the laser

ablation approach, allowing for a preliminary estimate on potential d11B variations

based on the B distribution in bamboo corals. The range of the d11B values col-

lected with laser ablation sampling is larger than obtained from the drill sampling.

This observation can be explained with averaging significantly larger areas by drill

sampling but mainly with the compositional difference of the skeletal phases we
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measured. We found that the solution-based measurements indicate a lower pH up-

regulation of the calcifying fluid than scleractinian corals which agrees with earlier

studies. Nevertheless, our results suggest that the skeletal boron isotopic composi-

tion of bamboo corals might besides CF pH be influenced by borate influx to the CF,

organic matter induced isotope fractionation or kinetic isotope effects.
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Zusammenfassung

Die Variabilität physikalisch-chemischer Eigenschaften der Ozeane ist trotz ihrer

Bedeutung für das Weltklima aufgrund der Seltenheit von instrumentellen Zeitrei-

hen nicht sehr gut bekannt. Das Fehlen dieser Zeitreihen könnte durch die Nutzung

von natürlichen Umweltarchiven wie Korallen gelöst werden. Bambuskorallen sind

langlebige und kosmopolitische kalzitische Oktokorallen und bieten daher das Poten-

zial, marine Umweltbedingungen über einen weiten räumlichen und zeitlichen Bere-

ich aufzuzeichnen. Diese Dissertation untersucht detailliert die chemische Zusam-

mensetzung von Bambuskorallen mit dem Ziel, zwischen dem Einfluss von Umwelt-

faktoren und Biomineralisation auf die Skelettzusammensetzung unterscheiden zu

können.

Die Fähigkeit von Bambuskorallen, die Temperatur und die Nährstoffbedin-

gungen des Meerwassers zu erfassen, wurde durch die Verteilung von Mg und

Ba im kalzitischen Internodium einer atlantischen Probe vom Blake Plateau vor

Florida in Kapitel zwei untersucht. Die Resultate zeigen, dass die mittlere Mg/Ca-

Zusammensetzung der Probe verwendet werden kann, um die langfristige Umge-

bungstemperatur des Meerwassers zu rekonstruieren, während das durchschnit-

tliche Ba/Ca Verhältnis über [Ba]SW Auskunft geben kann. Gleichzeitig deuten

mikroskalige Variationen auf eine Umgebungsvariabilität hin, die die Umgebungs-

bedingungen nicht widerspiegeln kann. Deshalb ist es wahrscheinlicher, dass die

Korallenphysiologie einen starken Einfluss auf die Skelettbildung und damit auf

die kleinräumige Skelettkonzentration von Mg und Ba hat. Die physiologische

Wirkung wird außerdem durch feinskalige Muster auf der Probe angedeutet, die

sich entlang von Regionen mit nahezu gleichzeitigem Wachstum bildeten. Dadurch

liegt die Ursache für den Ursprung dieser Muster höchstwahrscheinlich nicht in

Schwankungen der Umgebungswasserparameter. Weiterhin schlagen wir vor, dass

beobachtbare isolierte mikroskalige Zusammensetzungsmerkmale mit der Anhaf-

tung des Korallengewebes am Skelett zusammenhängen. Bambuskorallen kön-

nen demnach als Temperatur- und [Ba]SW-Archive verwendet werden, wenn die

mittlere Skelettzusammensetzung verwendet wird, wobei die Variation im Bereich



xvi

von Mikrometern eindeutig die Schwankungen der Umgebungsbedingungen über-

schreitet.

Die Verwendung der Na- und S-Konzentrationen als Umweltproxys in mari-

nen Kalzifizierern ist Gegenstand gegenwärtiger Diskussion. In Kapitel drei wurde

untersucht, ob diese potentiellen Proxies die Umgebungsbedingungen zweier at-

lantischer Bambuskorallen zur Zeit ihres Wachstums widergeben können. Die

mikroskalige Verteilung von Na/Ca und S/Ca, kann wie bereits bei der Verteilung

von Mg/Ca und Ba/Ca zu sehen war, eine konzentrische Struktur und Zickzack-

muster aufweisen. Der Vergleich der Variabilität von zwei atlantischen Proben er-

gab eine höhere Variation von Na/Ca in der Probe mit einer höheren Variabilität

des Salzgehalts. Dennoch können wir eine Koinzidenz nicht ausschließen. Weit-

erhin legt, wie bei Mg, die mikroskalige Heterogenität den Haupteinfluss der Ko-

rallenphysiologie auf die Skelettzusammensetzung nahe. Na und S weisen eine

inverse Korrelation auf, die durch ein Kalzifikationsmodell erklärt werden kann.

Dieses Modell beinhaltet Ca-Pumpen und aktiven Bikarbonattransport unter der

Annahme konservativen Verhaltens von Na und S in der Fällungslösung. Obwohl

die inverse Korrelation von Na und S ohne Beteiligung skelettgebundener organis-

cher Substanz erklärt werden kann, kann sie als zusätzlicher wenn auch schwacher

Einfluss auf den Einbau dieser beiden Elemente in Skelett nicht ausgeschlossen wer-

den. Die Ergebnisse deuten darauf hin, dass die mikroskalige Verteilung von Na

und S im Skelett hauptsächlich durch interne physiologische Prozesse und nicht

durch äußere Umweltbedingungen bestimmt werden.

Die Zusammensetzung von Kalziumkarbonaten bezüglich ihrer B-Konzentration

und -Isotopie wurde verwendet, um einzelne Karbonatparameter und vor allem

den pH-Wert der Fällungsflüssigkeit zu ermitteln. Kapitel vier zeigt die Verteilung

von B/C und d11B-Werten im Internodium an je einer atlantischen und pazifischen

Bambuskorallenprobe, die an Bulkmaterial sowie am Kalzit bestimmt wurde. Wir

fanden eine Korrelation zwischen den Borisotopenverhältnissen, die im Bulkmate-

rial bestimmt wurde und dem B/C Verhältnis der Proben. Dies erlaubt eine vorläu-

fige Schätzung der möglichen räumlichen d11B Variation aufgrund der B-Verteilung
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in Bambuskorallen. Die Variation von d11B-Werten der Bulkproben ist größer als

jene der lösungsbasiert gemessenen Kalzitproben. Diese Beobachtung lässt sich

hauptsächlich durch den Unterschied in der Zusammensetzung des gemessenen

Materials erklären, wobei die individuelle Probengröße bei laserablationsbasierten

Messungen wesentlich geringer war. Die lösungsbasierten Messungen am kalzi-

tischen Material deuten auf eine weniger starke pH-Wert-Erhöhung der Kalkflüs-

sigkeit hin, als bei skleraktinischen Korallen, was die Ergebnisse früherer Studien

bestätigt. Dennoch deuten unsere Ergebnisse darauf hin, dass die isotopenchemis-

che Zusammensetzung des Skeletts, neben dem pH-Wert der Kalzifikationslösung

auch durch Borattransport in die Kalzifikationslösung, Isotopenfraktierung durch

organisches Material oder kinetische Isotopeneffekte beeinflusst wird.
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1 Introduction

1.1 Objectives and Outline

The ocean as a heat reservoir and CO2 capacitor has a great impact on Earth’s cli-

mate system (see e.g. Reid et al., 2009), but is also crucial for the supply of natural

resources as for example fish. In a time of rapid anthropogenic climate change,

the ability to predict future development is crucial for mediation and adaptation

strategies. Biogeochemical and physical processes in the ocean therefore need to

be understood to reconstruct past variations and future development. Time series

of environmental changes and the analyses of drivers is therefore the key for fu-

ture predictions. Due to the absence of instrumental time series in vast regions of

the ocean, temporal and spatial variations of different parameters have to be re-

constructed from natural archives. The tests of foraminifera from sediment cores

have been widely used as proxy carriers (Kucera, 2007). Nevertheless their tem-

poral potential to resolve marine processes is limited by sedimentation rate and

bioturbation. Long living calcifying organisms are therefore of great advantage.

The combination of longevity and in comparison to average sedimentation rates,

fast biogenic carbonate growth rates allows a higher temporal resolution compared

with sediment cores and reconstruction of processes. Processes such as upwelling

events, seasonal current changes or terrestrial erosion peaks can be recorded. For ex-

ample, corals have been found to represent an archive with continuous sub-annual

recording capabilities (Druffel, 1997). However, research has mostly focused on sur-

face dwelling tropical corals for environmental reconstruction. Since the deep ocean

contains most of the world’s ocean volume and large quantities of dissolved carbon,
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deep dwelling cold-water corals are an important archive for palaeoclimatic recon-

structions. Several geochemical tools such as the combination of d13C and d18O val-

ues or Mg/Li for temperature studies, or d11B values as a pH proxy are promising

approaches for environmental reconstruction (Robinson et al., 2014).

This thesis investigates calcitic cold-water corals of the genus Isididae also known

as bamboo corals, aiming at a better understanding of their potential to record en-

vironmental conditions in their skeleton. Due to their global geographic and depth

distribution as well as their longevity, they are promising archives of environmental

proxies of growth sites where instrumental records are scarce. In this thesis, high

resolution techniques such as laser ablation inductively coupled mass spectrome-

try, electron microprobe analyses, and confocal Raman spectroscopy has been used

to study the intra-skeletal chemical composition. The findings provide new infor-

mation on the spatial distribution of Ba, Mg, Na, S and d11B in bamboo corals on

the mm-scale and provide an overview on potential drivers of incorporation and

fractionation. Chapter two examines the incorporation of Mg and Ba as proxies of

water temperature and [Ba]SW from the Blake Plateau off Florida. The proxy poten-

tial of Na and S are assessed in the following chapter on two bamboo coral speci-

mens from the western North Atlantic. Boron isotopes as a potential pH proxy in

Isidids in comparison with findings from the other investigated geochemical tools

are finally considered in chapter four. Taken together, key findings derived from

chapters two to four are brought together in chapter five summarising the findings

on the geochemistry and biomineralisation mechanism of bamboo corals.

1.2 Bamboo corals

The corals of the class Anthozoa (phylum Cnidaria) are divided into the subclasses

Hexa- and Octocorallia. In the case of octocorals, the number of tentacles of the

polyp is fixed to eight, which states the origin of their name. Octocorals are often

called soft corals or gorgonians because only some species in this subclass develop a

calcareous skeleton. Bamboo corals constitute the family of Isididae which contain

the genera of Acanella, Isidella and Keratoisis (Roberts et al., 2009). As common
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feature, all these genera have a jointed calcareous skeleton forming from dark pro-

teinaceous nodes that connect high magnesium calcite (HMC) internodes (Noé and

Dullo, 2006). These can be branched and form bushes or unbranched whip-like

colonies (Bayer and Stefani, 1987). Living tissue covers their skeleton similar to

other anthozoans. Most octocorals are colonial, which means that a tissue called

coenosarc connects several polyps. The tissue is composed of different layers. The

mesoglea separates the outer layer (ectoderm) from the inner layer (endoderm).

These layers separate the coelenteron, a space that connects the gastral space of the

polyps from seawater. The coelenteron is confined from the skeleton again by an

endoderm that is separated by the mesoglea from the calicoblastic layer. The latter

tissue layer is involved in the formation of the calcareous coral skeleton. The tissue

contains calcitic spicules called sclerites which are an important tool to identify the

species (Bayer and Stefani, 1987).

Since gorgonians are suspension feeders, they rely on currents transporting their

food to the polyps. The effectivity of capturing food depends on the polyp morphol-

ogy, food particle size and current velocity as shown on three gorgonian species by

Dai and Lin (1993). The pray of polyps that are capable of catching motile food

is a mixture of zoo- and phytoplankton as well as particulate organic matter. Fur-

ther, the proportions of the different food sources are observed to change during the

year (e.g. Cocito et al., 2013; Orejas et al., 2003; Picciano and Ferrier-Pages, 2007).

Conversely dissolved organic matter does not seem to play an important role for

feeding (Coma et al., 1994; Ribes et al., 1999).

Besides currents and food, also the properties of the seafloor are important for

settling and growth. Corals in general need hardgrounds to build massive holdfasts

to support their skeleton (e.g. Roberts et al., 2009). Nevertheless, some bamboo

coral species such as Isidella elongata or Keratoisis sp. can grow on sandy or muddy

grounds (e.g. Ingrassia et al., 2019; Mastrototaro et al., 2017; Neves et al., 2014) and

are not only endemic to seamounts (Smith et al., 2004). On soft sediments, bamboo

corals develop root-like structures to anchor in the ground (Neves et al., 2014).

Bamboo corals are thriving in a wide range of environmental conditions. Thresher
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et al. (2016) report bamboo corals to grow in oxygen conditions from 2.1 to 8.0 ml

L-1 and temperatures from -1.9 to 14.4 °C. Isidids can be found globally from the

tropics (e.g. France, 2007) to polar waters (e.g. Thresher et al., 2010) and from sur-

face waters (e.g. Thresher et al., 2016) to about 4000 m depth (e.g. Lapointe and

Watling, 2015). Taking into account the high solubility of HMC with a pK* value of

about 5.9 (Woosley et al., 2012) this means that bamboo corals can grow in seawater

that is undersaturated relative to HMC.

Another characteristic of Isidids are their slow mean radial growth rates of about

10 to more than 200 mm year-1 (e.g. Farmer et al., 2015b; Frenkel et al., 2017; Thresher

et al., 2016) and great longevity of over 300 years (Hill et al., 2011.

Bamboo corals are not only of cosmopolitan distribution in the world’s ocean,

but were also found in various geological periods. The oldest fossil of a bamboo

coral was found in deposits from the Late Cretaceous (Helm and Schülke, 2003).

Younger fossil specimens from within the Cenozoic era were reported by e.g. Ber-

necker and Weidlich (2005), Kocurko (1989) or Langer (1989).

1.3 Geochemical tools

1.3.1 Mg/Ca

The Mg/Ca-temperature-proxy is a well investigated and often applied tempera-

ture proxy in palaeoceanography (Lea, 2014). It is based on the temperature depen-

dency of the amount of magnesium incorporated into calcite. In inorganic precipi-

tation experiments, temperature shows a large impact on distribution coefficient of

Mg in calcite (e.g. Katz, 1973; Mucci, 1987; Oomori et al., 1987). The substitution of

Ca with Mg in calcite is an endothermic reaction (Leeuw and Parker, 2000) resulting

in a positive Mg/Ca temperature relation, which forms the theoretical basis for the

suggested temperature proxy (Rosenthal et al., 1997).

Besides the influence of temperature on the Mg/Ca ratio of calcite non-thermal
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influence have been found in abiogenic calcites as well. Several inorganic precipi-

tation experiments have shown that Mg/Ca is invariant over a wide range of pre-

cipitation rates (Lopez et al., 2009; Mucci, 1986; Mucci and Morse, 1983). This is

in contrast to findings of e.g. Mavromatis et al. (2013) who report an increase of

Mg/Ca with precipitation rate and Gabitov et al. (2014a), who observed a decrease.

Experiments by Zhong and Mucci (1989) revealed that rising salinity decreases

the incorporation of magnesium into calcite. Also, the absence of sulfate in solution

potentially increases the Mg partitioning into calcite (Mucci et al., 1989). Further,

dissolved organic matter was found to increase the Mg partitioning coefficient in

calcite (Mavromatis et al., 2017; Stephenson et al., 2008). The Mg/Ca ratio of the

precipitation solution might raise Mg/Ca calcite with rising Mg/Ca of the solution

(e.g. Berner, 1966; Kitano et al., 1979; Mucci and Morse, 1983).

Non-thermal influences of calcites can also change the Mg/Ca ratio in biogenic

calcites represented for example by the shell material of foraminifera (e.g. Gray and

Evans, 2019). As with other elemental or isotopic proxies, the physiological impact

on the Mg partitioning is often summarised by the expression “vital effect” (e.g.

Weiner and Dove, 2003) which was coined by Urey et al. (1951). Large species spe-

cific and intra shell variabilities were observed for foraminifera (e.g. Branson et al.,

2013; Eggins et al., 2003; Kunioka et al., 2006). Reasons for the observed variability

can be manifold. These “vital effects” contain for example the precipitation in con-

nection with an organic matrix, the involvement of ACC in calcification and active

Mg modulation in the calcifying fluid as reviewed in Bentov and Erez (2006).

In foraminiferal calcite Mg appears like Ca uniformly in octahedral coordina-

tion. According to Branson et al. (2013) this shows that Mg is an ideal substitution

for Ca in the calcite lattice of foraminifera. Based on the uniform coordination of

Mg in the calcite lattice Branson et al. (2013) concluded that Mg in foraminifera is

not bound to organic matter.

Besides these vital effects other influences have been found to influence the

Mg/Ca ratio of foraminiferal tests. The incorporation of Mg is shown to be higher

with increased salinity (e.g. Dissard et al., 2010; Hönisch et al., 2013; Kisakürek et
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al., 2008) which is in contrast to inorganic experiments.

Further, ocean carbonate chemistry was found to impact shell Mg/Ca while it

decreases with rising pH (e.g. Evans et al., 2016; Lea et al., 1999; Russell et al., 2004).

An apparent confirmation was found by high resolution electron microprobe map-

pings where high Mg/Ca bands in foraminifera were temporarily linked with low

external pH (e.g. Fehrenbacher et al., 2017; Sadekov et al., 2005; Spero et al., 2015).

Nevertheless, these studies excluded a direct causation but rather suggested a phys-

iological impact like respiration or Mg pumping activity in causing the apparent pH

dependency.

Ries (2010) published a review on the influence of secular seawater Mg/Ca vari-

ations on the calcification in invertebrates where he reports a decline of skeletal

Mg/Ca with reduced seawater Mg/Ca. Seawater Mg/Ca variations can be taken

into account by applying a correction term to the temperature reconstruction that

links shell Mg/Ca to seawater Mg/Ca with an empirical power function (Evans and

Müller, 2012).

Post-depositional dissolution of calcite was found to lower skeletal Mg/Ca in ef-

fect lowering reconstructed temperatures (e.g. Brown and Elderfield, 1996; Lohmann,

1995; Regenberg et al., 2014). This can be corrected for by e.g. accounting for

core depth, calcite saturation or by applying a species specific size normalised shell

weight to the temperature reconstruction (e.g. Dekens et al., 2002; Rosenthal and

Lohmann, 2002; Rosenthal et al., 2000).

Numerous studies have successfully calibrated and applied Mg/Ca as a palaeotem-

perature proxy in several clades of marine calcifiers as for example reviewed by

Barker et al. (2005). Mg palaeothermometry was most often applied to planktonic

(e.g. Elderfield and Ganssen, 2000; Nürnberg et al., 1996; Rosenthal and Lohmann,

2002) and benthic (e.g. Lear et al., 2000; Roberts et al., 2016a; Rosenthal et al., 1997)

foraminifera. Other used species are marine ostracods (e.g. Cronin et al., 2005; De

Deckker et al., 1988; Dwyer et al., 1995), bivalves and brachiopods (e.g. Butler et al.,

2015; Schöne et al., 2011; Wanamaker Jr et al., 2008). The application of Mg/Ca as a

temperature proxy in coccolithophores is challenging due to ineffective removal of
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noncarbonate Mg (Stoll et al., 2001). Nevertheless Ra et al. (2010) found a positive

correlation with temperature. Coralline algae also have been used to reconstruct

water temperature based on the Mg/Ca-temperature proxy (e.g. Halfar et al., 2000;

Light et al., 2018; Williams et al., 2018). Calcitic corals have also been studied to re-

construct temperature (e.g. Bond et al., 2005; Mitsuguchi et al., 1996; Thresher et al.,

2016).

Temperatures have been reconstructed from Mg/Ca in foraminifera on millen-

nial timescales (e.g. Oppo et al., 2009; Pahnke et al., 2003; Saenger et al., 2011) back

to the early Eocene (Lear et al., 2000), during the Palaeocene-Eocene Boundary (Tri-

pati and Elderfield, 2005; Zachos et al., 2003) and even beyond (Bice et al., 2006;

Tripati et al., 2003).

The ratio of Mg to Ca in marine biogenic carbonates has been studied exten-

sively to reconstruct water temperature. For palaeoceanographers, Mg/Ca of foraminiferal

shells is one of the most useful tools to reconstruct past climate (Lea, 2014). Never-

theless the effect of e.g. salinity, carbonate ion concentration and carbonate disso-

lution on shell Mg/Ca have to be further investigated to improve the reliability of

this proxy.

1.3.2 Ba/Ca

Barium shows a nutrient-like distribution in the water column (e.g. Chan et al.,

1977; Jacquet et al., 2004; Monnin et al., 1999) which suggests a relationship to the

biological cycle in the ocean (Paytan and Griffith, 2007). Of special importance for

this distribution is the formation of barite in close connection with decaying bio-

genic matter (Bernstein et al., 1998). Fisher et al. (1991) for example reported that Ba

is enriched in marine organisms and might represent an important source for abi-

otic micro-environmental barite precipitation (Paytan and Griffith, 2007). Further

Acantharia, a group of radiolaria, contain high concentrations of Ba in their SrSO4

skeletons. After dissolution these can provide Ba and sulfate for barite precipita-

tion in microenvironments (Bernstein and Byrne, 2004). Nevertheless, conservative
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mixing of water masses is expected to exert the key control on the dissolved Ba dis-

tribution in the ocean (Taylor et al., 2003). Barium concentration in coastal waters is

mainly driven by riverine input of suspended material where Ba is adsorbed as sur-

face complexes. During mixing of freshwater with more saline waters, the higher

ionic strength of marine water leads to the release of Ba from surface complexes

(e.g. Carroll et al., 1993; Hanor and Chan, 1977; Li and Chan, 1979). Further, salt-

water intrusion in fresh water aquifers can lead to release of high concentrations

of adsorbed Ba and with that contribute to the coastal dissolved Ba (Shaw et al.,

1998). Besides this, seasonal runoff changes (Shiller, 1997) and biological activity

(Guay and Falkner, 1998; Stecher and Kogut, 1999) might also change the relative

importance of Ba sources in coastal environments.

The incorporation of Ba into synthetic and biogenic calcium carbonate has been

investigated in several studies. Most inorganic precipitation experiments on cal-

cium carbonate have shown that Ba is depleted in comparison to the solution it

precipitated from. This is expressed with the Ba partitioning coefficient DBa of syn-

thetic aragonite and calcite of < 1. For example, Tesoriero and Pankow (1996) found

a DBa for calcite of 0.012 ± 0.005 and Yoshida et al. (2008) one of 0.016 ± 0.011. Val-

ues below unity show that Ba is not readily exchanged with Ca in the carbonate

lattice. Possible reasons for this observation are for example the differences in crys-

tal structure, electronegativity, mobility and radius of these two ions (Tesoriero and

Pankow, 1996). With 1.43 Å, Ba has for example a greater ionic radius than Ca with

1 Å (Zachara et al., 1991). This led Pingitore (1987) to suggest Ba incorporation by

trapping or adsorption. Nevertheless, Lea and Boyle (1989) rejected this proposal

and instead suggested lattice incorporation of Ba in foraminiferal calcite. A direct

evaluation of the structural state of Ba by X-ray Absorption Near Edge Structure in

biogenic aragonite by Finch et al., 2010 was not successful due to the low [Ba].

