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Abstract

Ocean acidification terms the process of increased CO; uptake by surface ocean waters
and a subsequent decrease in pH and carbonate ion concentration. The average pH has
decreased by 0.1 since preindustrial times and is expected to drop by a further 0.3 - 0.4 until
the end of the century if current anthropogenic CO; emissions persist. This in turn will further
decrease the degree of aragonite saturation in the seawater and affect the thermodynamic

equilibrium of carbonate minerals (aragonite and calcite).

Coral biomineralization is assumed to be strongly sensitive to the degree of saturation
in the surrounding seawater, however marine carbonates are affected differently by ocean
acidification and responses vary among different studies. Coral skeletons are composed of
both inorganic components, usually aragonite, and organic compounds. The exact role of these
organic compounds is still unknown but they are assumed to be involved in the control of
carbonate precipitation. Some studies suggest, that the amount of organic compounds
increases when corals grow under high CO; and low pH conditions. In this study, the long-term
effects on corals growing under high CO, conditions at natural CO; seeps in Papua New Guinea
and under ambient CO; conditions (control sites) were investigated as a case study and
compared in terms of the amount of organic compounds in their skeletons. Three coral species
were sampled and analyzed: Acropora millepora, Pocillopora damicornis and Seriatopora

hystrix.

Two analytical methods were investigated for their suitability to obtain information on
the amount and type of organic compounds inside coral skeletons and whether any differences
exist in samples collected from sites with ambient CO, compared to increased CO; conditions.
Thermogravimetric Analysis (TGA) was used to record weight losses of powdered coral
skeleton to determine the amount of hydrated organic compounds lost during gradual heating.
Confocal Raman microscopy (CRM) mapping was used to investigate the microstructural
arrangement and organic matrix distribution within the coral skeleton. Both analytical

techniques were optimized in this study as no standardized technique was available.

Here we show that four weight losses are recorded by TGA during the gradual heating

of powdered coral skeleton, around 100 °C, 200 °C, 300 °C and 430 °C. The heating rate used
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during TGA measurements influences the reaction temperature which means that with
increasing heating rate, the reaction is shifted to higher temperatures. We show that the ‘true’
temperature of a reaction can be determined by plotting different heating rates against the

respective reaction temperature obtained by the TGA measurements.

A combination of TGA with IR (infrared spectroscopy) and MS (mass spectrometry)
shows that the highest amount of water in coral skeletons is lost around 300 °C and that CO;
released from the calcium carbonate skeleton is continuously rising with a gradual increase in
temperature, however the release of CO, peaks at 300 °C and 430 °C which indicates the
release of organic compounds. The amount of organic compounds released during TGA does
not differ for corals grown under high and low CO; conditions in Papua New Guinea which may
be explained by acclimatization via different processes obviating the necessity to alter the
organic matrix. There are however differences between species comparing the weight losses
of their skeleton during TGA: the weight loss from 30 °C until 550 °C (prior to decomposition)
is highest in P. damicornis samples from both control and seep sites which suggests the highest

amount of organic matrix for this species.

Loss of matter during calcium carbonate decomposition is calculated to be 44% of
weight, however in the coral standard sample used in this study it constitutes less (42.5 —
43.3%). This may be explained by organic compounds which are retained in the skeleton during
heating and are only released during calcium carbonate decomposition. The heating rate used
during TGA was found to additionally influence the amount of weight which is lost during

decomposition, meaning a decreased weight loss with higher heating rates.

CRM did not result in any differences in organic compound distribution or relative
crystallographic orientation for corals from high and low CO; sites. Raman point measurements
resulted in small signals corresponding to CH-bands and OH-bands which indicate organic
compounds, however no differences were obtained when comparing samples from control

and seep sites or from different coral species.

The results obtained by a combination of TGA and CRM show that aragonite conversion

in biogenic carbonates occurs at lower temperatures than for inorganic aragonite. The coral



standard used in this study transforms into calcite at ~430 °C, the inorganic aragonite only at

~470 °C.

The data presented in this case study propose new approaches using both TGA and
CRM to obtain information on the organic matrix inside coral skeletons. Combining TGA with
IR and MS would additionally allow the investigation of compounds released during TGA and
hence increase the possibility to chemically determine the compounds that are involved in
weight loss during heating. Additional information on the organic matrix could aid in
determining their role in biomineralization and whether differences in the amount exist

between corals grown under different CO, conditions.
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Resumo

A acidificacdo do Oceano é causada pelo aumento da absorcdo de CO; da superficie da dgua e
do subsequente decréscimo de pH e da concentracdo do ido carbonato na agua marinha . Em
média, o pH tem decrescido em 0.1 desde os tempos pré-industriais e é esperado que decresca
0.3 -0.4 unidades até ao final do século se as emissGes antropogénicas de CO; continuarem a
tendéncia atual. Isto, por sua vez, ird reduzir ainda mais grau de saturacdo de aragonite das
aguas do mar e afectar o equilibrio termodinamico de minerais carbonatados, nomeadamente
calcite e aragonite. A biomineralizacdo de corais é fortemente sensivel ao grau de saturacao
das aguas do mar circundantes, no entanto os carbonatos marinhos sdo afectados de uma
forma distinta pela acidificacdo do Oceano e os efeitos variam conforme os diferentes estudos

efetuados.

Esqueletos coralinos sdo compostos por componentes inorganicos, fundamentalmente
aragonite e componentes organicos. A funcdo exata destes componentes organicos ¢ ainda
pouco conhecida mas supde-se estarem envolvidos no controlo da precipitacdo de carbonato
de calcio. Alguns estudos sugerem que o teor de material de organicos aumenta quando os
corais crescem em regime de crescente concentragdao de CO; e pH em queda. Neste estudo
foram investigados os efeitos, de longo-prazo, no crescimento de corais sujeitos a altas
concentracdes de CO; dissolvido em proximidade das exalagdes subaquaticas de CO; no Papua-
Nova Guiné comparados com situacdo de concentracdes normais de CO; (site de controlo). A
comparacao foi feita com base na quantidade de componentes organicos nos esqueletos
coralinos. Trés espécies de corais foram analisadas: Acropora millepora, Pocillopora damicornis

e Seriatopora hystrix.