Numerous studies have applied Ba partitioning in various types of biogenic

skeletons to reconstruct environmental conditions. These include e.g. aragonitic

(e.g. Anagnostou et al., 2011; Fallon et al., 1999; Quinn and Sampson, 2002) and

calcitic corals (e.g. Flöter et al., 2019; LaVigne et al., 2011; Thresher et al., 2016),
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planktonic (e.g. Hönisch et al., 2011; Kunioka et al., 2006; Lea and Spero, 1992) and

benthic foraminifera (e.g. Hall and Chan, 2004; Lea and Boyle, 1989; Lea, 1993),

bivalves (e.g. Gillikin et al., 2006; Schöne et al., 2013; Warter et al., 2018), coralline

algae (e.g. Chan et al., 2017; Chan et al., 2011; Hetzinger et al., 2013) or otoliths (e.g.

Bath et al., 2000; Dorval et al., 2007; Miller, 2011.

Barium partitioning in synthetic and biogenic calcium carbonate is dependent

on various factors resulting in a partitioning range from Ba enrichment to depletion.

The DBa values of synthetic Mg-free calcium carbonate, planktonic foraminiferal

carbonates (0.14 – 0.17) (Hönisch et al., 2011; Lea and Spero, 1992) or bivalves (0.07

– 0.1) (Gillikin et al., 2006) are in contrast with that of aragonitic and calcitic coral

skeletons. The latter show a DBa mostly falling between 1 and 2 (e.g. LaVigne et

al., 2016; Lea and Boyle, 1989; Spooner et al., 2018) with extremes ranging from 0.5

(Allison et al., 2018) to 3.8 (Pretet et al., 2015). Gabitov et al. (2019) found that the

presence of Mg in the carbonate increased the incorporation of Ba into calcite re-

sulting in partitioning coefficients of 0.8 to 1.2. This was explained by the coupled

substitution of Ca by the smaller Mg ion together with the larger Ba ion (Mucci

and Morse, 1983). Indeed, Dietzel et al. (2004) reported a DBa value of 1.5 ± 0.1 us-

ing Mg containing precipitation solutions. This influence might be an explanation

for the difference between synthetic and biogenic partitioning coefficients, where

the former are derived from low or Mg-free calcite (Gabitov et al., 2019). Another

influence on the Ba partitioning could be the precipitation pathway involving amor-

phous calcium carbonate (ACC) that would lead to the inclusion of more Ba than

classical precipitation pathways (Littlewood et al., 2017). Mavromatis et al. (2018)

found a weak positive correlation of DBa with growth rate for calcite and a stronger

one for aragonite. These findings agree with a growth rate dependence of Ba incor-

poration in calcite as proposed by Tesoriero and Pankow (1996) and Yoshida et al.

(2008). Besides growth rate, the influence of organic complex formation on DBa dur-

ing precipitation should be considered for the interpretation of skeletal Ba records

(Mavromatis et al., 2018).
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Barium in biogenic calcium carbonate was used as a proxy for terrigenous sed-

iment flux (e.g. Alibert et al., 2003; McCulloch et al., 2003; Walther et al., 2013),

phytoplankton blooms (Stecher et al., 1996), a measure for the Ba concentration of

seawater (LaVigne et al., 2016; Lea and Boyle, 1989), spawning patterns and migra-

tions routes of fish (e.g. Bath et al., 2000; Dorval et al., 2007; Thorrold et al., 1997), or

upwelling activity (e.g. Lea et al., 1989; Montaggioni et al., 2006; Shen et al., 1992).

Overall barium is a promising and already frequently applied tool to reconstruct

environmental conditions. Nevertheless, especially its incorporation mechanism

into and host site in calcium carbonate needs more investigation to utilise the full

potential of this geochemical tool.

1.3.3 Na/Ca

Besides chloride, sodium is the most abundant dissolved compound in seawater

and was suggested for example by Wit et al. (2013) as a palaeosalinity proxy in

foraminiferal calcium carbonate. The salinity sensitivity was proposed although

Busenberg and Niel Plummer (1985) excluded Na as a salinity proxy based on cal-

cite precipitation experiments and multi species measurements. Due to its long

residence time in seawater of about 100 Ma, Hauzer et al. (2018) proposed that Na

in biogenic carbonates traced Cenozoic Ca variations in seawater.

Abiotic precipitation experiments found that aragonite accommodates more Na

than calcite and that the incorporated Na can reach saturation with [Na] of the

precipitation solution approaching the concentration of seawater (Ishikawa and

Ichikuni, 1984; Kitano et al., 1975; Okumura and Kitano, 1986). The incorporation

of Na into calcium carbonate has been suggested to take place at interstitial sites

(Ishikawa and Ichikuni, 1984; Kitano et al., 1975; White, 1977). Incorporation of Na

into the calcite lattice by substitution for Ca raises the question of ion charge imbal-

ance. Due to this, studies have for example proposed a compensation by incorpora-

tion of trivalent ions with Na (Ragland et al., 1979), replacement of Ca and CO3
2- by

monovalent halide anions and Na (Ichikuni, 1979), or lattice defects (White, 1977).

Nevertheless, mono- and trivalent ions are not present in sufficient concentrations
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in biogenic carbonates to compensate the charge imbalance (e.g. Bastidas and Gar-

cia, 1999; Pingitore Jr et al., 2002). Instead, Yoshimura et al. (2017) and White (1977)

suggest an altervalent structural substitution of Ca with two Na by the creation of

CO3
2- vacancies for charge compensation. It was proposed that crystal growth rate

and Na content are positively correlated (e.g. Busenberg and Niel Plummer, 1985;

Evans et al., 2015; Rollion-Bard and Blamart, 2015). This is due to the Na accom-

modating properties of crystal defects which increase at higher precipitation rates.

This was further supported by calcite precipitation experiments with another alkali

metal during which Füger et al. (2019) found a positive correlation of Li incorpo-

ration with growth rate. These authors also reported an inverse dependence of Li

incorporation with pH. A decrease of HCO3
- with rising pH would lead to a de-

crease of direct charge compensation of the monovalent Na and therefore reduce

incorporation.

Investigations in biogenic calcium carbonates were conducted on foraminifera

(e.g. Allen et al., 2016; Delaney et al., 1985; Hauzer et al., 2018), aragonitic corals

(e.g.Mitsuguchi et al., 2010; Rollion-Bard and Blamart, 2015; Swart, 1981), otoliths

and statoliths (Marohn et al., 2011; Zumholz et al., 2007), echinoderms (Busenberg

and Niel Plummer, 1985), barnacles (Gordon et al., 1970), and bivalves (e.g. Ballesta-

Artero et al., 2018; Markulin et al., 2019; Zhao et al., 2017). The range of skeletal Na

content is between about 103 and 104 ppm as compiled by Yoshimura et al. (2017)

and with that lower than its concentration in seawater of about 10’780 ppm at a

salinity of 35 (Millero et al., 2008). The partitioning coefficient is therefore often

smaller one showing that Na is preferentially excluded from biogenic calcium car-

bonates.

Studies on Na in downcore records such as by Yoshimura et al. (2017) for

foraminifera in a Quaternary record or by Ragland et al. (1979) for molluscs from

the late Cretaceous to Holocene have revealed decreasing skeletal [Na] with increas-

ing age. Both studies regard these changes as diagenetic alteration rather than an

environmental signal. Further, Rosenthal and Katz (1989) report early diagenetic

alteration of skeletal Na in aragonitic freshwater gastropods. Therefore, potential
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diagenetic alteration of fossil carbonates taking place even before recrystallisation

has to be considered when interpreting downcore records.

1.3.4 S/Ca

The oxyanion sulfate is the most abundant species of sulfur in seawater but the con-

trols over its incorporation to calcite are still rarely investigated. The concentration

of sulfate in inorganic calcite was found to be dependent on the sulfur concentra-

tion of the precipitation solution (Kitano et al., 1975; Kontrec et al., 2004). Okumura

et al., 2018 expanded the range of sulfate concentration in the solution and observed

saturation after reaching a sulfate concentration above that in seawater. Busenberg

and Niel Plummer (1985) and Wynn et al. (2018) reported that precipitation rate

might also be an important driver of sulfate incorporation. Both studies explained

their findings with the raising number of crystal defects with rising growth rate.

The geochemical parameter S/Ca was recently found to correlate with the carbon-

ate concentration of seawater for foraminifera (Dijk et al., 2017) as suggested by e.g.

Yoshimura et al. (2014) or Yoshimura et al. (2013) for bivalves. The correlation might

be explained by carbonate substitution in the calcite lattice by sulfate in relation to

the carbonate to sulfate ratio in the precipitation solution (Balan et al., 2014). This

explanation requires the (apparently valid) assumption that the measured sulfur is

solely present as inorganic sulfate. Referring to this suggestion, sulfate in form of

carbonate associated sulfate (CAS) was used in several studies to reconstruct the

sulfur isotopic composition of seawater (e.g. Burdett et al., 1989; Kampschulte and

Strauss, 2004; Strauss, 1999). In contrast, reconstruction of seawater sulfate concen-

trations by CAS on geological timescales might be complicated due to the changing

Ca concentration of seawater (Giri and Swart, 2019). The influence of Ca on the

skeletal S composition was observed in culturing experiments with scleractinian

corals grown under different Ca concentration scenarios.

The exact incorporation mechanism of sulfate into calcite is not known yet.

Staudt et al. (1994) proposed that sulfate might preferentially attach at kink sites of

calcite crystals. The incorporation of sulfate is supposed to distort the crystal lattice



Chapter 1 13

of calcite (Kontrec et al., 2004) and is energetically unfavourable (Balan et al., 2014;

Fernandez-Diaz et al., 2010). Heberling et al. (2014) calculated that the incorpora-

tion of sulfate is highly endothermic and might under standard conditions only be

explained by surface entrapment processes. X-ray absorption near edge structure

(XANES) studies of hexa- (Farfan et al., 2018; Pingitore et al., 1995) and octocorals

(e.g. Nguyen et al., 2014; Perrin et al., 2017; Vielzeuf et al., 2013) state that most

sulfur is present as inorganic sulfate while Yoshimura et al. (2013) were not able to

distinguish between organic and inorganic sulfate in molluscs. Balan et al. (2017)

used the powder infrared spectra of bamboo coral calcite and found that sulfate is

dominantly a structural component in the calcite lattice. These authors are empha-

sising the validity of CAS as a seawater sulfate proxy. For foraminifera Yoshimura

et al. (2019) found that sulfate is the dominant sulfur species present in organic and

inorganic compounds.

Bound to an organic compound, sulfur can also be incorporated into the skele-

tons of marine calcifiers as sulfate or in a reduced form. The presence of organic

sulfur in calcium carbonate was shown e.g. for corals (e.g. Constantz and Weiner,

1988; Cuif et al., 2003; Nguyen et al., 2014), molluscs (e.g. Dauphin et al., 2003; Ficht-

ner et al., 2018; Yoshimura et al., 2014), brachiopods (Cusack et al., 2008; England et

al., 2007), foraminifera (Weiner and Erez, 1984; Yoshimura et al., 2019) and also for

synthetic calcite (Chalmin et al., 2013). Therefore, sulfur was suggested as a tracer

for organic compounds in biogenic calcium carbonates. Organic matrix molecules

were found to influence biomineralisation in a variety of ways. These can result

in modification of physical properties, mineral surface stabilisation, formation of

microenvironments and mineral nucleation (e.g. Mann, 2001). Of special impor-

tance in that context are glycoproteins which are acidic macromolecules covalently

linking proteins to polysaccharide side chains. The sidechains often contain sul-

fate groups like chondroitin sulfate which electrostatically attract Ca and therefore

might influence calcification (e.g. Constantz and Weiner, 1988).

Since the exact control mechanism of organic and inorganic sulfur incorporation

is not known yet, significant uncertainties in the interpretation of measured sulfur
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signals remain. Further, lack of a firm understanding of the sulfur speciation is a

major hurdle to better understand the skeletal elemental sulfur signal in connection

to environmental parameters.

1.3.5 Boron

Boron is an essential element for terrestrial and marine organisms (e.g. Carrano

et al., 2009; Goldbach and Wimmer, 2007; Uluisik et al., 2018). It is transported to

the oceans by riverine and groundwater discharge, mud volcanoes and hydrother-

mal vents, gaseous absorption and aerosol deposition (Park and Schlesinger, 2002).

Currently, human activity alters the riverine input drastically. While natural weath-

ering input by rivers is 0.15 Tg B yr-1, the input of B from anthropogenic origin by

far exceeds the latter with 0.65 Tg B yr-1 (Schlesinger and Vengosh, 2016). Boron is

exported from the water column most importantly by sea-salt aerosol emission (1.44

Tg B yr-1) but also by precipitation into calcium carbonate and more importantly by

adsorption to terrigenous sediments at a total flux of < 0.3 Tg yr-1 (Schlesinger and

Vengosh, 2016). The latter process is especially important for the B isotopic compo-

sition of seawater. Adsorption on clay (Palmer et al., 1987) and the interaction of B

with fresh basalt at ocean ridges (Spivack and Edmond, 1987) were reported as the

main drivers of enrichment of heavy B isotopes in seawater. A total amount of 4.3

Tg B is annually cycled in the living biomass of the oceans while 6.2*106 Tg B are

dissolved in seawater (Schlesinger and Vengosh, 2016).

The B elemental and its isotopic composition in calcium carbonate have been

used as environmental and calcification proxies. The elemental ratio has been shown

to record pH in synthetic calcite (He et al., 2013; Sanyal et al., 2000) and in cultured

planktonic foraminifera (e.g. Allen and Hönisch, 2012; Henehan et al., 2015; Hol-

land et al., 2017). Nevertheless, Henehan et al. (2015) could not observe a pH de-

pendence of foraminiferal B/Ca in open ocean sediments. Further, this is also in

contrast to biogenic aragonite where no pH dependence was found (Allison and

Finch, 2010; Sinclair, 2005; Trotter et al., 2011). The B content of calcite was addition-

ally suggested as a carbonate ion proxy (Rae et al., 2011; Yu and Elderfield, 2007; Yu
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et al., 2010). Downcore records of foraminiferal B contents were used to study for-

mer seawater [B(OH)4
-]/[HCO3

-] ratios to reconstruct pCO2 (e.g. Foster, 2008; Seki

et al., 2010; Tripati et al., 2011). Uncertainties arise from secondary factors like sea-

sonal light variability (Babila et al., 2014), growth rate (Quintana Krupinski et al.,

2017; Salmon et al., 2016), or seawater phosphate concentrations (Henehan et al.,

2015) that may influence the B/Ca proxy.

δ11B =



(

11B
10B

)
sample(

11B
10B

)
NIST951

− 1

 ∗ 1000 (1.1)

The B isotopic composition of calcium carbonate is expressed as d11B. This is

the 11B/10B ratio in the sample relative to the pure boric acid reference material

NIST SRM 951 (Eq. 1.1). d11B was shown to record seawater pH as demonstrated

by e.g. Hemming and Hanson (1992), Rae et al. (2011) or Vengosh et al. (1991). It

was used to reconstruct past seawater pH with planktonic (e.g. Foster, 2008; Palmer

et al., 1998; Pearson et al., 2009) and benthic foraminifera (e.g.Hönisch et al., 2008;

Raitzsch and Hönisch, 2013; Sanyal et al., 1997) as well as with aragonitic corals (e.g.

Douville et al., 2010; Kubota et al., 2014; Pelejero et al., 2005). Seawater pH recon-

structions have to take the d11B of seawater into account, which is currently 39.61 ‰

(Foster et al., 2010). The d11B of seawater changed over geological time scales due to

the residence time of B in seawater (14 to 20 Ma) (Lemarchand et al., 2000; Spivack

and Edmond, 1987). Reconstructions focusing on the variability with time were

conducted by (Greenop et al., 2017; Lemarchand et al., 2002; Raitzsch and Hönisch,

2013) who found an increase of d11B values from the early to middle Miocene (about

23 to 15 Ma) of approximately 37.5 ‰ to the recent value. In addition to reconstruc-

tions of seawater pH, skeletal d11B is used to infer the pH of the calcifying fluid (CF)

of corals (e.g. Allison et al., 2014; Krief et al., 2010; McCulloch et al., 2017). This is

due to growing evidence that the CF pH might be actively upregulated and does

not reflect seawater pH (e.g. Al-Horani et al., 2003; Sevilgen et al., 2019; Venn et al.,

2011).

The theoretical base of these applications is rooted in the incorporation of B into
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calcium carbonates. Boron exists in seawater in mainly two species: namely boric

acid (B(OH)3) and borate (B(OH)4
-). The distribution of the two species is depen-

dent on seawater pH. While at low pH boric acid is the main component, increas-

ing proportions of borate ion are present at elevated pH (Dickson, 1990). In early

investigations, borate was found to be the only species incorporated into calcium

carbonates (Hemming and Hanson, 1992; Hemming et al., 1995) suggesting an ap-

plication of B/Ca and d11B values as environmental proxies. This initial view on

the incorporation mechanism was challenged by more recent investigations. These

suggested that B incorporation in calcite might involve not only borate ions and

that isotopic fractionation during incorporation takes place (e.g. Holcomb et al.,

2016; Mavromatis et al., 2015; Uchikawa et al., 2015).

The equilibrium between two B species of trigonal B(OH)3 and tetragonal B(OH)4
-

is pH dependent with a pKB of ≈ 8.6 under current surface ocean conditions. The

distribution coefficient further depends on the ambient temperature and pressure

of the solution (Dickson, 1990; Hain et al., 2015), which becomes important when

comparing surface and deep ocean conditions or compositional changes of seawa-

ter over geological timescales. Current ocean conditions also imply B concentra-

tions of about 430 mmol kg-1 under which other B species such as B3O3(OH)4
- and

B3O3(OH)5
2- become negligible (Hönisch et al., 2019 and references therein).

Experiments with precipitation of synthetic aragonite and calcite show that B

is more easily incorporated into aragonite than into calcite (Hemming et al., 1995;

Kitano et al., 1978; Mavromatis et al., 2015). This can be expressed through the

partitioning coefficient while multiple definitions complicate the comparability of

studies. The various definitions arise from the fact that B does not substitute

for the cation Ca, but sits at the anion site in the precipitate. The partitioning

coefficient is for example calculated as carbonate [B]/[Ca] in relation to solution

[B(OH)4
-]/[HCO3

-] (Hemming et al., 1995), [total B]/[DIC] (Uchikawa et al., 2015)

or [B(OH)4
-]/[CO3

2-] (Mavromatis et al., 2015). Through a comparison of different

definitions, Uchikawa et al. (2015) found B/Ca systematics in calcite to be best ex-

plained in relation with the growth rate and [total B]/[DIC]. Holcomb et al. (2016)
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found [B(OH)4
-]/[CO3

2-] 0.5 to be the best fit for their aragonite precipitation exper-

iments, an expression which Uchikawa et al. (2015) had not considered.

The reason for a preferential incorporation of B into aragonite over calcite is the

crystal lattice structure. Hemming and Hanson (1992) proposed that B might be

incorporated as HBO3
2- in substitution for CO3

2-. The incorporation of the neg-

atively charged borate ion will preferentially attach to the crystal surface due to

an observed positive surface charge as documented for seawater-like conditions by

Moulin and Roques (2003) and Wolthers et al. (2008). For aragonite, B is structurally

incorporated mainly in tetrahedral coordination (Klochko et al., 2009; Mavromatis

et al., 2015; Rollion-Bard et al., 2011). This might be related to the slight asymmetric

arrangement of Ca around the anion positions in aragonite. This lattice distortion

leads to aragonite showing larger anion sites, which could better fit tetrahedral im-

purity ions than calcite (Balan et al., 2016). For calcite, several studies have shown

that B is hosted in tetrahedral and/or trigonal coordination (e.g. Cusack et al., 2015;

Rollion-Bard et al., 2011; Sen et al., 1994). Balan et al. (2016) suggested that tetra-

hedral B has to be transformed to trigonal B prior to incorporation. Nevertheless

the final coordination state provides no information on the incorporation mecha-

nism due to re-coordination during incorporation (Balan et al., 2016; Hemming et

al., 1995; Klochko et al., 2009).

The exchange of the two stable isotopes 10B and 11B between B(OH)3 and bo-

rate leads to preferential accumulation of 11B in B(OH)3 due to the stronger B-O

bond (Hemming and Hanson, 1992). This leads to an equilibrium fractionation

between the two boron species of approximately 25 to 27 ‰ in water (Nir et al.,

2015) (Fig. 1.1). The most commonly applied value is 27.2 ‰ and was spectropho-

tometrically determined by Klochko et al. (2006). Other studies determined simi-

lar values for example through theoretical calculation (Kakihana, 1977; Rustad et

al., 2010; Zeebe, 2005) or experimentally by measuring the isotopic composition of

only B(OH)3 gained through reverse osmosis (Nir et al., 2015). Rapid adjustment of

the isotope equilibrium, occurring faster than B incorporation during calcification,
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FIGURE 1.1: The isotopic composition of boric acid (dashed) and the
borate ion (solid) changes with pH (given here at total scale) and

temperatures (red 25°C, black 5 °C) (calculated after Rae (2018)).

should preclude any isotope fractionation (Zeebe and Wolf-Gladrow, 2001). Syn-

thetic aragonite indeed follows this prediction where carbonate d11B values repre-

sent solution d11B values (Noireaux et al., 2015). Nevertheless, positive offsets from

the theoretical borate fractionation curve are observed for example in cultured cal-

citic foraminifera (e.g. Henehan et al., 2013; Rollion-Bard et al., 2010; Rollion-Bard

et al., 2011) but also in synthetic calcite free of potential vital effects (e.g. Farmer

et al., 2019; Noireaux et al., 2015; Sanyal et al., 2000). Causes for the deviation from

the theoretical borate isotope fractionation curve in synthetic calcite arise from the

less favourable incorporation of borate into anion sites in calcite. Consequently the

deviations might be explained by incorporation of boric acid (Noireaux et al., 2015;

Uchikawa et al., 2015) or isotope fractionation due to kinetic effects during incorpo-

ration (e.g. Balan et al., 2018; Pagani et al., 2005; Saldi et al., 2018) but might also

come from fluid inclusions or contaminant phases (Branson et al., 2015). In bio-

genic carbonates, additional physiological processes have to be considered (Hem-

ming and Hanson, 1992; Vengosh et al., 1991). These may include removal of borate
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from the CF (Rae et al., 2011) and an increased pH in the diffusive boundary layer

of symbiont bearing foraminifera (Rink et al., 1998; Zeebe et al., 1999). Active pH

regulation of the CF has to be considered in reconstructions from skeletal d11B val-

ues as already proposed in the pioneering study of Hemming and Hanson (1992).