Dois métodos analiticos foram utilizados e apreciados em termos da sua adequacdo
para obter informacdo sobre a quantidade e tipo de compostos organicos contidos nos
esqueletos de corais e para avaliar as diferencas entre amostras colectadas em zonas com CO;
dissolvido “normal”, em comparacdo com condicdes de aumento de CO,. A Analise
Termogravimétrica (TGA) foi utilizada para registar as perdas de peso de esqueleto de coral
em po6 durante um aquecimento controlado e assim determinar a quantidade de compostos

organicos hidratados volatilizados durante este processo. A microscopia confocal Raman
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(MCR) de mapeamento foi utilizada para investigar o arranjo microestrutural e distribuicdo da
matriz organica dentro do esqueleto de coral. Ambas as técnicas de analise foram optimizadas

neste estudo face a ineesisténcia de procedimentos padronizados.

Demonstrou-se que verificam-se quatro etapas de perdas de peso durante TGA
durante o aquecimento gradual do esqueleto de coral pulverizado. Estes etapas correspondem
a temperaturas de cerca de 100 °C, 200 °C, 300 °C e 430 °C. A taxa de aquecimento utilizada
durante as medi¢cGes de TGA influencia a temperatura de reacg¢do, no sentido do seu
crescimento em fungdo do aumento da taxa de aguecimento. Foi provado experimentalmente
que a temperatura "verdadeira" de uma reaccdo pode ser determinada através da
representacdo grafica de diferentes taxas de aquecimento contra a respectiva temperatura de

reacdo obtidas pelas medicdes de TGA.

A combinacdo de TGA com IR (espectroscopia de infravermelho) e MS (espectrometria
de massas) mostra que a maior quantidade de dgua em esqueletos de coral é perdida a cerca
de 300 °C e que o CO; libertado a partir do esqueleto de carbonato de célcio é continuamente
crescente, com um aumento gradual da temperatura. No entanto, o pico de emissdo de CO;
verifica-se entre 300 °C e 430 °C indicando a principal fase de decaimento de compostos
organicos. A quantidade de material organico determinado através da andlise TGA ndo diferia
entre os corais que cresceram sujeitos a concetragdes altas e baixas de CO; na Papua-Nova
Guiné, o que pode ser explicado por diferentes processos de adaptacdo que ndo se refltiram
na quantidade da matriz organica. No entanto, ha diferencas entre espécies e a perda de peso
desde 30 °C até 550 °C (antes da decomposicao de carbonato de cdlcio) é maior em ambas as
amostras de controle e de sitios de exalagdes de P. damicornis, propondo a maior quantidade

de matriz orgénica para a espécie.

A perda de peso na sequéncia da termodissociacdo de carbonato de calcio
teoricamente calculada como representa 44% do peso incial. No entanto verificou-se que a
amostra padrdo de coral utilizado neste estudo produziu uma perda de peso de 42,5 - 43,3%.
Isto pode ser explicado pela presenca de compostos organicos que sdo retidos no esqueleto
carbonatado durante o aquecimento e s sdo libertados durante a decomposicao de carbonato

de cdlcio. Provou-se que a taxa de aquecimento utilizada durante TGA influenciava
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adicionalalmente o resultado final da perda de peso ocorrida durante a decomposicdo,

mostrando uma diminuicdo em fundo do aumento das taxas de aquecimento.

A microscopia confocal de Raman ndo detectou quaisquer diferencas na distribuicdo
de material organico ou orientacdo cristalografica preferencial relativamente a corais de locais
de alto e baixo teor de CO». Varreduras individuais de Raman resultaram em pequenos sinais
correspondentes a bandas CH e banda OH produzidas por compostos organicos, porém
nenhuma diferenca foi observada ao se comparar amostras de controle com as dos sitios de

exalacGes ou a entre diferentes espécies de corais.

Os resultados obtidos pela combinacdo de TGA e MCR mostram que a conversao de
aragonite em calcite ocorre a temperaturas mais baixas do que para aragonite de origem
inorganica (sintética). O coral padrdo utilizado neste estudo transformou-se em calcite em

temperatura de 430 °C, enquanto a aragonite inorganica sofreu a transformacdo a 470 °C.

Os dados apresentados neste estudo indicam novas possiveis abordagens das questdes
acima referidas por meio TGA e MCR para obter informagdes acerca da matriz organica dentro
de esqueletos de corais. A combinacdo de TGA com IR e MS podera permitir adicionalmente a
andlise de compostos libertados durante a TGA e, consequentemente, aumentar a
possibilidade de determinar os compostos que estdo envolvidos na perda de peso durante o
aquecimento. Informacdo adicional sobre a matriz orgénica pode ajudar a determinar o seu
papel na biomineralizacdo e sobre a existéncia de diferencas na quantidade desta matriz em
corais que crescem sob diferentes condi¢des, em termos da concentragdo de CO; dissolvido

na agua.