An upregulation of CF pH was observed in aragonitic corals (e.g. Holcomb et al.,

2014; McCulloch et al., 2017; Trotter et al., 2011), coccolithophores (Liu et al., 2018),

brachiopods (Jurikova et al., 2019), or coralline algae (Cornwall et al., 2017). Farmer

et al. (2019) report that the offset from the theoretical borate fractionation curve de-

creases with pH. This decrease is explained by the latter authors with preferential

attachment of isotopically light borate over the heavier boric acid at higher growth

rate. The higher growth rate was a result of increased pH during the precipitation

experiments. Although open questions on the exact incorporation mechanism of

boron into calcium carbonate remain, this will not invalidate the empirical d11B-

pH-proxy.

1.4 Crystal and skeletal growth models

Crystal growth can be divided in classical and non-classical growth as reviewed by

De Yoreo et al. (2015). Crystals may form in the classical view after two models. The

first model includes nucleation of monomers driven by differences in total Gibbs

free energy of the solution to the crystalline phase. Subsequently, monomers or

molecules attach according to the terrace ledge kink (TLK) model (Fig. 1.2) which

describes preferential attachment at low energy bonding sites of the crystal surface-

like kinks and steps (e.g. De Yoreo and Vekilov, 2003). The non-classical growth

model describes the formation and the attachment of ACC to the crystal surface.

ACC can be formed by aggregation of stable pre-nucleation clusters (Gebauer et

al., 2008). At the crystal surface attached ACC can be transformed by dehydration

(Ihli et al., 2014) into crystalline calcium carbonate or, in presence of a stabilising

additive, kept in a nanogranular structure (Rodriguez-Navarro et al., 2016). An

alternative way of crystal growth is oriented attachment of nanocrystals, while the

nanocrystals themselves can be formed by classical or non-classical crystal growth
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FIGURE 1.2: The TLK growth model describes the growth of crys-
tals by preferential attachment of monomers at low energy kink
sites. These sites propagate on the crystal surface with the growth

of monomer-thick layers (after Branson (2018)).

(De Yoreo et al., 2015). This growth mechanism is responsible for the formation

of mesocrystals which is an abbreviation for “mesoscopically structured crystals”

(Song and Colfen, 2010). These mesocrystals might eventually form a single larger

crystal by fusion (Rodriguez-Navarro et al., 2016).

Currently, several models exist on skeletal calcium carbonate formation. Lowen-

stam and Weiner (1989) proposed division into biologically induced and biologi-

cally controlled mechanisms. The latter can be subdivided into two groups, namely

physico-chemical and organic matrix-controlled models (Cohen and McConnaughey,

2003). While Tambutte et al. (2011) refined it and proposed two physico-chemical

and one organic matrix model. The two physico-chemical models are called “bio-

inorganic” and “additive mediated” models. The bio-inorganic model describes

control mechanisms of the coral to calcify in the CF by changing the saturation state.

This can be realised by e.g. removing crystallisation inhibitors, ion pumping, facil-

itating diffusion or introducing enzymes such as carbonic anhydrase to accelerate

chemical reactions (Tambutte et al., 2011). The additive mediated model involves

substances interacting directly with the crystal surface and not only a mechanism

that varies the saturation state. Those interactions can inhibit growth at certain crys-

tal faces, promote crystal nucleation or generally inhibit calcification (Tambutte et

al., 2011). The third model is the organic matrix template model, describing calcifi-

cation in a three dimensional organic envelope that controls the initiation of crystal

growth and morphology (Tambutte et al., 2011).
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As shown above, multiple models for skeletal and crystal formation have been

proposed. While the non-classical crystal formation mechanisms seems to be the

one present under natural conditions, the classical one was found to take place un-

der idealised and simplified laboratory conditions e.g. as reported by Mavromatis

et al. (2015) or Uchikawa et al. (2015) (Branson, 2018). Future research needs to iden-

tify the ultimate mechanism by which corals form their skeleton whereby idealised

and simplified calcification models and experiments might pave the way for a better

understanding.
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2 The influence of skeletal

micro-structures on potential proxy

records in a bamboo coral

2.1 Abstract

Assessing the physicochemical variability of the deeper ocean is currently ham-

pered by limited instrumental time series and proxy records. Bamboo corals (Isidi-

dae) form a cosmopolitan family of calcitic deep sea corals that could fill this in-

formation gap via geochemical information recorded in their skeletons. Here we

evaluate the suitability of high-resolution chemical imaging of bamboo coral skele-

tons for temperature and nutrient reconstruction. The applied elemental mapping

techniques allow to verify the suitability of the chosen transect on the sample section

for paleo-reconstructions and enhance the statistical precision of the reconstruction.

We measured Mg/Ca via electron microprobe at 1 mm resolution and Ba/Ca via

laser ablation ICP-MS at 35 mm resolution in a historic specimen of Keratoisis grayi

from the Blake Plateau off Eastern Florida. Long-term growth temperatures of 7.1

± 3.4 °C (2SD) that are in agreement with recent ambient temperature range can be

reconstructed from Mg/Ca ratios provided that anomalously Mg-enriched struc-

tural features around the central axis and isolated features related to tissue attach-

ment are avoided for reconstruction. Skeletal Ba/Ca measurements reflect mean

seawater barium [Ba]SW concentrations ([Ba]SW = 51 ± 24 nmol kg-1 (2SD)), in agree-

ment with instrumental data (47 nmol kg-1). We show for the first time that Ba/Ca

forms concentric structures in a bamboo coral skeleton section. Our investigations
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suggest that, while bamboo coral skeletons do record environmental parameters in

their mean chemical composition, the magnitude of environmental variability re-

constructed from high-resolution chemical maps exceeds that expected from instru-

mental time series. This necessitates additional investigation of the factors driving

bamboo coral skeletal composition.

2.2 Introduction

Cold-water corals (CWCs) are receiving rising scientific interest as potential proxy

recorders of a rarely observed environment. These animals can thrive in the deep

sea – a habitat comprising the largest carbon reservoir in the ocean. Importantly,

CWCs often inhabit hard substrates in environments where low sedimentation rates

otherwise limit or even prohibit reconstructions from the sedimentary archive. Both

global trends (such as changes in temperature or pH) and variable local oceano-

graphic conditions (such as organic matter supply or shifting ocean currents) im-

pact life in deep ocean ecosystems (Ruhl and Smith, 2004;Levin and Le Bris, 2015),

but the spatial and temporal deficiency of instrumental records is a major hurdle

to our understanding of longer term environmental conditions and oceanographic

variability in the deep sea. The lack of deep ocean instrumental data may be miti-

gated using detailed geochemical information from calcifying CWCs (e.g. Robinson

et al., 2014). CWCs are surfaceto deep-sea dwellers and have the potential to record

environmental signals in their calcareous skeleton at up to subannual resolution

(Sherwood and Risk, 2007). The highmagnesium calcite (HMC)-precipitating octo-

coral family Isididae – also called bamboo corals – lives in a depth range of less than

10 to more than 2000 m (Bostock et al., 2015;Thresher et al., 2016). They can therefore

occur in waters well below the aragonite saturation horizon (Guinotte et al., 2006)

where only a small fraction of aragonitic CWCs can survive (Cairns, 2007). Recon-

structed bamboo coral radial growth rates range from 12–180 mm yr-1 (Farmer et al.,

2015b and references therein). Their calcitic ontogeny is sometimes characterised

by growth rings (Noé and Dullo, 2006), and “spirallike” structures (Thresher and

Neil, 2016), both of which can be observed by the naked eye. Geochemical analyses
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of these calcitic structures may therefore offer high-resolution environmental recon-

structions, provided that ontogenetic effects on geochemistry can be understood.

Because bamboo corals have long lifespans, sometimes in excess of 300 years (An-

drews et al., 2009; Hill et al., 2011), splicing geochemical records of temporally over-

lapping specimens (Prouty et al., 2011) might allow reconstruction of (sub-)annual

growth conditions over several hundreds of years.

Various elemental and isotope ratios have been analysed in both the organic

nodes and calcareous internodes of bamboo corals (Robinson et al., 2014). For

example, previous studies link internodal Mg/Ca to ambient water temperature

(Thresher et al., 2004; Thresher et al., 2010; Thresher et al., 2016), δ11B to ocean pH

(Farmer et al., 2015a), and δ13C and δ18O to temperature (Hill et al., 2011; Kimball et

al., 2014; Saenger et al., 2017). Additionally, bamboo coral Ba/Ca has been proposed

as a nutrient proxy, with Ba/Ca indicating [Ba]SW (LaVigne et al., 2011; Thresher et

al., 2016; Serrato Marks et al., 2017) and/or [Si]SW (Thresher et al., 2016). In the

organic nodes, bulk δ15N was found to serve as an indicator of food source and

ecosystem trophic dynamics (Sherwood et al., 2009; Hill et al., 2014). Furthermore,

δ13C analyses on nodal organic material have been applied to reconstruct the δ13C

of the exported surface ocean primary production (Schiff et al., 2014).

Although previous studies have generally demonstrated the potential of bam-

boo corals to record environmental conditions, calibrations established with bulk

measurements may hamper fine-scale reconstructions of past environmental condi-

tions (e.g. Aranha et al., 2014). In order to assess whether fine-scale environmental

information can be extracted from single specimens, skeletal microstructures and

their influence on the proxy record need to be investigated. In this study we quan-

tify the spatial and microstructural chemical composition of bamboo corals using

element mapping approaches via laser ablation ICPMS, electron microprobe anal-

ysis, and confocal Raman microscopy. These techniques allow us to gain detailed

information at high spatial resolution regarding elemental composition of bamboo

coral internodes, growth structures and mineralogy. Specifically, we assess the abil-

ity of bamboo coral Mg/Ca and Ba/Ca to work as high-resolution temperature and
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nutrient proxies, respectively. To investigate the distribution of organic material,

we mapped fluorescence and sulfur content via confocal Raman microscopy and

electron microprobe, respectively. The employed techniques complement one an-

other and shed light on how bamboo corals build their skeleton. Although LA-ICP-

MS mapping has been applied as a promising new tool in paleoclimatic (Fietzke

et al., 2015) and biomineralisation studies (Evans and Müller, 2013; Oppelt et al.,

2017), fine-scale mapping and subsequent reconstruction of environmental param-

eters presented here are, to the best of our knowledge, the first application to octo-

corals.

2.3 Oceanographic setting, material and methods

2.3.1 Specimen and sample

We selected Keratoisis grayi (Octocorallia, Isididae) specimen number USNM 10496

of the Smithsonian National Museum of Natural History because it grew in the

western Atlantic on the Blake Plateau, where the Gulf Stream is formed. Scientific

interest for this site is given by the observation that the Gulf Stream waters exert a

major influence on the climatic conditions of Europe (Palter, 2015). Sample growth

rate was previously constrained using radiocarbon (14C) (Farmer et al., 2015b), and

the internodal sample section shows a pronounced visible ring structure that may

be associated with compositional variability. The coral was collected alive in 1885

from 805 m water depth at 30.733° N and 79.433° W off East Florida (Fig. 2.1) by the

United States Fish Commission. No signs of bioerosion or diagenetic alteration are

apparent, suggesting the coral was alive at the time of collection.

2.3.2 Oceanographic setting

Surface ocean circulation over the Blake Plateau is dominated by the Gulf Stream

(Fig. 2.1a). This boundary current is formed by the Florida Current (FC), which

travels from the Gulf of Mexico through the Florida Strait, and the Antilles Cur-

rent, which passes along the east coast of the Bahamas (Jahnke and Blanton, 2010).
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FIGURE 2.1: Bamboo coral USNM 10496 was collected some 150 km
of the east coast of Florida on the Blake Plateau (black star (a)), within
the flow path of the Florida Current (blue arrow in (a)). (b) displays
the vertical temperature distribution along the length of the black
dashed line in (a), with oblique isotherms off the outer shelf caused
by the geostrophic flow. The white star in (b) marks the sampling
site of USNM 10496 while the white dot shows where the sample
from Sinclair et al. (2011) was collected. The map and transect were
created using Ocean Data View (Schlitzer, 2018) and modified man-
ually. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

Ocean bottom water at the sampling site consists of modified Antarctic Intermedi-

ate Water, which is colder and less saline than the overlying water mass (Atkinson,

1983; Kashgarian and Tanaka, 1991). Mean bottom water temperatures measured at

mooring stations 80 km away from the sampling site (30.0° N and 79.4° W at 794 m

depth) were 7.6 ± 1.2 °C (2SD) for March to September 1981 and 8.1 ± 1.2 °C (2SD) for

September 1981 to March 1982 (Lee and Waddell, 1983). Gridded potential tempera-

tures according to the nearest 0.25°×0.25° World Ocean Atlas 2013 (WOA) grid point

at 30.625° N and 79.375° W at 800 m depth were 9 °C (Locarnini et al., 2013) (Fig.

2.1b). While the seasonal temperature variation at the exact sampling location is un-

known, available hydrographic data suggest the coral was likely bathed in highly

variable ocean bottom temperatures. For example, Lee and Waddell (1983) found a

total annual thermal variation of 3.9 °C above seafloor at the mooring closest to our

sampling site. Seventeen years of CTD casts east of Abaco Island (Bahamas) show a

longterm temperature variation of 6.0 °C around a mean of 10.3 ± 2.6 °C (2SD) at 800

m depth (data were collected as part of NOAA’s Deep Western Boundary Current

Time Series (DWBC) and are available at www.aoml.noaa.gov/phod/wbts/. The FC

www.aoml.noaa.gov/phod/wbts/
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exhibits a strong seasonal cycle with maximum current strength during summer in

addition to inter-annual variability in water transport (Baringer and Larsen, 2001).

Strong ocean bottom currents on the Blake Plateau (flow ≈ 5 to > 40 cm s-1, Pratt

(1963)) limit deposition of sinking particles and expose hard phosphorite grounds

(Filippelli, 2011) and manganese pavements (Pratt and McFarlin, 1966) in otherwise

calcareous sand (Milliman et al., 1972). The hard substrate and high currents on the

Blake Plateau provide suitable habitats for deep-sea coral growth (Reed et al., 2006;

Edinger et al., 2011).

2.3.3 Confocal Raman microscopy

To prepare USNM 10496 for analysis, we embedded a slice of the basal internode in

Araldite resin under vacuum, dried it overnight at 50 °C in an oven and polished

it in a graded series with Struers Dia Pro water based diamond emulsion of 9 mm,

3 mm, and 1 mm grain size with a Struers TegraPol polishing machine. The sample

was rinsed with demineralised water after each polishing step.

The polished sample section was used to determine the mineralogical composi-

tion and distribution of organic components within the sample by means of confocal

Raman microscopy (CRM). CRM measurements were performed using a WITec al-

pha 300 R instrument and a diode laser having an excitation wavelength of 488 nm

at the Alfred Wegener Institute, Helmholtz Centre for Polar and Marine Research

in Bremerhaven, Germany. A Zeiss 20 Epiplan lens (NA 0.4) was used for scanning

larger areas of the sample. Dedicated areas within these larger areas were subse-

quently scanned with a higher spatial resolution using a Nikon 100 lens (NA 0.9).

High spectral resolution of the Raman spectrum was obtained by using a UHTS300

ultra high throughput spectrometer (WITec GmbH, Ulm, Germany) equipped with

1800 mm-1 grating blazed at 500 nm. Data were measured and analysed using

WITec ProjectFOUR software. An optical clear calcite single crystal (Iceland-spar

from Mexico) was used as an in-house standard to obtain a calcite Raman spectrum

under sample measurement conditions. Wall and Nehrke (2012) demonstrated that
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enhanced fluorescence in the Raman spectrum of corals correlates well with the dis-

tribution of organic compounds within the skeleton. We used this method to create

Raman maps showing the distribution of enhanced fluorescence (using the spectral

range from 2000–2400 cm-1), i.e. the distribution of organic components within the

skeleton.

2.3.4 Electron microprobe analyses

Calcium, magnesium and sulfur concentrations in the sample were determined by

electron microprobe (EMPA) using a JEOL JXA 8200 at GEOMAR Helmholtz Centre

for Ocean Research Kiel. Prior to analysis, the sample section was sputtered with

carbon to avoid sample charging. Element distributions were simultaneously mea-

sured by wavelength-dispersive spectrometers. Ca was measured by using PET

(pentaerythritol), Mg using TAPH (thallium acid phthalate, high intensity) and S

using PETH (pentaerythritol, high intensity) as diffraction crystals, respectively. An

overview map of the whole sample was established with a 15 mm electron beam

size, a dwell time of 25 ms pixel-1 and a current of 100 nA. A high resolution transect

across the radius with a width of 300 mm was performed with a 1 mm beam, a dwell

time of 45 ms pixel-1, and a current of 100 nA. The dwell time and current were cho-

sen to assure high signal intensity while preventing the carbon coating from being

removed by the electron beam. We can exclude sample damage via comparison of

the actual Ca counts in a calcite standard with their theoretical counts based on the

determined calibration factors from non-carbonate standards (see Appendix Fig.

2.10). All maps were created integrating once on a single spot. Depending on the

necessities of further comparison the element concentrations are given as absolute

concentration in wt% based on the concentration calibration for one element or the

relative concentration in mol mol-1 based on the concentration calibration for two

elements. The latter is calculated under the assumption that the sample material is

only composed of calcium carbonate. Detection limits for 1 mm resolution were cal-

culated as three times the standard deviation (SD) of the background signal for Ca,

Mg and S for a single pixel analysis, and were 2.33, 0.46 and 0.01 wt%, respectively.
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The two-sided 2r relative variation of a single pixel’s Mg/Ca ratio was based on

counting statistics and is about ±15 %. These are the upper limits, which improved

threefold upon averaging nine (three times three) neighbouring pixels for smooth-

ing the Mg/Ca maps compared to a single pixel. About the same improvement

was achieved by averaging 10 parallel Mg/Ca lines used for temperature recon-

struction. S content was initially mapped as a potential indicator of organic matter

distribution as proposed for scleractinians (Cuif et al., 2003). Electron backscatter

images indicating the mean atomic number of the sample volume were taken after

elemental maps were recorded.

2.3.5 Laser ablation inductively coupled plasma mass spectrometry

The fine-scale abundance of Ba and Ca was mapped by laser ablation inductively

coupled plasma mass spectrometry (LA-ICP-MS) with a Nu AttoM sector field ICP-

MS coupled to an Electro Scientific Industries NWR 193 nm excimer laser at GE-

OMAR Helmholtz Centre for Ocean Research Kiel. The sample was investigated

with CRM and EMPA prior to LA-ICP-MS to avoid multiple polishing steps, since

laser ablation roughens the sample surface. The same section previously analysed

with high resolution EMPA was chosen for comparability. Instrumental settings

were tuned for hot plasma conditions according to Fietzke and Frische (2016). Any

potential surface contamination and the carbon coating from EMPA measurements

was removed by a previous measurement at the same site. The laser beam for data

acquisition moved with 25 mm s-1 over the sample, had a diameter of 35 mm, a pulse

rate of 25 Hz and a fluence of 2.5 J cm-2. The map was created by four runs of 20

parallel line scans with 10 mm overlap each. Upon completion of each of these four

runs, a gas blank and a NIST SRM 610 glass standard were measured under the

same ablation conditions. Data acquisition was performed during two sessions.

As the data reduction applied here is not a standard procedure, it is described

in detail below. Data reduction was carried out offline, using 44Ca as an internal

standard and NIST SRM 610 for external calibration. Individual lines were aligned

based on the 44Ca intensity, separating the ablation from the background signal. By
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averaging 2 ×3 data points, a smoothed map of background subtracted values was

created and statistical noise was lowered. The detection limits for a single pixel

were 20 ppm for Ba and 250 ppm for Ca after smoothing. The 138Ba/44Ca ratios

were then calculated after the smoothing procedure was applied to the raw counts

per second of Ba and Ca. The offset between the four single maps was removed by

averaging representative regions on all maps and subsequent application of a factor

(0.94–1.07) to match the mean concentration ofall selected regions. The resulting

map of every ratio is 1.8 ×4.6 mm in size and contains 20,500 pixels. For [Ba]SW

reconstruction the mean of 20 parallel lines was used which resulted in a 2σ relative

variation of Ba/Ca lower than ±0.1 % based on counting statistics. This was done in

addition to the initial smoothing applied to the raw counts of the Ba and Ca maps.

2.3.6 Etching and secondary electron imaging

After completing its chemical characterisation via CRM, EMPA and LA-ICP-MS,

the sample was polished again using a 1 mm polishing emulsion, then etched for 5

minutes in 0.1 M HCl and rinsed with deionised water to visualise growth struc-

tures and crystals. The sample was then coated again with carbon and secondary

electron images were produced with a JEOL JXA 8200 microprobe. Etching of the

sample was carried out after chemical mapping to avoid potential partial leaching

of the investigated elements and compounds.

2.3.7 Age model

For temporal analysis of our geochemical mapping data, we used the linear 14C age

model of Farmer et al. (2015b), which is based on three radiocarbon dates and yields

a mean growth rate of 29 ± 10 µm yr-1. A fourth innermost value was excluded due

to potential infilling. While more complex nonlinear growth modes have been pos-

tulated for bamboo corals (e.g., Frenkel et al. (2017)), we prefer the simple linear

model for this sample, given the limited available chronological data and relative

calendar age imprecision of the pre-bomb 14C dates. An absolute (calendar) age



Chapter 2 64

model was established for this specimen using the collection date (1886) and esti-

mated mean growth rate (29 ± 10 µm yr-1). To estimate the relative dating precision

for a given sampling point, we started with the sampling date (1886) and integrated

the growth rate uncertainty published by Farmer et al. (2015b). This leads to an in-

crease from no uncertainty in 1886 when the sample was collected alive, to +40 and

-80 years at about 1740, when the coral is supposed to have started growing. The

one-sided dating uncertainty ∆t in years was calculated as follows:

∆t+;− =

∣∣∣∣( d
GRm

+ Aabs

)
−
(

d
GR+;−

+ Aabs

)∣∣∣∣ (2.1)

where d is the distance from the outer rim in lm, GRm is the mean growth rate in

µm yr-1, GR+;-; are the respective upper and lower growth rate estimates in mm yr-1,

and Aabs is the year of sampling.

2.4 Results

2.4.1 Visual sample description

Micrograph optical properties

The internodal cross section of bamboo coral specimen USNM 10496 shows con-

centric visible rings and patterns of elongated opaque structures that are tilted with

respect to the radial growth direction and more transparent areas between them

(Fig. 2.2). Three drill holes from preceding growth rate investigations (Farmer et

al., 2015b) are clearly visible, while drilling the innermost sample filled the other-

wise hollow central axis with drilling dust. One concentric crack can be observed

about 0.8 mm away from and parallel to the rim of the internode. Along this inter-

ruption two sites display a bump in the otherwise concentric visible growth rings.

The sample exhibits two major bright ring features. More general features are the

multiple alternating opaque-translucent inclined patterns embedded between two

growth rings and will be referred to as inter-ring structures below. These patterns
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change orientation in one band from clockwise to counter clockwise with an appar-

ently wavelike structure. The inter-ring structure is hardly visible within the 1.6

mm radius of the central axis. This inner increment is more uniformly opaque than

the outer increment, where pronounced darker and brighter rings can be seen.

2 mm 

dh 

os 

cr 

ca 

II OI 

os 

FIGURE 2.2: Micrograph of a section from bamboo coral USNM
10496 from the Blake Plateau. Three drill holes (dh), the drilling
dust filled central axis (ca), concentric growth rings and inclined al-
ternating opaque structures (os) are visible. Additionally, a crack (cr)
marked by the dashed black line can be seen. The inner (II) and an
outer increment (OI) are microstructurally and geochemically dis-
tinct (see text for details). Note that the inner increment does not

include the central cavity.

Etched surface structure

The etched sample surface shows concentric macroscopic bands, crystallite fasci-

cles and microscopic mineralisation features of which the outer boundary forms

a fan- or rivetlike shape (Fig. 2.3). The younger outer increment shows irregular

banding while no growth banding is visible in the older inner increment. Etched

bands resemble the optical properties of the unetched sample surface (Fig. 2.2).

The centre and outermost layer contain smaller crystals than the remaining parts.
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Crystallites are generally flat in shape. The orientation of crystallite bundles is gen-

erally perpendicular to the growth direction but crosses it in various directions with

a wavy microstructure (Fig. 2.3d). Microscale fan-shaped structures always widen

in growth direction while the narrow part of the fan is located after a dark band on

the secondary electron images. The arrangement of these fans (Fig. 2.4a) mirrors

patches of optical opacity (Fig. 2.2) that occur between growth rings. The sizes of

the fans are about 20 mm wide at their base 20–30 mm long. None of these fans can

be observed in proximity to the dark bands in the 270 mm radius around the central

axis in which also a finer less structured surface exists (Fig. 2.3b). In contrast, the

remaining outer part of the inner increment does show fans.

40 µm 

a 

d 

c b 

b 

d 

c 

20 µm 

20 µm 

II 

OI 

1 mm 

FIGURE 2.3: The transect of the etched surface of a sample section
of bamboo coral USNM 10496 from the Blake Plateau shows dark
growth rings in the outer increment (OI) and a finer structure in the
inner increment (II) (a). (b) depicts a detail of II (a), which is charac-
terised by a finer but still crystalline structure in the upper part above
the dashed line, and fanlike structures (arrows) in the lower portion
of the image (below the dashed line). (c) shows the fanlike structures
marked in (b) presumably formed through desmocyte attachment.
Note the blurred base of the fanlike structure which might show the
cup-shaped basal lamina overlapping the crystallites. A wavelike
pattern is formed by the several crystallite bundles surrounding a
here darker growth ring of crystallites shown in figure (d). The ar-
rows in the lower left in each figure display the direction towards the

outer rim.
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2.4.2 Sample geochemistry

Mineralogy and organic matter distribution

CRM measurements identify calcite as the only mineral phase present within the

sample. The distribution of organic components (based on the fluorescence inten-

sity images) can be seen from Fig. 2.4. The presence and absence of short organic

bands in fluorescence resemble the pattern of inter-ring structures observed in vi-

sual opacity. The observed fluorescent bands are 20–80 mm in length and 1–2 mm

in width and form steplike single or multiple row patterns (Fig. 2.4). The shape of

these bands forms a wide U with the open part generally facing toward the growth

direction.

200 µm 80 µm 

a 

c 

b 

c 

20 µm 

b 

FIGURE 2.4: (a) Fluorescence mapping of a section of bamboo
coral USNM 10496 from the Blake Plateau shows high fluorescent
(brighter colours) short organic bands which form concave thicker
concentric bands and steplike patterns (arrowheads). (b) and (c) The
strongly fluorescing short bands have a length of 10–20 mm and are
convex in shape relative to the growth direction. Sample growth di-

rection of each figure is indicated by the arrows in the lower left.
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Mg and S distribution

The EMPA scans resolve regular, non-stochastic growth patterns for Mg and S. The

concentric banding (Fig. 2.5a and b) as well as the amount of data per analysed

growth interval shown in Fig. 2.5c demonstrates that the observed Mg/Ca peaks

are not random enrichments caused by measurement uncertainty. The counting

statistics limit the precision of individual Mg and Ca data to about ±7 % and ±2 %

(1SD) respectively at 1 mm resolution. Concentric Mg/Ca rings as well as granular

Mg/Ca increases are visible (Fig. 2.5b). The Mg/Ca rings are clearly distinguished

in the outer 2.6 mm of the section, but are not as clearly developed in the inner

increment of the internode. No continuous rings in the range of tens of mm (the

expected annual growth rate) could be identified. In general, Mg/Ca decreases

from the central axis to the outside of the internode. The greatest Mg/Ca decrease

is observed in an about 0.4 mm wide band surrounding the central axis. Mg/Ca

is roughly constant between 0.4 mm and 1.8 mm distance from the central axis,

followed by a sharp decrease to another generally constant level. The location of this

steplike change in Mg/Ca corresponds to the alteration in etched surface structure

between what we define as the inner and outer increments (Figs. 2.2 and 2.3), with

Mg/Ca ring patterns restricted to the outer increment. While Mg/Ca decreases

from 130 to about 93 mmol mol-1 in the inner increment, Mg/Ca is near constant

at about 89 mmol mol-1 in the outer increment. The total Mg/Ca range, excluding

the innermost high Mg/Ca ring, is slightly less pronounced in the inner increment

(26.8 mmol mol-1) of the skeleton than in the outer increment (32.3 mmol mol-1).

Also, the Mg/Ca variability (2SD) of the detrended increments is lower in the inner

increment (7.7 mmol mol-1) than in the outer increment (9.1 mmol mol-1). The area

of elevated Mg/Ca around the central axis coincides with the absence of fanlike

structures observed by secondary electron imaging of the etched surface (Fig. 2.3b).

The high-resolution EMPA scan (1 mm spot size) of the outermost 1 mm of coral

calcite shows well defined Mg/Ca growth rings that are sometimes disturbed by

elongated features of high Mg/Ca ratios (Figs. 2.5b and 2.6a). These features al-

ways start at bands with low Ca content and low density shown in the electron
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FIGURE 2.5: EMPA scan of a section of bamboo coral USNM 10496
from the Blake Plateau. (a) Mg/Ca overview scan with 15 lm spot
size shows ring structures and high Mg/Ca ratios around the central
channel. (b) The high-resolution scan (1 mm spot size) resolves con-
centric growth rings and spots of elevated Mg/Ca. (c) Mg/Ca vari-
ation along (b) is the average of 10 parallel lines after elimination of
local enrichments. Growth temperatures are estimated using the cal-
ibration of Thresher et al., 2016; the scale is shown on the right. The
inset in (c) gives a detailed view of the data density (30 data points
per reconstructed year). The 2 serror bar shows the calculated 5 %
measurement error based on the mean count statistics for Mg/Ca.
The horizontal blue line shows recent mean water temperature in
the sampling region while the data excluded from statistical consid-
erations are marked in purple at the bottom. (For interpretation of
the references to colour in this figure legend, the reader is referred to

the web version of this article.)
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backscatter (EBS) images (Fig. 2.6b and c). The low-Ca bands observed here have

the same size and shape as the ones imaged by Raman-spectroscopy (Fig. 2.4c). The

detailed EBS scan shows that these short bands are the beginning of fans that widen

always in growth direction. We also find fan-shaped cavities where the bands are

located close to the concentric crack in the sample (Figs. 2.2 and 2.6d).

Mg and S show broadly opposite concentration distributions (Fig. 2.7). In par-

ticular, S/Ca is lower in the ring structures (<10 mmol mol-1) and the innermost

part around the central axis (<9 mmol mol-1) of the coral section where Mg/Ca is

higher (Fig. 2.5a). The inner increment shows a mean S/Ca value of 9.5 ± 1.7 mmol

mol-1 (2SD) while the outer increment yields S/Ca = 10.5 ± 2.9 mmol mol-1 (2SD).

Although an opposing behaviour is visible in Fig. 2.7a, the point-to-point correla-

tion between Mg and S concentration is weak. The best fit using a nonpolynomial

equation can be found by using a power law relationship (R2 = 0.26, Fig. 2.7b).

Ba/Ca distribution

LA-ICP-MS mapping shows concentric Ba/Ca banding over the whole sample sec-

tion (Fig. 2.8). Following the growth direction on the sample section from the cen-

tral axis to the outer rim, no secular trend for Ba/Ca is observed. Unlike S/Ca and

Mg/Ca, Ba/Ca does not show distinct behaviour surrounding the central axis and

Ba/ Ca is banded both in the inner and outer increments of the internode. A possi-

ble covariation between S/Ca, Mg/Ca and Ba/Ca was investigated using actual or

interpolated data points positioned at equal distances from the rim. No similarities

between the Ba/Ca and Mg/Ca or S/Ca spatial distribution on the sample section

can be found (R2 < 0.01 and 0.15 respectively). Ba/Ca is elevated in the outer 250

mm of the internode, with Ba/Ca values as high as 15.7 mmol mol-1, while the mean

Ba/ Ca mean in the remaining part is 8.2 ± 1.9 mmol mol-1 (2SD). We applied a 40-

point running mean to the Mg/ Ca and S/Ca data before comparison, since Ca, Mg

and S were measured with a spot size of 1 mm while Ba/Ca was measured with 35

mm spot size. In addition, we also considered signal smoothing by sample mixing

in the laser ablation cell given by its wash out time. We evaluated this for Ba by
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FIGURE 2.6: High resolution EMPA scans of the outermost 1 mm of
a section of bamboo coral USNM 10496 from the Blake Plateau. The
outer rim is towards the bottom of each figure. (a–c) Growth rings in
Mg/Ca are interspersed with spots of high Mg/Ca starting at bands
of low Ca concentrations and low density, which appear darker in
the EBS figure (black arrowheads). (c) and (d) Low density bands
are located at the base of fanlike structures that extend in growth
direction. The left arrowhead in (d) shows an empty fanlike structure
next to a growth interruption. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version

of this article.)
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FIGURE 2.7: EMPA measurements of bamboo coral USNM 10496
from the Blake Plateau display an inverse distribution of Mg and S
in the sample. The spatial covariation of the two elements (red and
blue lines) and respective running means of 100 mm (black lines) are
displayed in (a). (b) The cross plot of the Mg and S concentrations de-
scribes a weak inverse correlation using a power function for fitting.
(For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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FIGURE 2.8: (a) Ba/Ca LA-ICP-MS mapping of bamboo coral USNM
10496 from the Blake Plateau of the same region where high resolu-
tion EMPA was done. (b) The mean of the 20 parallel Ba/Ca lines
enclosed by the dashed rectangle was used to reconstruct the aver-
age seawater barium concentration during internode growth, using
the calibration of LaVigne et al. (2011). The statistical error of the data
in (b) is smaller than the symbol size. The blue line and blue dot in
(b) show the recent [Ba]SW at the sampling site. The shaded bar in (b)
denotes the region which was excluded from the reconstruction due
to being a potential storage artefact. The black arrow in (a) shows
growth direction. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this

article.)

measuring the time dropping from mean full signal intensity of 138Ba on NIST 610

to one percent of it after laser shut off. This drop happened in less than 1.8 s; which

corresponds to a distance the laser moved of about 45 mm.
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2.5 Discussion

In the following we will discuss the use of Mg/Ca as a potential high-resolution

temperature proxy, the capability of Ba/Ca to reliably record [Ba]SW, and the limi-

tations of both proxies in the bamboo coral we investigated. We will present a rec-

ommendation which part of the skeleton should be included in an environmental

reconstruction. Finally, a schematic model for the ontogenetic origin of the observed

micro-fan structures will be provided.

2.5.1 Calcification temperature reconstruction

Assuming that bamboo coral internode Mg/Ca reflects growth temperature, we

estimate bottom water temperatures using the calibration of Thresher et al. (2016):

T (C) = −23.9 (±2.46) + 0.34 (±0.25) ∗ Mg
Ca

(
mmol mol

−1
)

(2.2)

The reconstructed bottom water temperatures (Fig. 2.5c) result in a mean of 7.5

°C ± 5.5 °C (2SD) while exhibiting a generally decreasing trend from the central

axis outwards within the inner increment, around a mean of 8.4 ± 2.8 °C (2SD). The

mean reconstructed temperature represented by the outer increment is 6.6 ± 3.6 °C

(2SD), where no trend can be observed. Based on the 14C age model (Section 2.7), the

pronounced steplike shift in the mean reconstructed temperature occurred around

1800 (between 1755 and 1820) (Fig. 2.5). In addition to the broad patterns between

the outer and inner increment, short-interval total Mg/Ca variability corresponds

to reconstructed temperatures ranging between 2 and 20 °C. This unrealistically

large temperature range indicates the need for a detailed analysis of the investigated

material before high-resolution reconstructions can be attempted.

Before further statistical analysis of the reconstruction, two points must be ad-

dressed. First, we again note that the collection age of our specimen (1885) greatly

predates any available hydrographic data. Thus, our comparison between these
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reconstructed temperatures and modern hydrographic data is necessarily specula-

tive. However, this comparison is still useful for illustrating how potential onto-

genetic influences on Mg/Ca are manifest in temperature reconstructions. Second,

some sections of the Mg/Ca data were excluded as shown in Fig. 2.5c. Similar to

our observation, Thresher et al. (2007, 2010) and Sinclair et al. (2011) observed el-

evated Mg/Ca towards the centre of bamboo coral internodes. While anomalous

geochemical behaviour near the central axis may relate to previous observations of

amorphous calcium carbonate surrounding the central axis (Noé and Dullo, 2006;

see Thresher et al., 2016), our specimen shows no amorphous calcium carbonate in

the innermost part. This is indicated by the etched crystalline surface structure (Fig.

2.3a & b) and the absence of a peak typical for this calcium carbonate polymorph in

the CRM spectra, while an amorphous precursor of the skeletal HMC can neither

be verified nor excluded with our measurements. We nevertheless exclude this por-

tion of the skeleton from the temperature reconstruction because of the absence of

fanlike structures suggesting a change in calcification mode in that part of the skele-

ton (see also Noé and Dullo, 2006). This distinct central part with elevated Mg/Ca

will be discussed separately below in Section 4.4. In addition to the central part,

we excluded the band that showed a change in skeletal crystal structure (Fig. 2.3d),

the material surrounding the growth interruption, the outermost rim and the high

Mg/Ca fanlike structures (Fig. 2.6). All excluded regions showed anomalously ele-

vated reconstructed temperatures of more than 15 °C. Peak temperatures of up to 20

°C were recorded close to the central axis and in proximity to a concentric crack in

the sample, which are unlikely to represent true ambient temperatures given mod-

ern temperatures of 8 °C (Section 2.2). Despite the exclusion of these four regions,

we emphasise that these sub-sections comprise only a small fraction of the speci-

men and the vast majority of the coral section (88 %) was considered (Fig. 2.5c). The

mean Mg/Ca of the outer increment does not significantly change (a= 0.05, t-test)

when removing the mentioned regions.

The mean reconstructed temperatures from the sample transect shown in Fig.

2.5c is 7 ± 3 °C (2SD). Although this is within uncertainty of the modern mean
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bottom water temperature at our sampling site of about 8 °C (Lee and Waddell,

1983), a 1.5 °C warming of Florida Straits bottom water from 1900–2000 has been

detected by Nagihara and Wang (2000) using borehole temperature measurements

at the western margin of the Great Bahama Bank (Ocean Drilling Program Leg 166).

If this warming trend is applicable to our coral specimen, then its Mg/Ca record

appears slightly more favourable as a temperature proxy.

Taken at face value, Mg/Ca in our bamboo coral specimen suggests a total tem-

perature variability of up to 8 °C. This exceeds the total temperature variability doc-

umented for the Blake Plateau (Lee and Waddell, 1983) by 4.1 °C, and from DWBC

CTD casts spanning the years 2001–2017 off Abaco Island by 3.0 °C. One option

is that the calibration of Thresher et al. (2016), which utilised bamboo coral spec-

imens primarily originating from the southern hemisphere and included species

other than Keratoisis grayi, is not appropriate for our specimen and/or for the high-

resolution Mg/Ca mapping approach. Alternatively, the enhanced reconstructed

temperature variability of our coral may not reflect calibration issues and instead

may reflect physiological processes associated with octocoral growth. Aranha et al.

(2014) documented similarly greater temperature variability recorded by skeletal

Mg/Ca than in proximal instrumental measurements for Primnoa, another calcitic

octocoral genus. A role for octocoral physiology in Mg/Ca is to some extent sup-

ported by findings from foraminifera despite expected differences in calcification,

which for example leads to differential pH-regulation at the site of calcification in

octocorals (e.g. Le Goff et al., 2017) and foraminifera (e.g. Nooijer et al., 2009). Simi-

lar to bamboo corals, foraminifera build a calcite skeleton and do not exhibit distinct

centres of calcification, as are observed in aragonitic scleractinian coral skeletons

(Adkins et al., 2003). Large Mg/Ca variations have been observed by LA-ICP-MS

investigations in foraminifera (Eggins et al., 2003; Hathorne et al., 2003; Reichart

et al., 2003; Hathorne et al., 2009; Sadekov et al., 2010; Nooijer et al., 2014; Spero et

al., 2015), which may reflect light intensity (day/night cycles), calcifying reservoir

depletion, the structural form of calcite, growth rate, authigenic surface coatings,

and surficial as well as intra-shell organic matter. Although the majority of these
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factors cannot yet be considered for bamboo corals given the paucity of information

on bamboo coral physiology, our fluorescence and S/Ca data provides some con-

straints on whether organic matter contributes to bamboo coral Mg/Ca variations.

Our EMPA analysis for Mg/Ca was performed without pre-treatment for or-

ganic matter removal (such as dissolution in ethylenediaminetetraacetic acid (EDTA)

and centrifugation; Thresher et al., 2016). Thus, our measurements cannot distin-

guish between calcitic and organically bound Mg. However, we discount a sig-

nificant organic matter Mg contribution to this specimen because areas of enhanced

fluorescence, which presumably represent increased organic matter contents, do not

correspond to increased Mg; in fact, Mg and fluorescence appear to vary inversely

(Appendix Fig. 2.10). The inverse variation of Mg and S will be discussed in detail

in a separate section below (see section 4.3).

While our data suggest that organic matter content does not principally drive

Mg/Ca variations in this bamboo coral specimen, given the high variability of re-

constructed temperatures found above we recommend to further evaluate the com-

parability of bulk skeletal Mg/Ca calibrations with high-resolution reconstructions

from single specimens. Ideally, modern high-resolution bamboo coral Mg/Ca records

should be compared to modern oceanographic temperature records; this would re-

duce uncertainty from our comparison of Mg/Ca in a ≈ 140 year old coral with

modern temperatures. Another option would be to compare reconstructed temper-

ature records of other local calcifiers for which well-established temperature prox-

ies exist with a bamboo coral Mg/Ca record grown in proximity to the sampling

site. The reconstruction could be done with, e.g., Li/Mg (Montagna et al., 2014) or

δ88/86Sr (Rüggeberg et al., 2008) in scleractinian corals or δ18O shell in bivalves (e.g.

Schöne et al., 2005). In addition, a comparison with another bamboo coral specimen

of the same species and location is recommended to investigate the internal vari-

ability of the chemical composition (e.g. Thresher et al., 2007; 2010). Without any of

these measures, a specimen-specific physiological non-linear response to tempera-

ture variation cannot be ruled out. Because of the low radial growth rate of bamboo

corals, “core top” studies on live-collected coral skeletons as done by e.g. Thresher
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et al. (2016) may offer a more practical option than long time culturing experiments.

An improvement of the existing calibration might be realised by restricting the sam-

pling area to the most recently grown material.

2.5.2 Potential infilling

The innermost 440 mm of the Mg/Ca data were excluded from the temperature con-

siderations due to their high ratios leading to unrealistic bottom water tempera-

tures. Several investigations mentioned a potential secondary infilling around the

central axis in bamboo corals as an explanation for observed geochemical features

in this region. Noé and Dullo (2006) found what they called amorphous calcite.

Further, Sinclair et al. (2011) and Thresher et al. (2010) found a central increase in

Mg/Ca. Radiocarbon (Farmer et al., 2015b; Thresher et al., 2016) and 210Pb-based

(Tracey et al., 2007; Andrews et al., 2009) investigations of growth rate report dates

that are younger by the central axis than the surrounding, presumably ontogeneti-

cally younger calcite. The combination of anomalous dates and geochemical signa-

tures led Farmer et al. (2015b) and Thresher et al. (2016) to conclude that the material

surrounding the central axis may be precipitated after the initial internodal skele-

ton was built in some specimens, although it should be noted that this feature is

not shared among all bamboo coral specimens (Thresher et al., 2004; Andrews et al.,

2009; Thresher et al., 2010; Farmer et al., 2015b).

In addition to the infilling hypothesis, theoretical considerations and our exper-

imental findings allow another explanation. We suggest that the observed feature

might be a growth rate artefact. This is based on the gradual rather than abrupt shift

in Mg/Ca around the central axis (Fig. 2.5c) accompanied with no major change in

the crystallite structure in that part (Fig. 2.3b). If secondary infilling were present,

we would rather expect a sharp contrast in composition and crystallite structure

between the infilled and the primary material, which is not the case. In order to

create the observed pattern of gradual change, the precipitation would have to start

at exactly the same Mg/Ca as the skeleton and then successively change towards a
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different composition, which seems unreasonable. Further, to the best of our knowl-

edge there is no study published that describes living tissue in the central axis, while

Alderslade and McFadden (2012) reported it to be filled with a transparent gelati-

nous material in a specimen of the bamboo coral subfamily Keratoisidinae. Given

that no living coral tissue occupies the central axis, the infilling is highly unlikely to

be actively produced by coral tissue. In that case the ions required for the precipita-

tion of infilled calcite would need to be transported to the precipitation site through

pores or channels in the nodes or internodes of this species, which were also not

reported. To our knowledge, it has not yet been studied whether nodes seal the in-

ternodal axis or allow fluids to be exchanged. A strong argument against potential

infilling is given by the observed chamber-forming walls across the central axis of

the Isidid sub-family Keratoisididae (Tracey et al., 2007; Alderslade and McFadden,

2012). These walls would prevent mass transfer between chambers along the central

axis and with that the supply of ions for precipitation of the secondary infilling.