Keywords

Scleractinian Corals, Ocean Acidification, Skeletal Organic Matrix, Thermogravimetric Analysis,

Confocal Raman Microscopy
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Introduction

1 Introduction

1.1 Ocean acidification

Since 250 years, carbon dioxide (CO3) levels in the atmosphere have increased by almost
40% from 280 ppmv (parts per million volume) to approximately 400 ppmv (Mauna Loa
Observatory, July 2015). This excess of atmospheric CO2 is mostly driven by anthropogenic
emissions such as fossil fuel combustion or deforestation and causes a shift in seawater
carbonate chemistry (Doney et al., 2009). Ocean surface waters constitute a large reservoir
that equilibrates with the atmosphere in terms of CO; concentration. The dissolved CO; reacts

with water (H;0) to carbonic acid (H2COs) according to the following reaction.
CO2 (atmos) © COz(aq) + H,0 © H,C03; © H* + HCO3; & 2H* + C03%-

H2COs in turn dissociates either into bicarbonate (HCOs3) by losing one hydrogen ion (H*) or
into carbonate ion (CO3%) by losing two H*. With an increase in CO; uptake by surface ocean
waters, HCOs™ and H* increase as well. The increase in hydrogen ions lowers the pH and
additionally decreases carbonate ion concentration and calcium carbonate (CaCOs3) saturation
states (Bernstein et al., 2007; Doney et al., 2009; Feely et al., 2004; Orr et al., 2005). These

processes are commonly referred to as ocean acidification.

Since preindustrial times, the average pH of surface ocean water has decreased by
about 0.1 from 8.21 to 8.10 and is expected to drop by a further 0.3-0.4 units until the end of
this century if anthropogenic CO, emissions continue the present trend (Orr et al., 2005; Royal
Society, 2005). As a consequence CO3s% concentrations in tropical oceans are expected to drop

by 35-50% by 2100 (Orr et al., 2005).

The degree of saturation (Q) of marine waters with respect to a mineral substance
describes its thermodynamic potential for crystallization or dissolution and for CaCOs is defined

by the product of Ca?* and CO3? ion activities, divided by their solubility constant at equilibrium

(Ksp).
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[Ca**] [CO37]
Kep

Q=

After the introduction of corrections for activity coefficients and ion pairing, the
theoretical value of Q in warm surface waters is ~ 3. It is largely dependent on increasing CO>
uptake by the surface ocean water which decreases Q (Doney et al., 2009) and affects the
thermodynamic equilibrium of carbonate minerals. Some studies suggest that the formation
of shells and skeletons depends on the degree of saturation of the seawater with the respective
CaCOs polymorph (aragonite or calcite). Shell and skeleton formation may occur when Q > 1
and hence, the ability of marine calcifiers to precipitate their shells could be affected in the

future.

Scleractinian corals are reef-building corals which thrive best in clear tropical oceans
owing to their symbiotic relationship with photosynthetic zooxanthellae. Their exoskeleton is
mainly composed of aragonite, which is secreted by the coral polyps (Allemand et al., 2004;
Cohen et al.,, 2009; Tambutté et al., 2011). The aragonite saturation degree (Qaragonite) in
surface ocean waters is expected to decrease throughout the tropics, from a present 3-5 to 2-

2.5 in the course of this century and is expected to affect coral reefs (Orr et al., 2005).

Biological responses to ocean acidification

Some studies suggest that the growth of marine calcifying organisms like corals
depends on the degree of saturation in respect to aragonite in the surrounding seawater and
coral reefs have been found to be dramatically impacted by increasing CO, concentrations in
the ocean by several studied (Gattuso et al., 1998; Langdon et al., 2000; Marubini and Atkinson,
1999; Marubini and Davies, 1996). Coral reefs are one of the most biologically diverse and
ecologically complex ecosystem in the ocean and characterized by high primary productivity

(Allemand et al., 2011)

The impact of decreasing CO3* concentrations in the surrounding seawater on the
calcification rates of tropical corals does not draw a uniform picture. Some studies report no

change in calcification (Schoepf et al., 2013), others even a parabolic behavior (Castillo et al,,
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2014) for different coral species. In most cases however, calcification rates show a roughly
linear decline with decreasing COs? concentrations under controlled experimental conditions
(e.g. Langdon and Atkinson, 2005). Biomineralization is significantly slower at pH levels of 7.8
which matches the projected levels of ocean acidification for the end of the century (Langdon
and Atkinson, 2005). As an example, calcification for corals of the Great Barrier Reef have
declined by 11.4% between the years 1999 and 2005 which suggests a rather dark future for
corals due to climate change (De’ath et al., 2013). However, calcification responses to a
changing environment are of complicated nature and may be due to changes in CO;
concentration and pH combined with other factors like light, temperature or nutrient
availability (Schiermeier, 2011). As an example, corals seem to become less sensitive to
decreases in Qaragonite When nutrients are available in increased concentrations (Atkinson and

Cuet, 2008).

Calcification changes in laboratory studies can be directly attributed to the altered
variable, e.g. CO, concentration, however they do not take into account these co-limiting
factors which are difficult to simulate ex situ (Atkinson and Cuet, 2008; Langdon and Atkinson,
2005). Additionally, short-term laboratory studies are not performed for long enough time
scales to allow organism acclimatization to occur. An opportunity to investigate long-term
effects of ocean acidification on coral reefs is given by submarine cool CO; seep sites. Coral
reefs at these sites are acclimatized to prevailing conditions and provide information on natural
exposure to low pH and high CO, seawater environments (Fabricius et al., 2011). Whether
marine organisms are able to adapt to increasing CO; conditions is not well known but may
provide important implications for ocean acidification scenarios and should be of high priority

for future research (Doney et al., 2009).

Several studies reveal the complicated nature of calcification responses and their
dependency on different factors and the degree of severity in terms of reduced calcification
rates varies among species (e.g. Doney et al., 2009; Langdon and Atkinson, 2005). In order to
be able to predict future effects of ocean acidification and climate change on coral reefs,
sufficient understanding of calcification mechanisms in corals is crucial. Currently, various

assumptions on how coral biomineralization is controlled exist and the exact understanding of
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calcium carbonate calcification may help in explaining species specific differences and

acclimatization mechanisms.