Another way to test whether infilling occurs during specimen growth is to in-

vestigate the diameter of the internodes’ central axis at different life stages of the

animal. Tracey et al. (2007) observed an increase in diameter of the central axis to-

wards the younger internodes for the bamboo coral genera Keratoisis and Lepidisis,

which supports potential infilling with time. However, Alderslade and McFadden

(2012) observe a progressive decrease in central axis diameter towards the younger

internodes in the genus of Isidella. One explanation given by Tracey et al. (2007)

for the increase was that it allows the growing coral to sway in the current to catch

food particles. This does not necessarily imply that the diameter is changed after

the internode was formed. It might be possible that new internodes are already

initially built with a larger diameter of the central axis. To summarise, divergent

observations of trends for central axis diameter along the main growth axis does

not conclusively support or refute the infilling hypothesis.

A higher growth rate around the central axis would favour higher Mg/Ca through

enhanced Mg partitioning at higher calcite precipitation rates. For example, such

an effect was observed in bamboo corals in a subset of the investigated samples of
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Thresher et al. (2016), and by measurements on coralline red algae conducted by

Sletten et al. (2017), which contrasts with discrimination against Mg incorporation

at higher precipitation rates in inorganic precipitation experiments (e.g. Gabitov

et al., 2014a). Further, high precipitation rates surrounding the central axis may ex-

plain patterns of reduced δ18O and δ13C in the calcite surrounding the central axis

of bamboo corals (Hill et al., 2011) through kinetic fractionation. We note that Hill

et al. (2011) could not relate 14C-derived growth rates to δ18O and δ13C fractionation;

however these growth rates are constrained by relatively few data points and do not

necessarily preclude higher growth rates in a small skeletal domain surrounding

the central axis. Higher growth rates during early growth explain the anomalously

young 14C dates found near the central axis by Farmer et al., 2015b and Thresher

et al. (2016) through two mechanisms. First, it should be noted that central axis

14C dates are typically not significantly younger than surrounding dates (given the

uncertainty of several decades on 14C measurements), but rather fall within uncer-

tainty of surrounding dates (Thresher, 2009; Farmer et al., 2015b) and thus do not

exclude high growth rates near the central axis. According to the available 14C data

a linear growth rate was assumed but the uncertainty and resolution of the data

can obviously not exclude small-scale nonlinear growth rates. Second, the 14C de-

viations near the central axis could reflect increased incorporation of respired CO2

during rapid skeletal formation, which is presumably younger than ambient seawa-

ter DIC that is otherwise used for bamboo coral calcification (Farmer et al., 2015b;

Roark, 2005 and others). Although we cannot yet fully resolve whether the cause

of the central anomaly is secondary infilling or a physiological process during early

skeletal formation, we favour a physiological explanation given the gradual change

in Mg/Ca alongside the distinct microstructural texture (Fig. 2.3) in the innermost

part of our studied bamboo coral specimen. Further investigations on a larger set

of adjacently grown bamboo corals and from multiple internodes of the same spec-

imen would allow to shed more light on the observed feature.
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2.5.3 Mg- and Ba-S relationship

Our EMPA results reveal a weak inverse relation of Mg to the distribution of S (Fig.

2.7), in agreement with earlier reports for the calcitic octocoral genus Corallium

(Vielzeuf et al., 2013; Nguyen et al., 2014). Although we initially aimed to use S

as an indicator of organic matter, its distribution turned out not to be related to

organic content as indicated by comparison with CRM data. Instead, the S concen-

tration seems to be inversely connected to processes driving the incorporation of

Mg into the skeleton. Although elemental abundances show an inverse relation,

the apparent correlation is not linear. The observed Mg/S relationship could be

related to temperature or skeletal growth rate effects. We propose a temperature

effect, since the skeletal Mg content seems to be mainly influenced by ambient sea-

water temperature and a growth rate effect, since the innermost part showing a Mg

anomaly is assumed to grow faster. Furthermore, the incorporation of S has been

linked to additional parameters. Based on infrared spectroscopy studies, it was

found that S appears to substitute as sulfate for carbonate in the calcite lattice in

bamboo coral internodes (Balan et al., 2017). These authors therefore postulated the

ability of S in bamboo corals to record the sulfate concentrations in seawater. Also,

an interaction between skeletal growth rate, carbonate ion concentration in the cal-

cifying fluid and its reducing impact on the activity of sulfate ions was suggested by

Nguyen et al. (2014) for the octocoral species Paracorallium japonicum. These au-

thors found lower sulfur concentrations in skeletal portions secreted during warm

seasons when the coral was growing fast. We speculate that the observed inverse

correlation of Mg and S is related to growth rate; however this suggestion requires

higher-resolution growth rate estimates than are currently available from 14C.

The different spatial distributions of Ba/Ca and S/Ca in the sample transect

suggest that the incorporation of Ba and S may not be coupled. A dominant control

on Ba/S by barite (BaSO4) can be excluded for stoichiometric reasons, given the

large difference in mean skeletal concentration of Ba (≈ 8 µmol mol-1) and S (≈

9000 µmol mol-1). However, since the cause(s) of elemental variation in bamboo

coral skeletons (especially for S) are poorly studied, further investigations on the
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environmental and physiological factors influencing Mg, Ba, and S incorporation

into the skeleton are needed.

2.5.4 [Ba]SW reconstruction from Ba/Ca mapping

Ba concentrations in seawater can be estimated by applying the equation of LaVigne

et al. (2011):

[Ba]SW

(
nmol kg−1

)
=

Ba
Ca

(
µmol mol−1)− 4.205 (±0.870)

0.079 (±0.008)
(2.3)

The reconstruction of [Ba]SW (Fig. 2.8b) is linearly related to Ba/Ca. [Ba]SW exhibits

a mean value of 54 ± 37 nmol kg-1 (2SD) with a maximum 145.3 nmol kg-1 close to

the rim.

For further detailed discussion on the reconstructed concentrations we restricted

the dataset. LaVigne et al. (2011) used only the youngest outermost part of the skele-

ton for their calibration, allowing a comparison with recent instrumental [Ba]SW

measurements. Our Ba/Ca data should be directly comparable to LaVigne et al.

(2011) since both studies used unbleached bulk carbonate. In contrast, Thresher et

al. (2016) excluded the innermost juvenile skeletal part from their calibration due to

significantly elevated values, which were also found by Sinclair et al. (2011). How-

ever, we could not find any unusual values within this region but instead exclude

the elevated values in the outer 250 µm (Fig. 2.8). Although the high Ba/Ca ratio

found close to the rim might be a primary signal, these ratios are more likely an arte-

fact of long-time storage in ethanol. For instance, Strzepek et al. (2014) found that

13 months of storage in ethanol elevated the Ba/Ca ratio of bamboo coral samples

by 8 %, though the influence found was small and might have been related to a sim-

ple offset caused by the applied LA-ICP-MS method. Nevertheless, Strzepek et al.

(2014) proposed that Ba had leached from the nodes and subsequently deposited on

the internodes. The authors, however, provided no measure for the identification of

potentially contaminated or altered material except by a higher Ba/Ca itself. LaVi-

gne et al., 2011 did not mention whether their samples were stored in a preservative

after sampling as our sample was. Since we cannot exclude a storage artefact as
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suggested by the latter we refrain from interpreting the elevated Ba/Ca data of the

outer 250 µm. From the remaining data we estimate a mean [Ba]SW for the coral’s

habitat of 50 ± 24 nmol kg-1 (2SD).

Evaluating our reconstructed [Ba]SW value with modern hydrographic data is

hampered by the lack of data availability at the sampling region and water depth.

However, we can approximate modern [Ba]SW with data from GEOTRACES sec-

tion GA03 at around 800 m at 38.7° N and 69.1° W (Mawji et al., 2015). Though this

is about 1300 km northeast of our sampling site, given the residence time of Ba in

seawater on the order of about 10,000 years (Chan et al., 1976), the reported concen-

tration of 48 nmol kg-1 is assumed to be representative for a broad region, including

the sampling site. Our reconstructed mean estimate of 50 ± 24 nmol kg-1 (2SD), is in

good agreement with the modern regional concentration. Since short term temporal

variability of [Ba]SW is unknown from hydrographic data, we compare the variance

with [Ba]SW from other oceanic regions. The total variability of our sample of [Ba]SW

(27–89 nmol kg-1) is larger than the range observed available in the GEOTRACES

dataset between 80 and 60 °W in the upper 2000 m of the North Atlantic (i.e. [Ba]SW

= 42–58 nmol kg-1)(Mawji et al., 2015). Since the reconstructed values exceed the

range of recent oceanic concentrations, an influence of factors other than [Ba]SW on

the skeletal Ba/Ca composition cannot be excluded.

We compared our Ba/Ca data with a record reported by Sinclair et al. (2011)

from a bamboo coral sample from the Jacksonville Lithoherms, collected at 549 m

depth about 40 km west of our sample location (Fig. 2.1b). While the reconstructed

nutrient concentrations of our Florida Strait coral agree better with ambient [Ba]SW

than Sinclair’s Jacksonville Lithoherms sample, both data sets display a similar de-

gree of variability. Sinclair et al. (2011) measured a mean skeletal Ba/Ca ratio of 12

± 2 µmol mol-1 (2SD), which, using equations 2.3, translates to 102 ± 51 nmol kg-1

(2SD) [Ba]SW. Our values are with a mean of about 8 mmol mol-1 nearly 30 % lower

than the values reported for the Jacksonville Lithoherms specimen. A reason for the

offset could be related to the growth of their coral closer to the shelf break, and some

250 m shallower than our specimen. At the eastern continental margin of Florida,
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ground water is in contact with seawater until a water depth of at least 500 m (e.g.

Hathaway et al., 1979; Kohout, 1965; Manheim and Paull, 1982). It is known that

groundwater aquifers are enriched in adsorbed Ba which can be released by salt

water intrusions (Shaw et al., 1998). We therefore speculate that the Sinclair sample

may have been influenced by Ba leached from the Floridan limestone aquifer, lead-

ing to higher skeletal Ba/Ca values in their sample. The growth site of our sample

might not have been affected by Baenriched seawater from this aquifer because of

its greater depth of 805 m. Another reason for the observed offset could be that Sin-

clair et al. (2011) focused on the reproducibility of the measured Ba/Ca trends and

not on their accuracy. Further could differing instrumental set ups and operational

conditions have led to differing matrix effects. Hence, although the difference in

mean Ba/Ca values of the samples may be due to a systematic measurement offset,

the relative difference in estimated ambient water [Ba]SW could equally represent

an environmental signal.

Our data show that skeletal Ba/Ca relates to mean ambient [Ba]SW levels. Our

estimates are in good agreement with recent ambient instrumental values, support-

ing the use of bamboo corals as potential archives of ambient [Ba]SW levels over

timescales of decades. The observed concentric Ba/Ca variation in our octocoral

allows us to verify that the chosen sample transect for reconstruction is a represen-

tative selection on the sample section. This also resulted in an increase of statisti-

cal precision of the reconstructed [Ba]SW by being able to pool several data points

for reconstruction. For a better understanding of the duration and timing of past

concentration changes, a highresolution chronology is important. The variation of

our [Ba]SW estimates cannot currently be evaluated in the light of actual environ-

mental changes due to the age of our specimen and a lack of hydrographic [Ba]SW

time series. Though high-resolution LA-ICP-MS sampling of skeletal Ba/Ca is a

promising tool to understand short term variability in [Ba]SW, further work on the

potential impact of physiological processes on the Ba incorporation into bamboo

corals is required. A future comparison of modern hydrographic [Ba]SW and Ba/Ca

reconstructions from modern bamboo corals may better elucidate these potential
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FIGURE 2.9: Possible explanation for the fan-shaped Mg/Ca anoma-
lies seen after sample etching. (a) Desmocyte attached to the skele-
ton. (b) Calcite mineralisation around the desmocyte. (c) After de-
tachment of the desmocyte, an empty fan-shaped pit remains with
the organic basal lamina at its base. BSE picture in the lower half of
(c) displays an empty fan next to a growth interruption (white bar =
20 mm). (d) The pit now fills with elevated Mg/Ca calcite meanwhile
the tissue is connected to the skeleton by a desmocyte at a differ-
ent site. The SE image in the lower panel shows the etched sample
surface with an infilled fan (white bar = 10 mm). em = extracellular

matrix, lf = long fibres, bl = basal organic layer.

impacts.

2.5.5 Ontogenetic limitations and growth model

One potential cause of variation expressed in isolated high-Mg/Ca features might

be growth rate effects similar to those seen near the central axis, where Mg/Ca is

most elevated. As shown by CRM- and EBS-imaging, high-Mg/Ca features always

initiate at a short organic band from which a fan- or rivet-shaped feature develops

(Figs. 2.3, 2.4, and 2.6). Fan-shaped or spherical arrangement of needlelike crys-

tals so-called spherulitic structures which are typically associated with fast crystal-

lite growth are ubiquitous in biogenic carbonates (e.g. Barnes, 1970; Cohen and

McConnaughey, 2003). It must be pointed out that we use the term “fan-shaped”

here as reference to the external shape only, not the internal crystallite arrangement

which could not be investigated with the applied techniques.

Noé et al. (2007) describe fanlike crystallite arrangements in isidid skeletons

which they call interfingering fascicles. We want to emphasise that these structures

describe the bulk material around the here described fan-shapes but not the fans
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themselves. Calcite fans called loculi have been found e.g. in the octoral genus Plex-

aurella (e.g. Bond et al., 2005; Lewis et al., 1992). Loculi are the only calcified parts

of Plexaurella’s otherwise organic skeleton which together with the shape of loculi

seem to be a weak match to the features discussed here. More similar fan-shaped

structures regarding surrounding skeletal material and shape are those embedded

in the spherulitic crystal bundles described in calcitic sea fans (Ledger and Franc,

1978), but their origin has not yet been determined. Here we suggest a bamboo

coral growth model that focuses on desmocytes, which are special cells observed

in all three classes of cnidarian, and which connect the coral tissue to its calcareous

skeleton (Muscatine et al., 1997). While Chapman (1969) suggested a development

model of a desmocyte during growth in cnidarians, the authors did not focus on

the carbonate skeleton in their model. Following these earlier observations, we pro-

pose a growth mechanism (Fig. 2.9) capable of explaining the observed chemical

and morphological features of these fans.

Desmocytes link the coral tissue with the organic matrix of the skeleton via rod-

like structures called fibrils and a basal lamina (Muscatine et al., 1997). While being

attached to the skeletal surface, we infer that calcification occurs around the at-

tached desmocyte. The surface of (dead) Isidid coral skeletons of the genus Orstomi-

sis shows pits with diameters of about 50 µm (Bayer, 1990). Similar pits have also

been shown for several genera like e.g. Mopsea or Oparinisis in the family of Isididae

(Alderslade, 1998). Although similar features have not yet been reported in Isidids

of genus Keratoisis, the basal diameters of these pits are within the length range of

the observed low-Ca and high-fluorescence bands of the analysed Keratoisis sample

(Figs. 2.4 and 2.6d). We propose that the observed bands are remains of the basal

lamina and therefore represent sections of a three-dimensional cup-shaped struc-

ture. These structures could be left behind after calcification around the desmocyte

reached a certain height (Fig. 2.9b) and the desmocyte is then detached by lowering

the adhesion (Fig. 2.9c) (Muscatine et al., 1997). After detachment of the desmocyte

the pit needs to be filled (Fig. 2.9d). As suggested by our fluorescence data (Fig.
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2.4) and also by transmission electron microscopy images of stained and decalci-

fied thin sections of a scleractinian coral (Goldberg, 2001), calcareous infilling of the

attachment scar appears to incorporate remains of the organic basal lamina at its

base. Alternatively, it was also suggested that desmocytes as a whole become min-

eralised into the skeleton (Muscatine et al., 1997). However, since fluorescence map-

ping shows only a thin bright band instead of a bright fanlike structure (Fig. 2.4),

our geochemical data do not indicate the presence of an organic structure at this

site and instead support the concept of desmocyte detachment proposed by Mus-

catine et al., 1997 for the scleractinian coral Stylophora pistillata. While we observed

fanlike features in the majority of the skeleton, these are absent in the central-most

part around the central axis. This is consistent with independent observations of

fewer and less ordered desmocytes in fast growing areas of the scleractinian coral

Stylophora pistillata (Tambutte et al., 2007). Also, Clode and Marshall (2002) suggest

that since scleractinian desmocytes are not involved in the calcification process, they

would not be present in high density in regions of fast calcification. Importantly,

fanlike features are absent from the central region of elevated Mg/Ca ratios in our

specimen (Fig. 2.3b), and we suggest that elevated growth rates in this area may

cause elevated Mg/Ca.

As already mentioned by others (e.g. Thresher et al. (2010), see also Section 4.2),

specimens were found in which the central growth axis of bamboo corals seems to

be mineralised in a different way than the remaining part of the skeleton. For exam-

ple, Farmer et al. (2015a) found an elevated boron isotopic composition and related

it to ontogenetic variability in calcification rate. A different mode of growth was

suggested by Sinclair et al. (2011) based on Ba and Mg anomalies around the central

axis of a bamboo coral. Our sample does not show a Ba/ Ca anomaly in this re-

gion, although we found the lowest S concentrations of the sample there. Whatever

the cause of the change in mineralisation is, our geochemical data suggest that the

absence of fanlike structures (Fig. 2.3b) serves as one indicator for which parts of

a bamboo coral should be avoided for Mg/Ca-temperature reconstructions. It has

to be emphasised that in skeletal parts containing these structures only the material
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surrounding the fanlike structures should be used since the structures themselves

show an elevated Mg/Ca. In addition, we suggest that the fanlike structures may re-

flect desmocyte attachment throughout individual sample sections. Further inves-

tigations of the fan ultrastructure using scanning electron microscopy (SEM) with

gold coated etched samples, ion microprobe (NanoSIMS) for elemental mapping or

polarised microscopy of thin sections would be helpful to gain a more detailed view

on their internal structure and formation mechanism.

2.6 Conclusion

Our data suggest that integrated Mg/Ca ratios in bamboo corals faithfully record

mean growth temperature, whereas integrated Ba/Ca ratios reflect [Ba]SW. How-

ever, we advise caution in interpreting high-resolution time series until reliable

long-term time series information of these parameters becomes available for com-

parison to skeletal bamboo coral records. The reconstructed variability for all en-

vironmental parameters is larger than predicted from known recent environmental

variations. This geochemical variability is most clearly expressed in isolated high-

Mg/Ca skeletal features, which appear to be formed by rapid infilling of detached

desmocyte spaces during biomineralisation, and a high Mg/Ca feature surrounding

the central axis. The latter was not associated with anomalous Ba/Ca values. There

is evidence that at least the Mg/Ca anomalies are related to locally elevated growth

rates. To further improve existing calibrations for temperature and nutrient levels,

we suggest to investigate the influence of growth rate and organic content on the in-

corporation of Mg and Ba into the skeleton of bamboo corals. In concert with a finely

resolved chronology, this could lead to establish bamboo corals as high-resolution

archives of ambient temperature and [Ba]SW. The presented data emphasise the

advantage of elemental mapping compared to point or line scans by allowing for

choosing representative sections on the sample and improving statistical precision

by pooling data. Further we show that bamboo coral skeletons exhibit isolated on-

togenetic features that are geochemically distinct and can therefore be excluded for

paleoenvironmental reconstructions. Although we found potential limitations for
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highresolution environmental reconstruction on bamboo corals, these marine calci-

fiers remain promising candidates to serve as paleoenvironmental archives in the

deeper ocean. Future studies on further specimens are needed to generalise our

findings.
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2.7 Appendix
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FIGURE 2.10: Fluorescence and Mg/Ca distribution on approxi-
mately the same bamboo coral sample section of USNM 10496 from
the Blake Plateau indicate that Mg is not mainly contained in organic
material compared to calcite indicated by a weak opposing variation.
The signals shown are grey values obtained from Mg/Ca and fluo-

rescence maps using ImageJ software (Schneider et al., 2012).
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3 Incorporation of Na and S in

calcitic octocoral skeletons

3.1 Abstract

Ocean environmental conditions might be reflected in the skeletal composition of

bamboo corals. The high magnesium calcite internodes of these long living octo-

corals may therefore represent a potential archive for seawater properties such as

salinity or temperature where instrumental time series are absent. To extend these

time series into the past using a natural archive the influences on the skeletal com-

position has to be investigated. Since skeletal Na and S concentrations have been

proposed as environmental proxies, we mapped the spatial distribution and con-

centration of these elements in two Atlantic specimens of Keratoisis grayi (family

Isididae) with a resolution of four micrometre. The mean distribution coefficient of

Na for the two Atlantic samples was within 2.5 and 2.8*10-4, while that of S shows a

similar depletion with 2.2 and 2.3*10-4, hence in the range of inorganic calcite precip-

itation experiments. The two elements show an inverse correlation in bamboo coral

skeletons. Based on the spatial variations along growth rings an exclusive control

of environmental factors on the element distribution can be discarded. We further

exclude Rayleigh fractionation, ion specific pumping and Ca-proton exchange as

the driver of Na and S distribution in bamboo corals. Instead, we propose a calci-

fication model based on Ca pumping and bicarbonate active transport. This model

is able to explain the observed distribution of Na and S in the skeleton without the

involvement of skeletal organic matter. Nevertheless, organic matter might play

a minor role especially for the microscale patterns along growth rings. Although
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the skeletal Na and S composition is seemingly largely driven by the coral physi-

ology, the distribution coefficient similar to inorganic calcites indicate the potential

for bamboo corals to record environmental conditions.

3.2 Introduction

The elemental composition incorporated into the skeletons of deep sea corals may

hold vital information about deep water environmental conditions over decadal to

centennial timescales and depth where instrumental records are missing (Robinson

et al., 2014). It is key to assess if and how sensitively a reconstructed geochemical

signature responds to external environmental conditions, whether it is merely con-

trolled by internal physiological processes, or a combination of both internal and

external controls. For this purpose, the calcification process of the skeleton and its

influence on the elemental composition needs to be fully understood. The advan-

tage of using bamboo corals as environmental proxy recorders are their long life

span of up to 300 years (Andrews et al., 2009; Hill et al., 2011), their fixed growth lo-

cation on hardgrounds and the wide habitat depth range of less than 10 to over 3000

m (Bostock et al., 2015; Thresher et al., 2016). Closer investigation of the geochemical

controls over cold-water coral growth is not only important for further developing

deep water corals as environmental proxy archives. Knowledge of their calcification

mechanism with regard to environmental demands is important in view of likely

future changes to evaluate their susceptibility to ocean acidification, warming or

deoxygenation (Roberts et al., 2016b).

Sodium as the most abundant cation in the ocean has a concentration of 0.486

mol kg-1 at a salinity of 35 (Millero, 2014) and a mean residence time of 44*106 years

(Lecuyer, 2016), while sulfur is the second most abundant anion with a concen-

tration of 0.03 mol kg-1 (Millero, 2014) and a mean residence time of 9*106 years

(Lecuyer, 2016). The incorporation of Na and S into biogenic and abiogenic cal-

cite was found to be dependent on several factors. Studies on biogenic calcite re-

ported a relationship of skeletal Na/Ca to seawater salinity for several recent calci-

fying species. The clearest indication into this direction comes from recent studies
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on foraminifera. A positive salinity-Na/Ca correlation was observed by Wit et al.

(2013), Allen et al. (2016), and Mezger et al. (2016), as well as Bertlich et al. (2018),

and Geerken et al. (2018). Apart from foraminifera, other species were also found

to show a positive Na/Ca correlation with salinity. Gordon et al. (1970) presented

similar findings from barnacle shells, while brachiopods may also hold potential for

recording seawater salinity (Rollion-Bard et al., 2019.

Skeletal sodium concentrations were also explained by a variety of other factors

than salinity. According to Hauzer et al. (2018), the Na/Ca ratio in tests of the

foraminifera Operculina ammonoides is positively correlated with Na/Ca ratio of

seawater which does not vary with salinity. Iglikowska et al. (2018) found an inverse

correlation between Na/Ca ratios and barnacle size. Also, acidification was found

to raise the shell Na/Ca ratio of the bivalve Mytilus edulis by Zhao et al. (2017),

while Ballesta-Artero et al. (2018) suggested that the Na/Ca ratio is influenced by

growth rate for the same species.

Inorganic precipitation experiments on the incorporation of Na into calcite were

conducted by Kitano et al. (1975) and Okumura and Kitano (1986), who found the

Na/Ca ratio to be influenced by Na content of the parent solution. Similarly to

these studies, Ishikawa and Ichikuni (1984) found the Na/Ca ratio of the precipitate

to rise with increased Na content in the parent solution. Nevertheless, the Na/Ca

ratio reaches saturation in the calcite phase at about 0.2 mol L-1 aqueous Na, hence

below seawater concentrations. Crystal growth rate was found to be the driver of

Na incorporation in the experimental setup of Busenberg and Niel Plummer (1985)

resulting in a positive correlation.

Although representing a different mineralogy, studies on Na/Ca in biogenic

aragonite (e.g. Mitsuguchi and Kawakami, 2012; Mitsuguchi et al., 2010; Rollion-

Bard and Blamart, 2015) found incorporation by lattice defects or ion adsorption,

and kinetic effects as possible explanations for increased Na incorporation.

The incorporation of S into biogenic calcite is less well understood to date. The

amount of sulfur incorporated in biogenic calcite appears to be influenced by the

carbonate chemistry of the calcifying solution (Dijk et al., 2019; Dijk et al., 2017) and
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organic matrix association (e.g. Dauphin, 2006; Geerken et al., 2019; Glock et al.,

2019; Nguyen et al., 2014; Vielzeuf et al., 2013; Yoshimura et al., 2019). Although

sulfur can be associated with organic compounds in biogenic calcite, it has equally

been suggested to be present in inorganic form as so-called structurally substituted

sulfur (e.g. Balan et al., 2017; Cusack et al., 2008; Fichtner et al., 2018; Nguyen et al.,

2014; Perrin et al., 2017; Pingitore et al., 1995; Takano, 1985; Tamenori et al., 2014).

Precipitation experiments on inorganic calcite formation found less sulfur to be

incorporated with rising sodium in precipitation solution (Kitano et al., 1975), but

a rising sulfur content with higher solution sulfate concentration until a saturation

level in calcite on the order of four to five % given as the S/Ca atomic ratio was

reached (Okumura et al., 2018). Calcite crystal growth rate was found to be one

driver of sulfate incorporation in the precipitation experiments of Busenberg and

Niel Plummer (1985). Conversely, Wynn et al. (2018) reported that pH is the main

driver of sulfate incorporation followed by increased incorporation with rising pre-

cipitation rates due to defect site incorporation.

In this study, we investigate the Na/Ca and S/Ca spatial distribution in the

skeleton of two bamboo corals of the genus Keratoisis. We used high-resolution

element mapping techniques (LA-ICPMS and EMPA) combined with Raman spec-

troscopy to gain insight to potential processes that control the incorporation of Na

and S into the skeleton.

3.3 Oceanographic setting, material and methods

3.3.1 Specimen and sample

We used two specimens of Keratoisis grayi (family Isididae) collected in the North

Atlantic (Fig. 3.1). Sample YPM 37031 was dredged 2006 on Bear Seamount (40.257

°N, 67.691°W) from about 950 m depth during R/V Delaware cruise DE 04-08. Af-

ter collection it was frozen, treated with 70 % alcohol and stored dried. The sec-

ond sample (USNM 10496) was collected in 1885 on the Blake Plateau (30.733 °N,

79.433 °W) in approximately 805 m water depth. This sample was collected during
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a cruise of the United States Fish Commission and stored in ethanol. For both sam-

ples the mean growth rate was previously determined using radiocarbon (Farmer

et al., 2015b). Both samples were covered with coral tissue at collection and thus

are assumed to have been alive at the time of collection. No signs of bioerosion or

diagenetic alteration can be found in the samples.

3.3.2 Oceanographic setting (Blake Plateau and Bear Seamount)

The Blake Plateau in the South Atlantic Bight is overflown by the Florida Current

and represents a highly variable environment. The bottom water temperature at the

sampling site shows a total variability of 3.9 °C around an annual mean of about 7.9

°C at the nearest long-time mooring station (Lee and Waddell, 1983), while frequent

CTD casts carried out between 2001 until 2017 show a total variability of 2.0 °C

at 725 m (n=64). The salinity variability in the Florida Straits given as 2SD was

measured to be about 0.05 with a total range of 0.21 PSU around an annual mean of

34.93 PSU (data were collected as part of NOAA’s Deep Western Boundary Current

Time Series (DWBC) and are available at www.aoml.noaa.gov/phod/wbts/data).

Bear Seamount is part of the New England Seamount Chain and is located 50

km off the shelf break of Georges Bank. It is occupied by the Gulf Stream and

exhibits a more stable environment in comparison to the Blake Plateau. Temper-

ature data were taken at 1000 m depth at mooring station W1 (39.601 °N, 69.717

°W) from 2008 to 2013 and is a part of the long-time observing system Line W south

of New England carried out by Woods Hole Oceanographic Institution (www.whoi.

edu/science/PO/linew/index.htm). The total recorded temperature variability at

this location is 0.9 °C and with a mean of 4.3 ± 0.2 °C (2SD) and the salinity variabil-

ity is 0.02 (2SD) (total range of 0.13) around a mean of 34.96 PSU. Mean temperature

is therefore higher on the Blake Plateau than on Bear Seamount with a smaller vari-

ability at the latter location. The same trend in variability is observed for salinity at

the sampling sites but with only marginally different mean salinities.

www.aoml.noaa.gov/phod/wbts/data
www.whoi.edu/science/PO/linew/index.htm
www.whoi.edu/science/PO/linew/index.htm
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Blake Plateau 

Bear Seamount 

FIGURE 3.1: Sampling sites (red stars) of the two investigated bam-
boo corals from the North Atlantic.

3.3.3 EMPA (Na, S, Ca mapping)

The samples were embedded in Araldite resin and polished in a graded series with

Struers Dia Pro polishing emulsions (9, 3 and 1 mm) with a Struers TegraPol polish-

ing machine. The embedded sample was rinsed after each polishing step with dem-

ineralised water and dried with pressured air. After final polishing it was stored

until measurement in a bolted vial.

Sodium, S and Ca were mapped by electron microprobe (EMPA) using a JEOL

JXA 8200. Prior to analysis the sample was sputtered with carbon to avoid sam-

ple charging. Desired elements were measured simultaneously by wavelength-

dispersive spectrometers. Na was measured using TAPH (thallium acid phthalate,

high intensity) and TAP (thallium acid phthalate), Ca using PETJ (pentaerythritol)

and S using two times PETH (pentaerythritol, high intensity) as diffraction crystals,

respectively. A high-resolution transect across the sample radius was performed

with an electron beam diameter of 4 mm, a dwell time of 50 ms and a current of 50

nA at 15 kV accelerator voltage. All the investigated areas were scanned five times.

This, together with multiple simultaneous measurements of Na and S, was done

to increase the count rates and with that to minimise the statistical uncertainty to

receive a spatially better resolved map. The dwell time and current were chosen
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to assure high signal intensity without damaging the carbon coating or significant

loss of Na during mapping. Concentrations were calculated by mapping different

carbonate and silicate reference materials under the same conditions as the samples

(see Appendix Fig. 3.6, 3.7 and 3.8). The mapped area for the Blake Plateau sample

is 2.00 ×4.44 mm, while on the Bear Seamount sample an area of 2.00 ×6.50 mm was

mapped.

3.3.4 LA-ICP-MS (Na and Ca mapping)

Besides following the EMPA elemental mapping approach, the distribution of 23Na

and 44Ca was also mapped on the embedded and polished sample of the Bear

Seamount sample by laser ablation inductively coupled mass spectrometer (LA-

ICP-MS). The additional mapping by laser ablation was carried out in order to ex-

clude potential surface contamination. Ablation was carried out using a Nu AttoM

sector field ICP-MS coupled to an Electro Scientific Industries NWR 193 nm excimer

laser. Plasma conditions were tuned for hot plasma conditions according to Fietzke

and Frische (2016). The data were acquired with a scan speed of 25 mm s-1, a laser

pulse rate of 20 Hz, a fluence of about 3 J cm-1 and a laser beam diameter of 32 mm.

Each laser line overlapped with the neighbouring line by two mm. Prior to the ac-

quisition of the two maps a pre-ablation was carried out on the same sample area.

Pre-ablation was performed with a scan speed of 200 mm s-1, a laser pulse rate of

15 Hz, a fluence of 3 J cm-1 and a beam diameter of 44 mm. The sample transects

comprised three neighbouring maps recorded subsequently. Before and after each

of these three maps a NIST SRM 610 glass standard was measured under the same

ablation conditions.

The data reduction was performed in accordance to Flöter et al. (2019). 44Ca was

used as an internal standard and NIST SRM 610 as an external calibration. The three

separate sections of each map were stitched together after background correction of

the raw counts. Subsequently, both maps of the Bear Seamount sample were added

to each other and drift-corrected. The offset between individual lines was removed

by averaging representative regions on the map and subsequent application of a
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factor (Na 0.94 to 1.07, Ca 0.98 to 1.03 on Bear Seamount sample) to match the mean

value. After drift correction the maps were smoothed with a three times three cells

Gaussian filter and finally the molar concentration calculated.

3.3.5 Confocal Raman microscopy

The polished sample was mapped with confocal Raman microscopy for their or-

ganic material distribution and for their crystallite orientation. The measurements

were performed using WITec alpha 300 R instrument equipped with a diode laser

having an excitation wavelength of 488 nm. The spectrometer had a grating of 600

mm-1 blazed at 50 nm. We used enhanced fluorescence in the spectral range of 2000

to 2400 cm-1 to map the distribution of organic matter. This was done in accordance

to Wall and Nehrke (2012) who found that enhanced fluorescence correlated with

organic matter content in the skeleton of corals. Overview maps were recorded with

an integration time of 0.2 s every 10 mm using a Zeiss 20x Epiplan lens (NA 0.4). For

the higher resolved maps an integration time of 0.2 s every 1.2 mm was used with a

Zeiss 60x Lens Epiplan-NEOFLUAR Pol lens (NA 0.8).

3.4 Results

3.4.1 Spatial distribution and concentration of Na (EMPA and LA-ICP-

MS)

The concentrations of Na in the Bear Seamount sample were calculated based on

LA-ICPMS and EMPA measurements. For that we assumed that the sample con-

sists only out of calcium carbonate and one mole Ca is represented by one mole of

skeletal material. EMPA maps show a mean Na concentration of 12.9 ± 3.3 mmol

mol-1 (2SD), which matches concentrations determined via LA-ICPMS of 14.4 ± 2.9

mmol mol-1 (2SD) from two overlaying maps. In comparison to LA-ICPMS the

EMPA results show a finer resolved but similar spatial Na distribution. Both meth-

ods integrated over approximately the same depth range of 2 mm. The LA-ICPMS

penetration depth was approximated based on average ablation yields according to
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Eggins et al. (1998) and for EMPA based on Kanaya and Okayama, 1972. Based on

the acquisition of Na/Ca with LA and EMPA we can exclude any surface contami-

nation. This exclusion can be done since LA revealed the same mean Na/Ca ratios

for both mappings and a similar spatial distribution of Na as the EMPA measure-

ments (see Appendix Fig. 3.10).

The sample from the Blake Plateau, on which exclusively microprobe measure-

ments were conducted, shows a mean Na concentration of 11.5 ± 3.9 mmol mol-1

(2SD). To relate the skeletal Na concentration to that of the calcifying fluid the ap-

parent distribution coefficient can be determined. The calculation of the mean ap-

parent distribution coefficient KD was done using equation 1 where E is the molar

concentration of a given trace element of interest in the skeleton (Sk) and seawater

(SW), respectively. Based on the microprobe measurements we found a mean KD of

2.5*10-4 and 2.8*10-4 for the Blake Plateau and Bear Seamount sample, respectively.

For the calculation we used a molar Na to Ca ratio in seawater of 45.6 mol mol-1

with concentrations from Millero et al. (2008).

KD =

( E
Ca

)
Sk( E

Ca

)
SW

(3.1)

Within the Bear Seamount sample (Fig. 3.2b) a high Na concentration (≈ 20

mmol mol-1) ring at about 5 mm from the rim can be observed while the lowest

values (≈ 7 mmol mol-1) were found in the outer 1.5 mm of the section. The zig

zag pattern recorded from 5.2 to 1.3 mm from the rim can only be seen in the high-

resolution map from EMPA measurements. Growth rings and ring parallel patterns

can also be observed on the Blake Plateau sample (Fig. 3.2a). The highest values

were measured around the central channel with ≈ 22 mmol mol-1 while the lowest

of ≈ 5 mmol mol-1 are found in ring structures from 2.1 mm from the rim to the rim

itself.

Sodium and Ca are highly significantly (p < 0.001) inversely correlated suggest-

ing a linear relationship with an R2 of 0.46 and 0.47 on the Blake Plateau sample and

the Bear Seamount sample, respectively (see Fig. 3.9 in the appendix). The relative

variation of Ca (EMPA) calculated from the 5 and 95 % percentile is much smaller
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than the corresponding variability in Na, accounting to 2.4 % on the Bear Seamount

sample and 2.6 % on the Blake Plateau. In turn, the Na content in these specimens

varies with 41 % and 45 %, respectively. The absolute variation for Na is 4.9 mmol

mol-1 on Bear Seamount sample and 4.5 mmol mol-1 on Blake Plateau sample and

therefore smaller than that of Ca (22.1 and 23.4 mmol mol-1, respectively).
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FIGURE 3.2: EMPA maps of Na/Ca and S/Ca on the bamboo coral
samples from the Blake Plateau (a and c) and Bear Seamount (b and

d).

3.4.2 Spatial distribution of fluorescence and S

The concentration of S measured by EMPA revealed a mean of 9.8 ± 1.9 mmol mol-1

(2SD) for the Bear Seamount coral and 10.3 ± 2.1 mmol mol-1 (2SD) for Blake Plateau

sample (Fig. 3.2c and d). The highest concentrations on the Bear Seamount sample

of about 12 mmol mol-1 are mostly found in a broad band in the outer 0.9 mm

from the rim and a less broader band about 1.7 mm from the rim. An additional

single thin band of increased S concentrations can also be found about 1.3 mm from

the centre. Lower concentrations down to about 7 mmol mol-1 can be observed

between these features on the sample from the Bear Seamount. The Blake Plateau

sample shows lowest values in a region of about 0.2 mm around the central channel

containing ≈ 7 mmol mol-1. The highest concentrations were observed within thin

bands in the outer 2.6 cm with up to ≈ 13 mmol mol-1.

The apparent distribution coefficient was calculated to be 2.3*10-4 for the Blake

Plateau sample and 2.2*10-4 for the Bear Seamount sample based on a S to Ca ratio
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of 2.75 mol mol-1 in seawater according to Millero (2014).

The distribution patterns are mirrored by CRM fluorescence maps (Fig. 3.3).

Fluorescence and S generally show a positive correlation, while the fluorescence

maps provide a better resolved picture of the distribution. For example, banded

structures of about 15 ± 9 mm (2SD, n=38) length can be resolved that form the rings

and zig zag structures (Fig. 3.3c). Broad low-S zig zags mostly in the right half of

Fig. 3.3a are surrounded by thin borders of higher S concentrations. This is clearly

mirrored in the CRM mappings with a higher fluorescence.
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FIGURE 3.3: S/Ca and fluorescence of approximately the same area
on the bamboo coral sample from Bear Seamount. The comparison
shows the similarity in distribution indicating a spatial relationship
of S and organic matter (a and b). Insets (c) and (d) provide a cl closer
look into the small scale structure of the high-fluorescent bands. The

bar in (a) denotes the length of 1 mm.
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3.4.3 Na to S ratio

The mean ratio of Na to S in the Blake Plateau sample is 1.13 ± 0.47 and in the Bear

Seamount sample 1.34 ± 0.50 mol mol-1. As evident from Fig. 3.2, S is inversely

correlated with Na with a slight sigmoidal distribution (Fig. 3.4). The frequency

distribution was created with an integration interval of 0.1 mmol mol-1 for S/Ca

and Na/Ca and a minimum of ten displayed counts for each interval.

1000 500 200 

a 

2000 1000 500 

b Blake Plateau Bear Seamount 

Counts Counts 

FIGURE 3.4: Sodium to Ca and S/Ca are inversely correlated in bam-
boo coral samples from the Blake Plateau and the Bear Seamount.
The distribution suggests an inverse correlation following a sig-
moidal relationship which can be inferred from the frequency dis-

tribution.

3.5 Discussion

3.5.1 Apparent distribution coefficients

The partitioning of Na and S into carbonates was investigated in several previous

studies that included biotic (e.g. Rollion-Bard and Blamart (2015) for Na and Dijk

et al. (2017) for S) and abiotic calcite (e.g. Ishikawa and Ichikuni (1984) for Na and

Kitano et al. (1975) for S). Comparing the apparent distribution coefficients with

previously reported values might give information on the hypothetical composi-

tion of the calcifying fluid (CF), and provide hints towards how this composition is
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changed. A comparison with distribution coefficients from abiotic precipitation ap-

pears to be more useful in this regard rather than using values from other calcifying

organisms where the processes behind the change are more complex.

The mean apparent distribution coefficient for Na in our two NW Atlantic sam-

ples (2.5 and 2.8*10-4) fall within the range of values from precipitation experiments

for inorganic calcite. Kitano et al. (1975) found apparent distribution coefficients

of 0.7 – 0.9*10-4, Busenberg and Niel Plummer (1985) 13.1*10-4 and Okumura and

Kitano (1986) 0.6*10-4. The literature values chosen for comparison are the ones

closest to seawater conditions although only the experimental conditions of Kitano

et al. (1975) were matching that of seawater. Busenberg and Niel Plummer (1985)

explained the range of different reported distribution coefficients in the different

studies by varying numbers of defects sites where Na is incorporated, which can

for example be driven by precipitation rate.

The mean S apparent distribution coefficients found in this study are with 2.2

and 2.3*10-4 in the range of observed values for synthetic calcite presented by Wynn

et al., 2018. These authors reported values of about 0.5 to 10*10-4 which is similar

to the range of 0.1 to 8*10-4 by Busenberg and Niel Plummer (1985). Both studies

found a strong positive correlation with precipitation rate. Further rising sulfate

concentration of the precipitation solution is reported to increase the S content of

precipitated calcite (e.g. Kitano et al., 1975; Kontrec et al., 2004; Okumura et al.,

2018). We assume that the S concentration in the CF is approximately kept constant.

This assumption is valid since only minor S quantities are consumed during the

calcification process and excludes the concentration variation as a potential source

of S variability in the skeleton. Since Na and S distribution coefficients seem to

be similarly driven by precipitation rate this cannot explain the observed inverse

correlation in bamboo corals.

Although the skeletal Na and S composition is seemingly largely driven by the

coral physiology, the distribution coefficient similar to inorganic calcites indicate

the potential for bamboo corals to record environmental conditions.

It has to be mentioned that for interstudy comparisons uniform calculation of
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the mean apparent distribution coefficient are needed. For that the activity and not

the concentration should be used. This is since ion couples with an unequal activ-

ity coefficient but the same concentration behave differently during precipitation.

Nevertheless, the activity in the CF is not known due to its unknown composition

and with that e.g. organic complex formation. This might result in uncertainties

when comparing different carbonates and prevent us from drawing conclusions

from these on the underlying calcification mechanism.

3.5.2 Potential drivers of the elemental composition

Recent seawater variability for temperature and salinity on the Blake Plateau (3.9

°C and 0.21 PSU) is higher than that on Bear Seamount (0.9 °C and 0.13 PSU). Sim-

ilarly, we observe a stronger pronounced banding pattern (Fig. 3.2) and a higher

variability in the Na/Ca composition of the Blake Plateau sample (± 3.9 2SD) com-

pared to the Bear Seamount sample (± 3.3 2SD) . This could indicate a response

of skeletal Na/Ca and S/Ca to environmental factors, although a long list of pos-

sible factors besides temperature and salinity could equally be responsible. These

include ambient nutrient availability, predation, and dynamics of the associated mi-

crobiome, oxygen concentration or pH. Although information towards these addi-

tional parameters are not available, observable chemical patterns distributed along

intraskeletal regions of presumed simultaneous growth found in both samples sug-

gest that Na/Ca and S/Ca in bamboo corals are not governed by environmental

factors. Therefore most likely an internal driver seems to be responsible to cre-

ate the observed element distribution. In the following we will describe a possible

mechanism that could explain the observed elemental distribution in context with

the distribution of the organic matter in the skeleton.