1.2 Coral biomineralization

The study of the formation, structure and properties of inorganic solids deposited in
biological systems is termed biomineralization (Lowenstam and Weiner, 1989; Mann, 2001).
Coral biomineralization is assumed to be an extracellular process which occurs in a so called
calcifying compartment which is located between the tissue base and the existing skeleton
(Cohen et al., 2009). The aragonite saturation degree inside the calcifying compartment is
assumed to be high above the saturation degree of seawater, which enhances aragonite
precipitation and crystal growth. One proposed mechanism for this process is by Ca?* - H*
exchange, meaning that H* is pumped out of the calcifying space when Ca?* is transported into
the calcifying compartment, thus elevating the degree of saturation and pH and in turn CO3*
concentrations (Cohen et al., 2009). Other models consider a passive processes (e.g. Cohen
and McConnaughey, 2003). Despite elevated carbonate ion concentrations in the calcifying
region, coral calcification is suggested to be strongly sensitive to small changes in the degree

of saturation in the surrounding seawater (Langdon et al., 2000).

It has been recognized that coral skeletons are constituted of both inorganic components
(in this case aragonite) and organic compounds (Falini et al., 2013; Tambutté et al., 2011;
Wilfert and Peters, 1969; Young, 1971), however the level of control these compounds exert
over coral calcification is still unclear (Holcomb et al., 2009). The organic matrix of coral
skeletons is characterized by high concentrations of amino acids and has been assumed to play
an important role in biomineralization (Constantz and Weiner, 1988; Goffredo et al., 2011;

Mitterer, 1978).

Recent studies demonstrate, that organic compounds derived from coral skeletons can
influence the polymorphism and morphology of calcium carbonate in precipitation
experiments (Falini et al., 2013; Goffredo et al., 2011). Even though the exact role of organic
compounds in coral skeletons stays enigmatic, they potentially play an important role in coral

biomineralization processes. A few studies so far addressed the organic matrix composition



Introduction

and function in coral skeletons. For instance, it was indicated that the amount of organic matrix
differs between coral species (Cuif et al., 2004) and emphasizes that specific types of organic
compounds can be involved in the control of calcium carbonate precipitation (Falini et al,,
2013). It is important to obtain further information on organic compounds of different species
in order to explore their role in coral biomineralization. Recent studies suggest that under
increased pCO; conditions corals upregulate genes which code for protein production (Vidal-
Dupiol et al., 2013) and it was observed that the skeletal protein content increased (Tambutté
et al., 2015). Detailed understanding on how corals react to projected future changes in pCO;
derives mainly from controlled laboratory studies (e.g. Atkinson and Cuet, 2008; Gattuso et al.,
1998; Langdon and Atkinson, 2005; Marubini and Atkinson, 1999) and the few sites where
pCO; is increased naturally (Barkley et al., 2015; Crook et al., 2013; Fabricius et al., 2011). The
CO; seeps in Papua New Guinea are ideal to investigate coral response to increased pCO; in
their natural environment with a focus on skeletal organic content. The high CO; seepage sites
are characterized by a shift in coral communities which indicates that species are differentially
sensitive to changes in pCO; (Fabricius et al., 2011; Strahl et al., 2015). Hence, species growing
under low pH conditions seem to be able to deal with this limiting conditions via different

trajectories:

a) they are acclimated and maintain growth, skeletal structure and composition

b) they are able to compensate the limiting conditions, but with associated costs in terms
of reduced growth and/or structural changes, or

c) they cannot compensate changing conditions, resulting in a decline of growth and

structural integrity.

One potential compensation mechanism could be seen in an increase in organic skeletal

proteins (Tambutté et al., 2015; Vidal-Dupiol et al., 2013).
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1.3 Analytical methods for the determination of organic compounds

in coral skeletons
Thermogravimetric analysis (TGA)

TGA is an analytical technique where the weight loss of a sample is analyzed as a
function of temperature (and time). The results usually display a curve where the sample mass
(in [mg] or [%]) is plotted against temperature (or time). Figure 1.3.1 shows the schematic of a

Mettler Toledo TGA/DSC 1 instrument which was used in this study.

Figure 1.3.1 Schematic of a Thermogravimetric Analyzer (Mettler Toledo TGA/DCS 1): (1) baffle; (2) reactive gas capillary; (3)
gas outlet; (4) temperature sensors; (5) furnace heater; (6) furnace temperature sensor; (7) adjustment ring weights; (8)
protective and purge gas connector; (9) thermostated balance chamber (from Mettler Toledo)

Weight losses during chemical reactions are recorded by a horizontal compensation
ultra-microbalance with a resolution of 0.1 pg. Temperature sensors (4) are directly placed
under the balance arm to determine the exact temperature of the sample. A crucible
containing the sample is placed on the right side of the balancing arm and a reference, usually
an empty crucible of the same kind, on the left side, to be able to deduce only the behavior of

the sample, not the crucible it is contained in. An inert, dry protective gas (usually N2) flows
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over the balance to prevent corrosion. The reactive gas capillary (2) is placed directly above

the balance arm so the purge gas flows directly over the sample into the furnace chamber.

To correct for buoyancy effects due to density changes in the sample that may occur
during heating, blank measurements are performed using the same temperature program,
reactive gas and a crucible without a sample. The resulting blank curve can be automatically
subtracted from the sample measurement curve. Mass changes occur due to thermal
dissociation of minerals or the thermal decomposition of organic compounds which is termed

pyrolysis (Wagner, 2009).

A combination of TGA with Differential Scanning Calorimetry (DSC) allows to
additionally measure the heat flow (in [W g]) which occurs in the sample during heating.
Endothermic and exothermic reactions in the sample are recorded by a measuring cell with
ceramic sensors and negative or positive peaks are displayed in the DSC curve respectively. The
DSC signal gives the heat flow in the sample which corresponds to the difference between the
heat flow of the sample and the reference (Wagner, 2009). DSC signals enable the calculation
of transition or reaction enthalpies due to the measurement of peak areas and the

determination of the specific heat capacity of a sample.

DSC signals help in referring mass losses to specific reactions as they give additional
information on the behavior of the sample. Also, reactions that are not accompanied by a
change in mass can be detected via heat flow profiles, an example being solid-solid transitions
or polymorphisms. Aragonite as a metastable form of calcium carbonate is transformed into
calcite upon heating (e.g. Brown et al., 1962) which represents a solid-solid transition. No loss
in mass is detected during the transition, however the endothermic reaction is detectable in

the heat flow profile.

Figure 1.3.2 shows an example of a typical TGA and DSC profile of powdered coral skeleton.
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Figure 1.3.2 Example of a TGA weight loss profile (dark blue) and a DSC heat flow profile (light blue) from powdered coral
skeleton (30 °C to 550 °C, heating rate: 10 °C min-L; gas flow: 20mL N, min-)

Figure 1.3.2 shows the change of the sample weight [%] (dark blue curve) and the heat
flow [W g-1] (light blue curve) in function of temperature. The weight loss profile shows several
significant mass changes with the most prominent one occurring around 300 °C accompanied
by a distinct endothermic peak in the heat flow profile. A reaction resulting in loss of mass is
endothermic which is indicated by the negative peak in the DSC curve. Using both TGA and DSC
signals of a sample during heating, the type of reaction occurring at a specific time or

temperature can be deduced.

Factors that may alter the resulting TGA and DSC curves that have to be considered are
for example heating rate, sample preparation, sample morphology, composition of the
atmosphere within the reaction chamber and the type of crucible. The morphology, shape and
size of a sample influences its heat transfer and these characteristics have to be considered
and kept equal throughout measurements to ensure the comparability of results. Usually,
samples are ground into fine powders with similar grain size. The temperature region in which
chemical reactions in the sample occur depends on the heating rate. Higher heating rates cause
a shift to higher temperatures. If unsuitable heating rates are used, usually fast heating rates,

two reactions may overlap and therefore be missed in the TGA and DSC signal (Wagner, 2009).

Sample crucibles have to be open to the gas atmosphere to enable the exchange of

material with immediate surroundings and the release of gaseous compounds. The choice of
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the crucible depends on the respective temperature program and purpose of TGA
measurements. Aluminum oxide crucibles have the advantage that they can be heated up to
1600 °C, in contrast to aluminum crucibles which will melt around 660 °C. However, aluminum
crucibles can be hermetically sealed before measurements to prevent the sample from
drawing water or reacting with air which is not possible for aluminum oxide crucibles. The
sealed crucible is perforated by a needle when it is placed on the sensor by an automatic
sample changer to allow volatile substances to be released during measurements. The reaction
atmosphere is determined by the mixture of protective gas and purge gas in the furnace
chamber. The purge gas flows through the furnace chamber and removes gaseous reaction
products through the gas outlet (Figure 1.3.1 (3)). The type of purge gas and the flow rate
influence TGA and DSC signals and have to be kept constant throughout experiments to be

able to compare results.

TGA is used as a method to determine the amount of organic compounds inside coral
skeletons (Cuif et al., 2004). A further technique to obtain information on amount and also

type of organic compounds is Confocal Raman Microscopy.

Confocal Raman Microscopy

Confocal Raman Microscopy (CRM) is a widely used technigue in studies of biomineral
samples (Nehrke and Nouet, 2011; Wall and Nehrke, 2012). Raman spectroscopy allows the
identification and characterization of many mineral and non-mineral compounds. It is based
on the interaction of monochromatic light with molecules and Raman signals result from
inelastic light scattering of photons due to molecular vibrations (Nehrke and Nouet, 2011).

Figure 1.3.3 shows the schematic of a confocal Raman microscope.
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Figure 1.3.3 Schematic of a Confocal Raman Microscope (WITec) (01) laser, (02) single mode fiber, (03) objective, (04) scan
table, (05) filter, (06) multi mode fiber, (07) lens based spectroscopy system UHTS 300, (08) CCD detector, (09) white light
illumination, (10) z-stage for focusing (from WITec)

A laser beam (01) as a photon source is focused on the sample (04) through a single
mode fiber (02). The re-emitted or scattered light is focused through a multi-mode fiber (07)
through the spectroscopy system (08) to the detector (09) (Figure 1.3.3). Most of the incident
light is scattered elastically which means that the energy or wavelength is not changed. This
process is called Rayleigh scattering. A small portion (one photon out of 10°- 108) is scattered
inelastically, meaning the re-emitted light is shifted in energy, which is called Raman scattering.
The shift in frequency of the scattered light is due to specific molecular vibrations which are
characteristic for molecules and therefore can be used to identify a sample (Smith and Dent,

2005).

Combining Raman spectroscopy with a confocal microscope allows the mapping of a
sample (up to several mm?) by continuous scanning via automatic scanning stages using a laser
as the source for monochromatic light. This results in up to a few hundred thousand spectra
and provides high spatial resolution scans which can deliver various information. It is possible

to constrain the distribution of certain chemical compounds over the sample area as well as
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crystallinity and relative crystal orientation of mineral compounds which is why CRM is a very
suited method to study biogenic structures (Nehrke and Nouet, 2011). CRM is a non-invasive
method which makes it additionally attractive, especially for the study of biological samples
and heterogeneous systems (Everall, 2004). In coral skeletal samples, CRM allows to determine
the biochemical composition of mineral materials like aragonite and organic compounds that
are entrapped within the skeletal matrix and performing large area scans provides maps of
their distribution throughout the skeleton on a micrometer scale (Everall, 2004; Nehrke and

Nouet, 2011; Wall and Nehrke, 2012).

In this study, CRM was used to investigate for differences in organic compounds of corals
grown under ambient and high CO, conditions as well as to determine the mineral part of their

skeleton.

1.4 Aim of the study

The aim of this study was to determine structural and compositional differences in coral
skeletons grown under different pCO, conditions, focusing on the amount and type of organic
matter contained in the skeleton. Both CRM and TGA were investigated for their suitability to
answer such questions. Both analytical techniques were optimized in this study since no

standardized technique is available for either method.