Several mechanisms have been tested to explain the distribution of Na in com-

parison with other metal ions and S in biogenic calcium carbonates. Besides pre-

cipitation rate effects, which we already ruled out in the previous section, Rayleigh

fractionation, pH change in the CF, ion specific pumping, and carrier phase mixing

have previously been considered (e.g. Allen et al., 2016; Rollion-Bard and Blamart,
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2015; Vielzeuf et al., 2018.

One possible internal influence is Rayleigh fractionation with and without Ca-

pumping which was considered by Gagnon et al. (2012) and Rollion-Bard and Bla-

mart (2015). In this model Na and S are regarded as conservative elements in the

semi enclosed CF, while Ca as well as carbonate is successively removed from the

CF by precipitation. The absolute concentration of Na and S in the CF does not

change due to physiological processes. The explanation by Rayleigh fractionation

falls short since the Ca removal by precipitation would cause an enrichment of both,

Na and S, and therefore a positive correlation. For an inverse correlation the distri-

bution coefficients had to be smaller and greater one for the investigated elements

respectively. Based on the skeletal and SW concentrations of Na, S and Ca both D’s

are significantly smaller than one.

Another model we tested to explain the Na/S distribution in the corals was the

Ca/proton exchange model which was recently suggested by Giri and Swart (2019).

In this model Ca is pumped into the CF in exchange of two protons. This raises the

pH and accelerates CO2 flux into the CF which in presence of carbonic anhydrases

reacts to bicarbonate. As a result the S/C and the Na/Ca ratio in the CF would be

lowered causing a positive correlation in the elemental composition of the skeleton.

Given that such elemental trends are not seen in our specimens this model also

cannot explain the observed patterns.

Finally, ion specific pumping of Na and S that results in an enrichment of sulfur

in the CF while depleting Na seems unlikely. Since S does not seem to play an

essential role during calcification we propose that ion specific transport of S to the

CF does not take place. Even if Na is involved in Ca pumping by Na/Ca exchange

(Barron et al., 2018; Marshall, 1996) this would not result in the observed inverse

correlation.

3.5.3 Constraints for bamboo coral calcification

The observed Na/S inverse correlation might involve two separate mechanisms.

The first is calcite built from a reservoir and the second involves the formation of
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FIGURE 3.5: Proposed calcification mechanism for bamboo corals.
This model adopts an earlier model for scleractinian corals from Mc-
Culloch et al. (2017). Bicarbonate active transport is abbreviated BAT

and Wdenotes the calcite saturation state.

organic matter in the skeletal matrix.

We suggest that skeletal calcite formation takes place in a finite reservoir con-

fined by a tissue layer and the skeleton such as proposed earlier (e.g. Barnes, 1970;

Clode and Marshall, 2002; Cohen and McConnaughey, 2003); and that this space

has an initial composition of seawater (e.g. Cohen et al., 2006; Erez and Braun, 2007;

Rollion-Bard et al., 2010)(Fig. 3.5). Further, Na and S are only removed by precipi-

tation with calcite and these elements are not actively enriched in the CF.

Through the activity of Ca/H-pumps the Ca concentration and the pH rises in

the CF (Cohen and McConnaughey, 2003). This leads to a higher calcite saturation

which favours a faster growth rate (e.g. Teng et al., 2000; Weijden and Weijden,

2014). This might have two implications for Na. The first is the enhanced formation

of defect sites during elevated calcification, which leads to a higher rate of Na incor-

poration (Füger et al., 2019). The second one is the successive depletion of Ca in the

CF. If delivery of new Ca ions to the CF is slower than removal by precipitation the

reservoir gets depleted for Ca and the ratio of Na/Ca rises. Based on the findings
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of Wynn et al. (2018) one could assume that the rate-dependent formation of defect

sites also leads to the increased incorporation of S. Since Na and S are inversely cor-

related we suggest that this at most plays only a minor role during S incorporation.

Instead we favour a different explanation.

To keep the Whigh and the buffer capacity of the CF stable, bicarbonate active

transport (BAT) delivers bicarbonate to the CF (Zoccola et al., 2015). BAT there-

fore leads to a lowered S/C ratio in the CF. The skeletal S/Ca ratio was found to

decrease with rising pH and therefore with carbonate concentration in the precipi-

tation solution similar to the solution S/Carbonate ratio but at a lower rate (Wynn

et al., 2018). Therefore the sulfur composition of the CF is positively correlated with

the sulfur composition of the skeleton. During times of lowered calcification more

Ca will be left in the CF lowering the Na/Ca ratio and kinetic incorporation effects

in combination with a low BAT activity ultimately raising the S/C. Since Ca and C

as carbonate are equimolar in the calcite lattice the changes in skeletal Na/Ca and

S/C ratios are in agreement with the observed inverse correlation of Na and S.

The second mechanism for the explanation of the inverse correlation involves

the formation of a collagen-like substance in the skeleton and the admixture of inor-

ganic calcite and organic material. Several studies suggested that metal ions might

be enriched in organic matter using Mg in aragonitic coral skeletons as an example

(Cuif et al., 2003; Finch and Allison, 2008; Meibom et al., 2008).

Most organically bound sulfate is contained in the acidic polysaccharide chon-

droitin sulfate (e.g. Dauphin, 2006; Perrin et al., 2017). The formation of organic

matter-rich growth layers will therefore enrich sulfate in the skeleton. This is in

line with our observation that high S-regions correlate with high fluorescence, an

indicator for organic matter content. Contrary to the findings for Mg in hexacorals,

however, Na is depleted in regions of higher S concentrations and potential organic

matter enrichment. Nevertheless, most S in calcitic octocorals is found to be present

as inorganic sulfate (e.g. Balan et al., 2017; Nguyen et al., 2014; Perrin et al., 2017).

Nguyen et al. (2014) reported a ratio of one part organic S to 20 parts inorganic S



Chapter 3 118

for the calcitic octocorals Paracorallium japonicum. This exceeds the ratio of S vari-

ability calculated as the difference of the 99 and 1 % quantile of S concentrations

on the samples in both samples relative to their mean concentration. Therefore the

S variability in the skeleton is not mainly driven by organic S. The Blake Plateau

coral shows a mean S concentration of 0.50 wt% and a variability of 0.15 wt% while

the Bear Seamount sample a mean concentration 0.49 wt% and a variability of 0.12

wt%. For a comparison the S concentration has to be given in wt% and not as a ratio

of S to Ca. This is since a relative depletion of Ca by dilution through a non-calcitic

phase in the sample would lead to an increase of the S/Ca ratio. Therefore, a change

of S/Ca is possible without any contribution of S from the diluting phase. This com-

parison indicates that the main driver of the observed inverse correlation in Na/S is

unlikely to be represented by mixing calcitic and organic phases. Furthermore, the

depletion of Na in potentially organic-rich matter may be specific to bamboo corals

since in foraminifera the primary organic sheet and high Na/Ca are reported to be

positively correlated (Bonnin et al., 2019).

Given the above line of reasoning, we suggest that both mechanisms, the first

including dilution and kinetic effects and the second based on organic matter build-

up, are deemed to influence the Na and S composition of bamboo coral skeletons.

The first one likely dominates during times of high growth rates while the latter one

requires more energy and takes place during times of high energy supply.

3.6 Conclusion

This study investigated the elemental distribution of Na and S in the internodes

of two Atlantic bamboo corals at the microscale to evaluate the proxy potential of

these elements and the drivers of their incorporation. Sodium and S were found

to be incorporated into the calcitic skeleton with partitioning coefficients that fall

in the range of inorganically precipitated calcite. The relative variability of salinity

at the sampling sites is reflected in the skeletal variability of Na/Ca while a coin-

cidence cannot be excluded. Strikingly, chemical variability along growth rings ex-

cludes an environmental impact on these small-scale patterns. We found Rayleigh
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fractionation, ion specific pumping of Na and S and Ca/proton exchange not to be

responsible for the observed Na/S inverse correlation. We rather suggest a model

that involves active Ca regulation and bicarbonate active transport based on the

conservative behaviour of Na and S in the CF. Although this model is capable to

successfully describe the observed inverse correlation by not involving organic mat-

ter. Yet organic matter might play a minor role especially in the microscale patterns

along the growth rings. We summarise that visible and elemental patterns can be

mainly explained by physiological processes. This indicates that skeletal Na/Ca

and S/Ca are dominated by physiological processes within bamboo corals rather

than by environmental salinity or temperature. Nevertheless, the physiological im-

pact on skeletal formation might be driven by environmental factors such as food

availability, stress through predators, infections, departure from temperature, pH,

oxygen or salinity optimum or energy demanding gametogenesis for spawning. It

has to be shown in future studies which factors influence to which extant the calci-

fication of bamboo corals to use their skeletons as environmental archives.
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3.7 Appendix
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FIGURE 3.6: EMPA calibration of Na.
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FIGURE 3.7: EMPA calibration of S.
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FIGURE 3.10: Comparison of the laser ablation ICPMS measure-
ments of Na on the Bear Seamount bamboo coral sample. Both runs
on the same area show similar concentrations and spatial distribu-
tion of Na indicating the absence of surface contamination. Red dot-

ted line in the scatter plot denotes the 1:1 line.
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4 Boron isotopes in bamboo corals

4.1 Abstract

Bamboo corals show a cosmopolitan distribution in the world’s oceans. Their long

lifespans may allow a highly resolved reconstruction of environmental conditions

at sites where instrumental time series are scarce. The key to use this potential is a

detailed understanding of bamboo coral calcification. This would allow differenti-

ating between environmental and physiological signals preserved in the skeleton.

One important factor for calcification is the carbonate parameters in the calcifying

fluid of the coral. In order to investigate these parameters we measured the boron

isotopic composition in bamboo corals with two methods allowing us to look into

the bulk and the calcite phase of the skeleton. We applied laser ablation MC-ICPMS

mapping and solution-based MC-ICPMS analyses to an Atlantic and one Pacific

specimen. Assuming the boron in the calcifying fluid resembles the isotopic com-

position of sea water, we can confirm the smaller pH upregulation of bamboo corals

compared with scleractinians. Further, we found a statistically significant offset of

about 2 ‰ between the mean lasered bulk d11B and the calcite phase d11B in the

Atlantic coral and the Pacific sample. The observed range in boron isotopic compo-

sition revealed by laser ablation was 16 ‰ for the Atlantic and 13 ‰ for the Pacific

sample, partly plotting below the theoretical borate fractionation curve of seawater.

Therefore laser ablation mapping of d11B does not allow a direct reconstruction of

the calcifying fluid carbonate parameters based in the established assumption of the

B isotopes pH proxy. Possible controls on the B elemental and isotopic composition

have been identified in this study as organic matter content, and other non-lattice

bound B, kinetic effects and borate influx into the calcifying fluid. The B/C ratio

and d11B values were spatially positively correlated which allows B/C to be used as
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an indicator for d11B variation in bamboo corals. Before using bamboo corals tem-

poral high-resolution records as environmental proxies, calcification processes and

drivers of skeletal composition have to be further investigated.

4.2 Introduction

Bamboo corals (Isididae) are a genus of calcifying octocorals that are globally dis-

tributed in the world’s ocean (e.g. Watling et al., 2011) and grow in a wide range

of water depths from near surface (e.g. Thresher et al., 2016) down to 4000 m (e.g.

Lapointe and Watling, 2015). They are reported to have long live spans sometimes

over 300 years during which they build their high magnesium calcite skeleton (e.g.

Noé and Dullo, 2006). This makes them promising high resolution archives for en-

vironmental conditions at sites where instrumental time series are scarce or even

absent.

Physiological activity might have an important impact on the chemical compo-

sition of bamboo coral skeletons. The fine scale internal variations of Mg/Ca and

Ba/Ca that have been found to be coupled to seawater temperature (Thresher et al.,

2016) and Ba concentration (LaVigne et al., 2016; LaVigne et al., 2011), respectively,

are higher than expected from natural variability at the growth site (Flöter et al.,

2019). Further, scleractinian corals elevate their internal pH in comparison to the

surrounding seawater by up to 1 pH unit (e.g. Anagnostou et al., 2012; McCulloch

et al., 2017; Wall et al., 2016). In contrast, octocorals were reported to have a limited

control on their calcifying fluid pH (e.g. Farmer et al., 2015a; Rollion-Bard et al.,

2017; Saenger et al., 2017).

The boron isotopic composition of a sample can be expressed as d11B which nor-

malises the 11B to 10B ratio of a sample relative to a standard (Eq. 4.1). The pH

of an aqueous solution determines the B isotopic composition in carbonates precip-

itating from these solutions. This is due the pH-dependent equilibrium between

boric acid and borate (Fig. 4.1a) while the former preferentially incorporates heavy

boron isotopes. This leads to an isotopic fractionation of B (Zeebe, 2005)(Fig. 4.1b).
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Assuming that only borate is incorporated into calcium carbonate, this would al-

low reconstructing solution pH from its B isotopic composition (e.g. Hönisch and

Hemming, 2004; Rollion-Bard et al., 2011; Spivack et al., 1993). Boron isotopes have

been used in multiple studies to investigate the conditions under which calcification

takes place (e.g. Cornwall et al., 2017; Holcomb et al., 2014; McCulloch et al., 2017).

Nevertheless, there is an ongoing debate on factors influencing the isotopic com-

position through the species incorporated into calcite (Balan et al., 2016), whether

fractionation takes place during incorporation (Farmer et al., 2019), or active borate

concentration modulation of the calcifying fluid in corals (Rae, 2018).

δ11B =



(

11B
10B

)
sample(

11B
10B

)
NIST951

− 1

 ∗ 1000 (4.1)

This study investigates the boron isotopic composition of bamboo corals by laser

ablation multi collector inductively coupled mass spectrometry (LA-ICPMS) and

solution based MC-ICPMS. These techniques allow for a detailed insight into the

spatial distribution of B isotopes in skeletal sections of this calcitic coral. This will

reveal further information on the potential calcification mechanism and allow eval-

uation of the proxy potential of bamboo corals.
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FIGURE 4.1: Equilibrium of borate and boric acid as a function of
pHtot (total scale) (a) and the isotope fractionation curves of boric
acid and borate (b). The curves were calculated for a salinity of 35, a
depth of 800 m and a temperature of 5 °C after (Rae, 2018). Fractiona-
tion factor used is 27.2 ‰ (Klochko et al., 2006) with d11B of seawater

of 39.61 ‰ (Foster et al., 2010).

4.3 Oceanographic setting, material and methods

4.3.1 Samples

For the analysis, two samples of the species Keratoisis sp. from the North Atlantic

and the North Pacific were chosen. The Pacific sample T1104 A7 (Fig. 4.3a) stems

from the Monterey Canyon in the Californian margin (36.744 °N, 122.037 °W) (Fig.

4.2) and grew at 870 m depth. After collecting the living coral the polyp material

was removed and the sample was stored dry. Sample YPM 37031 (Fig. 4.3b) from

the North Atlantic was collected alive on Bear Seamount off Georges Bank (40.257

°N, 67.691 °W) (Fig. 4.2) between 847 and 1079 m depth. It was frozen, treated with

alcohol and stored dry afterwards.

4.3.2 Oceanographic setting

Bear Seamount is part of the New England Seamount chain and influenced by the

cold southward flowing Deep Water Boundary Current and the warm northward

flowing Gulf Stream. The mean annual water temperature at 980 m depth mea-

sured by the long-time observation station W1 (39.601 °N, 69.717 °W) between 2008
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FIGURE 4.2: Samples were collected in the North Pacific in the Mon-
terey Canyon and in the North Atlantic on Bear Seamount. The map
was created using Ocean Data View (Schlitzer, 2019) and modified
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FIGURE 4.3: Micrographs of the bamboo coral Pacific sample T1104
A7 from the Monterey Canyon (a) and the Atlantic sample YPM

37031 from Bear Seamount (b).
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and 2013 was 4.39 ± 2.19 °C (2SD) with a mean salinity of 34.97 ± 0.02 (2SD). This

station is part of the long-time observing system Line W carried out by Woods Hole

Oceanographic Institution (www.whoi.edu/science/PO/linew/index.htm). In situ

pHtot (total scale) is 8.01 under in situ conditions calculated with CO2sys v2.3.

The Pacific sample is influenced by the cold California Current. The nearest grid

point of the 0.25° ×0.25° World Ocean Atlas 2013 (36.625 °N, 122.125 °W) reports a

mean annual water temperature at 900 m depth is 4.21 °C (Locarnini et al., 2013)

with a salinity of 34.42 (Zweng et al., 2013). The sampling site shows a mean pHtot

of 7.55 at in situ conditions calculated with CO2sys v2.3.

4.3.3 Laser ablation mapping

The samples were cut and embedded in Araldite and subsequently polished with

a Stuers Tegrapol. Polishing was carried out using Struers Dia Pro water based

diamond solutions starting with a grain size of 9, then 3, and finally 1 mm.

The laser ablation mapping was conducted using a Thermo Fisher AXIOM MC-

ICPMS coupled to an UP193fx laser ablation system of New Wave Research which

is equipped with an excimer laser (193 nm). The measurements were carried out

following Fietzke et al. (2010) and Fietzke et al. (2015). Boron isotopes were mea-

sured on electron multipliers (MH and ML) while C was measured simultaneously

with a Faraday cup (H5) as conducted by Wall et al. (2019). Plasma conditions were

tuned for most accurate results to hot conditions (NAI of 11.5, according to Fietzke

and Frische (2016)) to calibrate the sample results. Isotope mapping had been done

under cold plasma conditions (NAI of 0.8 – 1.7 Fietzke and Frische (2016)) allowing

for high sensitivity and most precise data collection. Standards used were NIST 610

(Wise and Watters, 2012), JCp-1 (Okai et al., 2002), JCt-1 (Okai et al., 2004) and NBS

SRM 951 (Catanzaro et al., 1970) which revealed a B isotopic composition of 0.7 ±

0.5 ‰ (2SE), 24.0 ± 0.5 ‰ (2SE), 15.9 ± 1.1 ‰ (2SE) and -0.3 ± 0.9 ‰ (2SE) respec-

tively. Typical background levels for 10B, 11B, and 12C were about 100, 700, and

40*106 counts s-1 respectively while sample intensities were about 16*103, 80*103,

and 70*106 counts s-1 respectively.

www.whoi.edu/science/PO/linew/index.htm
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The mapping area on both samples was pre-ablated using a laser beam diameter

of 35 mm, a laser pulse frequency of 20 Hz, a laser fluence of ≈ 4.1 J cm-2, and

the sample stage was moved under the laser with 200 mm s-1. Both samples were

mapped with the same settings as for the pre-ablation except the sample stage was

moved with 25 mm s-1. Eighty parallel lines overlapping by 10 mm were ablated on

each sample, which resulted in a map width of 2 mm. To achieve better counting

statistics, the sample area was mapped five times.

Data evaluation was performed in MATLAB. First all five maps of each sample

were combined. Then a 3×3 Gaussian smoothing was carried out on the combined

map and the background was subtracted. Afterwards a drift correction between

the lines was applied. Finally the data were normalised based on the high NAI

calibration on JCp-1 and JCt-1.

4.3.4 Solution based measurements

To distinguish between the bulk boron composition of the bamboo coral internodes

and that of the carbonate phase a bleaching step was carried out. The isotopic com-

position of the bleached skeletal calcite was further determined with a Neptune

plus MC-ICPMS. Sample material was collected using a Proxxon handrill with a 1

mm drill bit and further processed following Foster (2008) with modifications. The

amount of sample needed was calculated based on mean skeletal boron concentra-

tions given in Farmer et al. (2015a). The sample powders were transferred to pre-

cleaned Teflon vials. The sample was then rinsed with boron-free deionised water,

centrifuged, and the supernatant solution was discarded. This step was repeated

three times.

To remove non-lattice boron and the organic matrix of the sample, a fresh mix-

ture of 0.3 % hydrogen peroxide and 0.1 M ammonia was added into the vial and

heated in an ultra-sonicated water bath for 30 minutes at 80 °C. The sample was

then centrifuged and the bleaching solution was discarded. The remaining sample

was rinsed three times with boron-free deionised water. Next, the sample material
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TABLE 4.1: Elution scheme for boron column chemistry

Elution scheme
Pre-cleaning

Fill entire
column reservoir with 0.5 M HNO3
Add 1 ml 0.5 M
HNO3
Wait until
reservoir is empty

Conditioning of resin add 2 times 1 ml of deionised water
Load samples in steps of max 300 ml to waste
Elute matrix with 10 times 200 ml deionised water to waste
Collect boron with 6 times 250 ml 0.5 M HNO3 in Teflon vial
Collect 200 ml boron tail in separate Teflon vial

was dissolved in 0.25 ml distilled 0.5 M HNO3 and the double amount of acetic acid

acetate buffer solution was added to the sample to reach a pH of 5.

Boron was then separated from the sample solution by column chemistry using

Amberlite resin IRA 743 with a volume of approximately 25 ml. The acid-cleaned

columns were preconditioned with 2 ml deionised water and the sample solution

was added in steps of a maximum of 300 ml. The matrix was then eluted to waste

with ten times 200 ml B-free deionised water. The B fraction was subsequently col-

lected in 5 ml Teflon vials by adding a total amount of 1.5 ml distilled 0.5 M HNO3

in six steps. To ensure no significant loss of B during column chemistry the elution

tail of 200 ml was collected in a separate vial, which confirmed a recovery of > 99

%. Samples were stored in sealed Teflon vials and measured within 24 h hours after

separation (Table 4.1).

The measurement of the purified sample solution was performed on a Thermo

Fisher Neptune Plus MC-ICPMS following with modification the procedure de-

scribed by Foster (2008). The inlet system was equipped with a Teflon spray cham-

ber with an ESA 50 ml min-1 PFA nebuliser. The mass spectrometer was tuned for

signal stability and intensity with a 5 ppb NIST SRM 951 solution (Catanzaro et al.,

1970). Faraday cups chosen for measuring 10B were L4 and for 11B H4 both using

1012 W resistors. A batch of not more than nine column separated samples and stan-

dards including 0.5 M HNO3 blanks and 35 ppb NIST SRM 951 bracketing standards
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were measured to achieve low B background values. Sample boron concentration

was adjusted to the standard concentration by the amount of dissolved carbonate

separated on the column. A column-separated procedural blank and the sample

tails were measured in a separate session against 2 ppb NIST SRM 951 B standards

matching the volume between tail and 2 ppb standards to account for boron fall-in

during the analytical session. Accuracy was checked by measuring 35 ppb ERM AE

121 B standard solutions (Vogl and Rosner, 2012) together with column separated

JCp-1 standard material (Okai et al., 2002). Five JCp-1 samples were column sepa-

rated for each sample sessions resulting in a reproducibility of better than 0.23 ‰

(2SD) and an overall mean of 24.12 ‰ (n = 10). We assume the reproducibility of

JCp-1 to be representative for that of the sample material. The average B isotopic

composition and reproducibility is in good agreement with the reported value of

24.22 ± 0.20 ‰ (2SD) (n = 10) (Zhang et al., 2017). The long term in-house mean of

AE121 is 19.72 ± 0.25‰ (2SD) (n = 215) and therefore in agreement with the certified

value of 19.88 ± 0.60 (2SD) (Vogl and Rosner, 2012).