As a case study, three scleractinian coral species growing under both ambient and
increased CO; concentration were investigated: Acropora millepora, Pocillopora damicornis
and Seriatopora hystrix. The cool CO; seeps at Upa-Upasina Reef (Papua New Guinea) provide
a natural laboratory and the opportunity to investigate changes in coral skeletons after long-
term acclimation since the vents already existed for decades (Fabricius et al., 2011). Low pH
values (~7.8) near the seep sites are similar to pH conditions expected for the year 2100
(Haugan and Drange, 1996), thus observed differences in corals growing there may help
predict alterations due to pH and CO. changes associated with ocean acidification. Assuming
that organic compounds in coral skeletons facilitate calcification at low saturation states and
generally act as a catalyzer for aragonite precipitation (Mann, 2001), an increase in the amount

of organic compounds in skeletons of corals growing under high CO, conditions can be
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assumed. By comparing different species of scleractinian corals from the same sample location,

interspecies differences in their response to ocean acidification can be examined.

2 Materials and Methods

2.1 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was performed with a TGA/DSC 1 instrument
equipped with a sample changer (Mettler Toledo, Germany). Powdered samples of
approximately 15 mg (+/- 0.05 mg) were gradually heated from 30 °C to 550 °C or 900 °C
depending on the experiment and desired information. Aluminum crucibles (100 pL) were used
for all measurements up to 550 °C. Samples were weighed into the crucibles and hermetically
sealed (cold-welded) with a perforable aluminum lid directly after grinding. A hole (0.7 mm in
diameter) was pierced into the lid with a needle by the sample changer right before
measurements. Samples subjected to higher temperatures were weighed into aluminum oxide
crucibles (70 pL) which cannot be hermetically sealed. The coral powder was weighed into the
crucibles shortly before measurements and a lid with a pre-punched hole was placed on top.

Three replicates were measured for each sample unless indicated otherwise.

Variable heating rates were used to test for their influence on the analysis. Both heating
rate, purge gas and respective flow rate were adjusted for each analysis to fit the respective
experimental purpose. An in-house coral standard powder (ST-1) made from bleached
Pocillopora sp. skeleton was used for all experiments with the purpose of method
standardization. Measurements with various heating rates were performed using this ST-1
powder to ensure that no reaction remained undetected during TGA and to obtain further

information on how reactions in coral samples depend on the heating rate.

For samples from Papua New Guinea, 10 ° min'! was chosen as a heating rate and applied
to all samples. Nitrogen (N2) as an inert gas was generally used as a protective gas at a flow
rate of 20 mL min™t. The quantification of the weight loss in samples from Papua New Guinea

due to the release of organic compounds follows the example given in Figure 3.1.2. TGA weight
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loss profiles and DSC heat flow profiles are given after normalization to sample weight. The
software STARe Excellence Version 11 (Mettler Toledo) was used for all measurements and

evaluations.

2.2 Confocal Raman Microscopy

In this study a WITec alpha 300R Confocal Raman Microscope (WITec GmbH, Germany)
was used for analysis. High resolution spatial scans were performed with a piezoelectric
scanner table with a maximum scan range of 200 um x 200 um (minimum step size lateral: 4
nm; vertical: 0.5 nm). Large area scans were performed by a motorized scan table with a
maximum range of 2.5 cm x 2.5 cm and a minimum step size of 100 nm. A laser with an
excitation wavelength of 488 nm was used for all scans performed in this study as well as an
ultra-high throughput spectrometer (UHTS 300, WITec GmbH, Germany) with an EMCCD
camera and a grating of 600 grooves mm™ blazed at 500 nm. The spectral range was 0-3600
cm. Large Area scans were performed using a Nikon 50x objective (NA=0.6), 0.5 pm spacing

and an integration time of ~30 ms.

Raman point measurements were obtained using a Nikon 100x objective (NA=0.9) with
10 accumulations per spectrum and an integration time of 0.5 seconds. The grating was
changed to one with 2400 grooves mm™ blazed at 500 nm to obtain a high spectral resolution

to follow changes in peak position during the aragonite to calcite transformation (see 3.3).

2.3 Study site

This study was conducted using coral samples collected at a volcanic CO; seep site at
Upa-Upasina Reef, a clear-water coral reef at northwestern Normanby Island, Milne Bay
Province in Papua New Guinea (Figure 2.3.1). Along the slope of the reef numerous CO; bubble
streams emerge over a wide area, down to a depth of 5 m. These CO; have been confirmed to
exist since at least ~ 70 years ago (Fabricius et al., 2011). Samples of three coral species were
collected from both CO; seep sites and sites with ambient CO, concentrations. At the CO; seep
sites collection was limited to areas characterized by a pH of ~7.8 as projected for the end of

the century. These samples are referred to as taken from seep sites. The pH at sites with
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ambient CO; is ~8.1 and samples are referred to as taken from control sites. The control site

with ambient pH and CO; concentration is located about 500m from the seep site.
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Figure 2.3.1 Maps of Papua New Guinea showing Milne Bay Province and the location of the study site (Upa-Upasina reef)
(Fabricius et al., 2011)

Figure 2.3.2 shows seascapes and location of the different sampling sites along the reef.
High CO; sites are characterized by gas streams composed to >99% of CO,, additionally 0.5%
02, 0.1% N2 and 87ppm CHa (Fabricius et al., 2011).
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Figure 2.3.2 Volcanic CO; seeps at Upa-Upasina Reef, Milne Bay. Picture a-c show seascapes of the different sampling sites
along the reef: (a) control site (pH: ~ 8.1), (b) and (c) seep sites (pH: ~ 7.8). The map (bottom right) shows pH levels along the
Upa-Upasina reef by color and the approximate sampling locations are indicated by letters a-c. (from Fabricius et al., 2011).