The data were evaluated by background value correction for 10B and 11B and

calculating the sample d11B according to formula (1). On-peak background values

were measured 85 seconds before every sample and standard after a wash time of

30 seconds without ammonia. The subtracted background signal for 10B and 11B

were between about 0.5 to 5 and 2 to 30 mV respectively while the signal intensities

rose during the sample sequence. The uncorrected 10B and 11B sample intensities

were in the range of 150 to 200 and 700 to 1000 mV. The subtracted blank from the

sample signal was therefore below 5 %.

4.4 Results

4.4.1 LA-MC-ICPMS bulk carbonate analyses

The ratio of B/C shows a mean of 161 mmol mol-1 on the Bear Seamount specimen

and 167 mmol mol-1 on the Monterey Canyon sample. The internal variation for each

coral specimen (given as 2SD was 66 mmol mol-1 and 55 mmol mol-1, respectively. In
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Fig. 4.3b banding patterns and zigzag structures become visible and resemble the

optical properties of the sample section (Fig. 4.3a and b). A less pronounced pattern

is present in the Monterey Canyon sample section (Fig. 4.3d). The younger part

of the Bear Seamount sample shows higher values with 134 ± 25 mmol mol-1 (2SD)

than the older more central part with 182 ± 42 mmol mol-1 (2SD). In contrast, the

Monterey Canyon sample is enriched in B relative to C in the inner 1.5 mm with 182

± 46 mmol mol-1 (2SD) compared to the younger part of about 157 ± 15 mmol mol-1

(2SD).

The mean B isotopic composition of the Bear Seamount sample was 15.07 ± 7.49

‰ (2SD) while the Monterey Canyon sample shows a similar d11B value with sig-

nificantly smaller internal variability of 15.41 ± 3.79 ‰ (2SD). The absolute range

for the Bear Seamount sample is 6.59 to 22.74 ‰ (D d11B = 16.15 ‰) while that of

the Monterey Canyon sample is smaller with compositions between 9.93 and 22.08

‰ (D d11B = 12.15 ‰). The pattern found for B/C is reflected in the isotopic compo-

sition, although the distribution of the isotopic composition is more scattered. The

granular structure of the d11B value maps (Fig. 4.5a and c) are caused by statistical

noise in the data and are not real compositional patterns. Based on counting statis-

tics, the best precision (1 SD) of a single pixel (5 times 1 s of data collection) of d11B

values that can be achieved is about 3.5 ‰ based on the mean count rates (80*103

counts) for 10B. This value improved for the transect due to integration over five

parallel lines to about 1.6 ‰.

On the transect shown in Fig. 4.4 a positive linear correlation between the B iso-

topic and elemental composition on the Bear Seamount sample is more pronounced

than on the Monterey Canyon sample(Fig 4.5). This is most likely due to the lower

B/C and d11B variation that can be found along the chosen sample transect.
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FIGURE 4.4: Internal d11B and B/C variability of the Bear Seamount
sample (a and b) and the Monterey Canyon (c and d) respectively.
The scale bar in a and c represents a length of 2 mm. The grey ticked
box denote the area for the comparison of d11B and B/C shown in

Fig. 4.5.
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FIGURE 4.5: A linear positive correlation between d11B and B/C can
be observed on the bamboo coral sample from the Bear Seamount

while this is less pronounced on the Monterey Canyon sample.

4.4.2 Solution-based MC-ICPMS

The solution-based measurements on the bleached sample material revealed a mean

d11B value of 13.06 ± 1.41 ‰ (2SD) (n = 4) for the Bear Seamount sample, falling

between 12.63 to 14.12 ‰ (Fig. 4.6a). The B isotopic compositions change to heavier

values from the core to the rim of the sample. The Monterey Canyon sample showed

a mean B isotopic composition of 13.53 ± 1.37 ‰ (2SD) (n = 4) over a range of 12.74 to

14.14 ‰ (Fig. 4.6b). No general trend of the B isotopic composition can be observed

across the growth radius for this sample.
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FIGURE 4.6: Transect of B/C (blue line) and laser ablation d11B val-
ues (d11BLA) (black line) across the centre of the mapped area of the
Atlantic sample (a) and the Pacific sample (b). Red lines denote
the drilled and bleached results (d11Bsol). Uncertainties for B/C and
d11Bsol values are smaller than line thickness. Uncertainty given as

2SD for d11BLA values is denoted as the black bar left of the curve.

4.5 Discussion

4.5.1 Comparison with other species

A comparison of our solution-based d11B values with that of other studies on octo-

corals in the same pH range show that our data fall below these values (Fig. 4.7).

Our Pacific sample grown under a local pHtot value of about 7.55 was measured to

have a d11B range from 12.74 to 14.14 ± 0.23 ‰ (2SD). This is lower than found by

Saenger et al. (2017). They report for a local pHtot of 7.54 d11B values of 15.52 ± 0.10

‰ (2SD) for Keratoisis sp. and 14.37 ± 0.10 ‰ (2SD) for Isidella tentaculum. The

drilled samples of our Atlantic bamboo coral show d11B values at a local pHtot of

8.01 between 12.63 and 14.12 ± 0.23 ‰ (2SD). Therefore the isotopic composition

of our Atlantic sample falls below the d11B values range of 14.84 ± 0.09 to 17.26 ±

0.10 ‰ (2SD) measured by Farmer et al. (2015a) on several Keratoisis sp. specimens

grown in a pHtot range from 7.99 to 8.02. If we assume the calcifying fluid to have a

boron isotopic composition of seawater, our findings substantiate the finding of ear-

lier studies that skeletal d11B of octocorals indicate a lower pH upregulation of lower

than 0.4 (Farmer et al., 2015a; McCulloch et al., 2012). This finding is in contrast to

the proposed up-regulation of about one pH unit for other deep sea hexacorals as

proposed by e.g. Anagnostou et al. (2012), McCulloch et al. (2012), or Blamart et al.
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FIGURE 4.7: Boron isotopic composition of octocorals against pH (to-
tal scale). Black circles denote data from Saenger et al. (2017), ma-
genta circle that of McCulloch et al. (2012) and the blue circle that
of Rollion-Bard et al. (2017). Bars denote the observed range on the
sample while the bars without the circle are data from Farmer et al.
(2015a). Cyan and black coloured bars represent the range of the
laser ablation and drilled d11B values measured in this study. Black
curve describes the borate fractionation curve at 800 m water depth,
5 °C, a salinity of 35, d11BSW of 39.61 ‰ (Foster et al., 2010) and a

boron fractionation factor of 27.2 ‰ (Klochko et al., 2006).

4.5.2 Bulk vs. bleached carbonate

In this study the B isotopic composition of bamboo corals were measured with two

different methods. The comparison of the mean d11BLA and mean d11Bsol values of

the Bear Seamount and the Monterey Canyon sample show a significant (a = 0.05,

Welch-test) offset of about 2 ‰. Nevertheless, no consistent offset between the two

methods across the sample transect can be observed (Fig. 4.6). Further, the inter-

nal d11B variability observed in the bulk measurements by laser ablation is much

larger than the one derived from solution-based methods, especially in the case of

the Bear Seamount sample (Fig. 4.6a). This difference results on the one hand from

smoothing internal heterogeneity by drilling millimetre sized sample areas com-

pared to micrometre scale sampling by the laser ablation measurement. On the

other hand, the larger range of d11BLA values compared to d11Bsol values will also be
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controlled by the bulk sampling approach employed during laser ablation, targeting

also fractions other than the pure carbonate phase in the sample. A strong indica-

tion for this assumption is, that the values of the bulk isotopic composition are not

just the smoothed value over the integrated distance from a single drill sample (see

Fig. 4.6). The laser ablation method measures the total d11B composition, which

includes the calcite phase, the organic matrix, as well as other non-lattice bound

skeletal components. The avoidance of the non-carbonate phase might partially ex-

plain the smaller range for the solution-based method and the spatially inconsistent

d11B offset between the two approaches. The mean d11B value of the bleached ma-

terial does not fall to one end of the d11B value range of the laser measurements.

Therefore, concentration changes of isotopically from the calcite phase distinct non-

lattice B cannot explain this observation, since this would shift the bulk d11B signal

to lighter or heavier values. It is more likely, that isotopically variable B would have

to be removed from the sample material in different parts of the sample. A loss

of isotopically heavy B through the oxidative cleaning step in the outer part of the

Bear Seamount sample would be accompanied by a loss of isotopically light B in

the inner part. This indicates that B of different isotopic compositions is present as

non-lattice bound component in different parts of the skeleton. Apart from com-

positional origins of the variation that can be investigated with the two applied

approaches, other possible influences are discussed further below.

4.5.3 Comparison with other methods

The boron isotopic composition of the Bear Seamount sample has now been anal-

ysed using three different methods including thermal ionisation mass spectrometer

in negative-ion mode (N-TIMS) (Farmer et al., 2015a), LA-MC-ICPMS and solution-

based MC-ICPMS. This study compares for the first time d11B values of the same

samples analysed by the three different methods. We observe that with an inter-

nal variability of about 1.5 ‰, the solution-based range of d11B values on the Bear

Seamount sample is similar to the 2.2 ‰ reported by Farmer et al. (2015a). Never-

theless, the absolute d11B value of the solution-based method shows lower values
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than reported by Farmer et al. (2015a) with a mean difference of 2.8 ‰. Systematic

d11B offsets of 0.5 to 2.7 ‰ between N-TIMS and MC-ICPMS measurements have

been reported by Farmer et al. (2016) which equally corresponds to the observed

mean offset on the same sample in this study.

The range of observed d11B values from laser ablation measurements in the two

bamboo corals partly falls below the theoretical borate fractionation curve. This is

lower than any d11B value reported by Farmer et al. (2015a) for the same sample

analysed using N-TIMS or our dissolved samples. A reconstruction of the pH in the

calcifying fluid using the conventional seawater pH to borate ion relationship used

for other biogenic carbonates (e.g. Martin et al., 2016; Trotter et al., 2011; Wall et al.,

2016) by laser ablation MC-ICPMS therefore appears hardly feasible. In contrast,

the values of the solution based method employing the inorganic borate ion to pH

relationship would result in a pHtot of 7.1 to 7.7 (see Fig. 4.8). The pH reconstruction

in such a low pH range is less sensitive due to the slope of the borate fractionation

curve. This will lead to an increased uncertainty in pH reconstructions at low d11B

values. Precise reconstruction of the calcifying fluid conditions might be therefore

hard to achieve.

4.5.4 Possible causes for skeletal boron isotope fractionation

The composition of the calcifying fluid is actively regulated by corals (e.g. Cohen

and McConnaughey, 2003; Ross et al., 2017; Sevilgen et al., 2019). This might be

another explanation for the observed low d11B values in our bamboo coral sam-

ples. Although active input of isotopically light borate during calcification by bo-

rate pumping would lower the skeletal d11B value, not much is known about borate

transport across membranes in animals. Nevertheless, borate transport is indeed

known from plants and fungi (e.g. Takano et al., 2008; Yoshinari and Takano, 2017).

Borate pumping can help the coral to buffer the pH at a certain level since the buffer

capacity of B in seawater with a pH of about 8 is one fifth of the total seawater buffer

capacity (Middelburg, 2019). Borate transport would result in a calcifying fluid B

isotopic composition lower than that of seawater. This would lead to a negative
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the fractionation factor a of 27.2 ‰ from Klochko et al. (2006) and
the d11BSW value of 39.61 ‰ from Foster et al. (2010). The isotopic
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surements in this study (blue). The black star denotes environmental
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shift in the theoretical borate fractionation curve and subsequently to higher pH

values from skeletal d11B values or to the possibility to calculate the pH at all based

on skeletal d11B values.

Isotopic fractionation of B during incorporation has to be considered as an ad-

ditional reason for the observed offset from the borate curve. Contrary to the find-

ings of Zeebe et al. (2001), incorporation of B into the skeleton was found to cause

an offset between calcifying fluid and skeletal d11B value under equilibrium condi-

tions by an experimental (Saldi et al., 2018) and a computational study (Balan et al.,

2018). Fractionation of B in bamboo corals might therefore also be driven by this

process. Nevertheless, no equilibrium condition can be assumed for precipitation

in calcifying organisms (DePaolo, 2011) as investigated by the two studies above.

Impurity incorporation into calcite has been explained by the growth entrapment

model (Gabitov et al., 2014b; Kaczmarek et al., 2016) and the surface kinetic model

(DePaolo, 2011; Farmer et al., 2019). The growth entrapment model describes B in-

corporation as a relation of B diffusion rate out of the newly built crystal and the lat-

tice to precipitation rate. The growth entrapment model seems to be less appropri-

ate for B isotopic fractionation since B diffusivities in calcite are poorly constrained

and previous studies (Gabitov et al., 2014b; Kaczmarek et al., 2016) focused on the

bulk incorporation of B (Branson, 2018). Rising precipitation rates were found by

Farmer et al. (2019) to lower the difference between the d11B value of precipitated

calcite and solution borate. These authors could explain their findings by applica-

tion of the surface kinetic model of DePaolo (2011). For their model, Farmer et al.

(2019) assumed a preferential adsorption of charged borate on the crystal surface

in comparison to boric acid. This attachment competes with the preferential up-

take of trigonal (H3BO3 and BO2(OH)2-) species into the calcite crystal lattice. The

B isotopic composition of the calcite is therefore a result of these competing fluxes.

Further, Farmer et al. (2019) reported that the bulk B incorporation is also positively

correlated to the precipitation rate and with that predictable by the surface kinetic

model. These findings underpin the potential influence of precipitation rate on the

B elemental and isotopic composition of bamboo corals. Therefore, the parts with
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higher B might have been grown under conditions of higher precipitation rate. This

seems to be contradicted by the observation of zigzag patterns in B/C on the Bear

Seamount sample. Different precipitation rates would have to be assumed for skele-

ton mineralised at the same time, which seems to be unlikely.

In addition to the mentioned possible cause of B isotope fractionation organic

matter was reported to fractionate B isotopes during adsorption (Lemarchand et al.,

2005; Tossell, 2006). While Lemarchand et al. (2005) report a fractionation of B iso-

topes on humic acids of -18 to -47 ‰ less negative fractionation of -2 to -5 ‰ was

calculated by Tossell (2006). If we assume humic acids as a representative for the

organic matter in bamboo coral skeletons a shift to lighter B isotopic values seems

to be possible. The preferential incorporation of 10B in organic matter is in contrast

to what can be observed by the comparison of the fluorescence map recorded on the

Bear Seamount sample by Flöter et al. (2019). Note that the maps were not recorded

at exactly the same sample transect. Figure 4.9 shows that the region of higher flu-

orescence, which indicate a higher organic matter concentration (Wall and Nehrke,

2012), occurs like the higher d11B values at the rim of the sample. The reported

negative isotopic fractionation at humic acids and the observation of higher organic

matter concentrations coincident with higher d11B values do not permit a conclusive

statement about the role of organic matter in isotope fractionation in bamboo coral

mineralisation.
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FIGURE 4.9: The comparison of the fluorescence (map from Flöter et
al. (2019)) and the B isotopic composition of the bamboo coral sample
from the Bear Seamount shows that high d11B values occur together

with a higher fluorescence and therefore organic matter.

Based on our observations, the bulk B isotopic composition of bamboo corals

cannot be ascribed to a single driving mechanism. It is more likely that a combina-

tion of borate transport to the CF, precipitations rate and isotopic fractionation on

organic matter result in the observed patterns.

4.6 Conclusion

In this study the spatial distribution of B and its isotopes were mapped at the mi-

croscale to evaluate the calcification mechanism and proxy potential of bamboo

corals. Under the assumption of conservative borate behaviour in the calcifying

fluid, the range in B isotopic compositions found during this study confirms that

bamboo corals – if at all – internally upregulate pH to a lower degree than found

in hexacorals. Further, we found that both the mean bulk B isotopic composition

but also its absolute range differs from that of the calcitic phase. This might be

caused by organic and inorganic non-calcite lattice-bound B but also by kinetic ef-

fects or active borate pumping. The latter seems to be a process which can explain

the apparent low pH upregulation. The similarity between the mapped B/C and

d11B values suggest that B/C can be used as a first indicator for potential B isotopic

variation in bamboo corals. Nevertheless, the large range of observed d11B values
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by laser ablation MC-ICPMS mapping does not allow a valid reconstruction of the

calcifying fluid pH. Faithful reconstructions of the calcifying fluid pH will require a

more detailed knowledge of the calcification mechanism in bamboo corals.
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5 Conclusion and outlook

5.1 Conclusion

The overarching goal of this thesis was to evaluate the potential of bamboo corals to

record environmental conditions at high resolution in their high-magnesium calcite

skeleton. The relative importance of environmental and physiological impacts on

the skeleton composition was studied on the micrometre scale. Specimens from the

Atlantic and Pacific Ocean were mapped using different techniques such as LA-MC-

ICPMS, confocal Raman microscopy and EMPA. For B isotope measurements, these

techniques were supported by a solution-based approach involving conventional

drill sampling.

In the first manuscript (chapter two) of this thesis, skeletal Mg and Ba distri-

butions were investigated aiming to resolve in how far these elements record en-

vironmental temperature and nutrient conditions. Both elements show concentric

and in case of Mg also zigzag patterns in skeletal sample sections of an Atlantic

coral. We concluded that long-term skeletal Mg/Ca and Ba/Ca variations can be

used as in situ temperature and [Ba]SW proxies. Nevertheless, high-resolution com-

positions of the bamboo coral internodes vary significantly stronger than expected

based on instrumental time series and are therefore likely driven by coral physiol-

ogy. In particular, the attachment of coral tissue to the skeleton by desmocytes has

been identified to impact the small-scale skeletal chemical composition.

Aiming at the suitability of Na and S as environmental or biomineralisation

proxies, the third chapter addressed the spatial Na and S compositions of two At-

lantic bamboo coral internodes at the micrometre scale. Similarly to Mg and Ba,

concentric bands and zigzag structures were found. The observed anti-correlation

of Na and S in bamboo corals has been explained with a biomineralisation model



Chapter 5 161

that involves proton and bicarbonate pumping, assuming conservative behaviour

of both elements in the CF. Based on the ability of the model to explain skeletal

Na variations, Na as a potential salinity proxy has been ruled out because Na/Ca

variations seem to be driven by the Ca concentration of the CF. Organic matter may

have limited impact on the Na and S composition of the skeleton. The nonconcen-

tric fine-scale structures found for the elemental composition of the internodes rule

out high resolution environmental reconstructions. However, long-term variations

may still be useful as environmental proxies.

Chapter four discussed the B elemental and isotopic composition of bamboo

coral HMC, investigating whether seawater or CF carbonate parameters can be re-

constructed from the skeleton. We observed a positive correlation between skeletal

B/C and d11B values. This correlation can be used for preliminary estimates of spa-

tial variation of d11B values on bamboo coral samples. The comparison of the laser

ablation and solution-based methods on an Atlantic and a Pacific sample showed

that the range resulting from the laser ablation mapping exceeds the one of the

solution-based method. The disagreement in range was explained by smoothing in-

duced by the spatial resolution of the applied methods and through compositional

differences of the bulk and the bleached skeletal phase. The latter was assumed to

be the main driver of the disagreement. Therefore, we concluded that laser abla-

tion that is targeting bulk carbonate as opposed to the pure carbonate fraction, is

less suitable to reconstruct pH of seawater or the CF, while bleached samples anal-

ysed using solution-based techniques may show the pH of the CF. In agreement

with other studies, this study confirmed that bamboo corals show a lower pH up-

regulation, if at all, in their CF. Nevertheless, our results suggest that, besides a

potential influence of boron isotopic fractionation with organic matter and kinetic

isotope effects borate transport to the CF can influence the skeletal boron isotopic

composition. The latter would cause the borate concentrations in the CF not to be

representative of seawater. If this suggestion should turn out to be correct, then the

offset of the CF boron isotopic composition in the CF from seawater needs to be
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taken into account for calculations of the pH of CF from skeletal B isotopic compo-

sitions.

Taken together, the various proxy records in the investigated bamboo corals

show a variety of microstructural patterns in their chemical compositions which

were shown to arise from environmental but also from physiological factors, e.g.

temperature or precipitation rate. Despite their complexity, bamboo corals still

represent potential archives for paleoenvironmental reconstructions of for exam-

ple temperature or [Ba]SW as long as the impact of physiological factors is under-

stood and considered. This is likely the case for reconstructions based on empirical

proxy calibrations on the decadal scale. In contrast, variations on the spatial scale

of annual growth (i.e. at the micrometre level) should be insightful to gain a better

understanding of the calcification process in calcifying octocorals.

5.2 Outlook

This thesis provides insights on the potential cause of skeletal B, d11B, Ba, Mg, Na

and, S variations in bamboo corals but many questions remain unanswered. Future

projects would have to look into the cellular mechanisms which influence calcifi-

cation and therefore the build-up of the bamboo coral proxy archive. These mech-

anisms include for example the transport pathways of ions from seawater to the

CF. Cellular pumps and channels capable of transporting ions need to be identified

and their relative importance to each other should be quantified. Further, the pos-

sible roles of organic matter in the CF as template of crystal formation, complexing

agent or nucleation seed have to be investigated. Besides the classical crystalli-

sation theory, various other pathways of biogenic carbonate formation including

the involvement of ACC were suggested. The discovery of the real crystallisation

pathway is essential to explain observed elemental and isotopic properties of the

skeleton. Furthermore, little is known on the CF, even though information such as

better constraints regarding its volume is crucial for model calculations. Finally, the

composition and the role of skeletal organic matter for growth and thriving, or the
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causes of the ring and zigzag patterns seen in many samples remain poorly under-

stood. These questions open up a range of possible research areas aiming at eval-

uating and validating different geochemical parameters used on bamboo corals to

reconstruct environmental conditions. Future research needs to address the diverse

open questions on the field of bamboo coral calcification to establish these calcifiers

as a proxy archive that can reliably substitute instrumental time series.
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