The distribution of seawater pH along the Upa-Upasina reef is depicted in the lower right
picture (Figure 2.3.2). Picture (a) shows a typical seascape at control sites and pictures (b) and
(c) show the bubble streams emerging along seep sites. The seawater parameters at both

control and seep sites are given in Table 2.3.1 and Table 2.3.2 (Fabricius et al., 2011).

Table 2.3.1 Seawater parameters (medians) at study site (Upa-Upasina Reef) (from Fabricius et al., 2011)

Temperature o
Exposure e Salinity [PSU] pH COs3 [umol 1] pCO:2 [ppm] Qaragonite
Control 27.7 34.5 8.01 212.5 419 3.48
Seep 27.6 34.5 7.77 139.3 502 2.28
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Temperature and salinity are similar between control and seep sites but CO, concentration,
aragonite saturation and pH differ. The median pH at seep sites is 7.77 and the median at
control sites is 8.01. (average: 7.8 and 8.1 respectively). Aragonite saturation is significantly

decreased at seep sites with Qaragonite 2.28 instead of 3.48.

Table 2.3.2 Seawater parameters (medians): elemental concentration at study site (Upa-Upasina Reef) (from Fabricius et al.,
2011)

Exposure  Ca®[mgl?] Ba[mgl?'] Cl[mglL?] KlmglL' Mg[mglL' Na[mglL? S[mg L1 Sr[mg LY

Control 421 0.002 22428 365.0 1366 10151 901.0 8.58

Seep 421 0.001 21702 364.8 1364 10151 899.4 8.60

Elemental concentrations are relatively comparable between both seep and control sites

(Table 2.3.2).

With increasing distance to the CO; vents, pH gradually rises as well as the number of
coral genera characterized by high structural complexity. However, overall coral cover remains

constant between control and seep site.

2.4 Coral genera used for analysis

Corals are marine invertebrates of the class Anthozoa. They typically occur in colonies
consisting of genetically identical polyps. Scleractinian corals, also called stony corals, form a
complex exoskeleton made of solid calcium carbonate and belong to the subclass of
Hexacorallina (Daly et al., 2003). They are hermatypic corals meaning their colonies in high
quantities make up coral reefs. They mostly thrive in clear tropical oceans and live in symbiosis

with zooxanthellae, photosynthetic microalgae that provide the coral with energy.

The scleractinian coral species used in this study are Pocillopora damicornis, Acropora

millepora and Seriatopora hystrix (Figure 2.4.1).
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Pocillopora damicornis Acropora millepora Seriatopora hystrix

Figure 2.4.1 Coral species used in study

Pocillopora damicornis is characterized by an aragonite skeleton with low porosity and
belongs to the phylogenic clade of ‘robust’ corals (Romano and Cairns, 2000). It is widely
distributed in the Indo-Pacific Ocean and can have colorations including greenish, pale brown

and pink.

Acropora millepora belongs to the ‘complex’ clade of corals with a less heavily calcified
skeleton and rather porous corallite walls (Romano and Cairns, 2000). Its skeleton is comprised
of aragonite (Clode et al., 2011; Ramos-Silva et al., 2014). A. millepora is a widely used model
organism for biomineralization studies and its settlement, development and calcification have
been widely studied (Ramos-Silva et al., 2014). It occurs in different colorations from green and

orange to pinkish and blue.

Seriatopora hystrix also belongs to the clade of ‘complex’ corals with very thin branches
and needle-like appearance. Its coloration ranges from pink and blue to green or a common

cream color.

2.5 Sampling and preparation

Coral samples were collected alive at a depth of 3-5 m by means of SCUBA diving.

Branches were clipped off, subsequently dried and stored until further use.
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2.5.1 Sample preparation for TGA and CRM

To remove coral tissue from the skeletons, all specimens of the three species were
submerged in a 5% sodium hypochlorite solution for 24 h, followed by thorough rinsing with
purified water. Both steps were repeated twice prior to drying the skeletons at 50 °C for 24 h.
Figure 2.5.1 shows bleached and dried skeletons of A. millepora, P. damicornis and S. hystrix

(from left to right).

Figure 2.5.1 Coral skeletons after bleaching; A. millepora, P. damicornis, S. hystrix (from left to right)

Samples for Thermogravimetric Analysis were ground using an agate-mortar and sieved
afterwards to obtain powder of 40-63 um grain size. The powder was stored in small glass vials

until further use.

Skeletons to be used with Confocal Raman Microscopy were embedded in epoxy resin
(Araldite 2020, Huntsmann) and cut into thin slices resulting in longitudinal sections of the
coral skeletons. Slices were glued onto glass slides and ground using HERMES water grinding
papers (grain size: P1200, P2400 and P4000 (in order)) and subsequently polished with a 0.3
um aluminum oxide suspension. Samples were rinsed with purified water in-between each
grinding and polishing step. Samples were checked visually in between grinding and polishing
steps using binoculars and the slices were processed until no more scratches in the epoxy resin

could be observed.

2.6 Statistical Analysis

Statistical analysis was done using the software RStudio (Version 3.1.0). All data sets were

checked for normal distribution using Lilliefors (based on Kolmogorov-Smirnov) normality test.
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Comparison of species between sites for different amounts of weight loss was done using

Student’s t-Test for normally distributed data and Kolmogorov-Smirnov test for non-normally

distributed data.

3 Results and Discussion

3.1 Thermogravimetric Analysis

The change in mass of coral aragonite when heated from ambient to elevated
temperatures can give valuable information on the amount of organic matter and water
present within the sample. The following diagrams show an example of typical weight loss
(TGA) and heat flow (DSC) profiles of a coral aragonite powder heated from 30 °C to 900 °C
and 30 °C to 550 °C (Figure 3.1.1).
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Figure 3.1.1 Example of TGA and DSC profiles of coral powder heated until 900 °C (left) and until 550 °C (right)

The TGA and DSC curves on the left side show the evolution of a powdered coral skeleton
sample heated until 900 °C (Figure 3.1.1) in terms of weight loss and thermal reactions. The
most prominent weight loss starting at approximately 650 °C is related to the decomposition
of CaCOs to CaO (Cuif et al., 2004). The curves on the right side show the temperature range
between 30 °C to 550 °C in magnification. This temperature range is characteristic for the

decomposition of organic material.

The mass loss in coral skeletons in this range is reported to lie between 2.5 and 3% (Cuif

etal., 2004). Altogether, four weight losses can be observed in both the TGA and the DSC curve
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(Figure 3.1.1 (right) gray areas). The most noticeable transition in the TGA profile occurs at 300
°C and is accompanied by a negative peak in the DSC curve which indicates an endothermic
reaction (see 1.3). Prior to this, two lesser weight losses are recorded in the TGA and DSC signal,
the first around 100 °C and the second at about 200 °C. A fourth distinctive weight loss occurs
at 430 °C. Apart from these steps, the profiles show a low and continuous decrease in weight
up to the starting point of calcium carbonate decomposition (around 650 °C). Figure 3.1.2

shows an example on how weight losses were calculated from TGA curves.
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Figure 3.1.2 Example of a TGA weight loss profile of a coral powder heated to 500 °C indicating how weight losses were
calculated. The red line indicates the step size and the weight loss in %; red circles indicate the inflection point of a weight
step

The weight loss during sample heating is calculated by the determination of horizontal
step height in the TGA profile. To determine appropriate temperature limits for horizontal step
sizes, the first derivative curve is used to visualize the reaction limits and inflection point during
a mass loss as a distinctive peak (Wagner, 2009). Losses are calculated according to horizontal
steps from before the mass change until the end of the reaction, yielding the absolute
percentage of the change in sample mass for the respective reaction. Figure 3.1.2 indicates the

step height between 270 °C and 330 °C (red line). The selected limits can be automatically

applied during evaluation using the software STARe Excellence (Mettler Toledo). The inflection
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point of this horizontal weight step is at 300 °C. For the following smaller weight loss the

inflection point is 430 °C.

In a TGA study of different scleractinian coral species, a correlation between the release
of H,0 and CO; was found for the major weight loss at 300 °C and the minor loss at 430 °C
using IR spectroscopy as a method to analyze gaseous emissions resulting from thermal decay
of the coral powder components. CO; releases at these relatively low temperatures can only
result from the decay of coral organic matrix and not from the thermal dissociation of the
CaCOs skeleton (Cuif et al., 2004). The simultaneous release of water can be explained either
by the decomposition of hydrated organic compounds, or by water molecules strongly bound
to the skeletal matrix which cannot be released at lower temperatures. Since the main aim of
this study was to determine the amount of organic compounds in coral skeletons, heating was
limited to 550 °C during TGA as the oxidative breakdown of hydrated organic matrix is assumed

to occur prior to calcium carbonate decomposition (Cuif et al., 2004).

Impact of the heating rate on measured temperature values

It is important to notice that temperature values determined by TGA, e.g. the
temperature at which H,O or CO; is released from the sample, are strongly dependent on the
applied heating rate. The temperature at which a chemical reaction in the sample (in this case
a decrease in mass) occurs, varies with the chosen heating rate since it determines the kinetics
of the reaction. Generally, higher heating rates cause reactions to shift towards higher
temperatures (Wagner, 2009). Therefore, the applied heating rate has to be taken into account
if different measurements and data from the literature are compared to each other. The choice
of the heating rate is of particular importance if reactions occur at relatively similar
temperatures. The possibility that those reactions cannot be resolved increases with increasing
heating rate. In those cases lower heating rates are usually the best choice (Wagner, 2009).

Figure 3.1.3 shows the results of measurements with different heating rate using ST-1 powder.
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Figure 3.1.3 TGA-weight loss (top) and DSC-heat flow (bottom) signal of ST-1 powder subjected to different heating rates
(increase in heating rate results in a shift of the curve to the right; blue: 1 °,4 °,16 ° and 30 ° min'}; red: 2°,8°,20° and 40° min-
1)

Figure 3.1.3 shows the TGA (top) and DSC (bottom) profile of ST-1 powder samples run
with different heating rates (1°,2°,4°,8°,16°,20°,30° and 40° min'%; two replicates each, only
one measurement for heating rate 40° min!) under a purge gas flow of 20 mL min™* using Na.
Besides the shift in onset temperature towards higher temperatures as the heating rate is
increased, both TGA and DSC profiles are very comparable for all measurements and no further

differences can be detected. No additional reactions are observed in either profile and

therewith a possible overlap of is unlikely.
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The influence of different heating rates on obtained results was not discussed in Cuif et al.,
2004, but the results in Figure 3.1.3 clearly show that the temperature range for weight losses

depends on the applied heating rate.

The ‘true’ temperature of a reaction

The reaction temperature inferred from TGA curves depends on the heating rate. A
comparison between different samples, measured with the same heating rate, will allow to
reveal relative differences between samples, but not the ‘true’ temperature defining the
physio-chemical conditions of the reaction. Using the same heating rate for all samples ensures
comparability. An absolute result in terms of the temperature at which weight losses occur
could however provide information and aid in determining the type of compound released at
a given time during measurements. A plot of the onset temperatures of the measurements

shown in Figure 3.1.3 against the corresponding heating rate is shown in Figure 3.1.4.
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Figure 3.1.4 Polynomial fit (2" order) for heating rate vs. onset of weight loss for ST-1 samples

A polynomial fit allows the determination of a hypothetical onset temperature at

heating rate 0° min™* which is 266.63 °C. Subjecting the same sample to various heating rates
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and using the onset temperatures of reactions to obtain the equation of regression, would
allow the determination of specific and ‘true’ onset temperatures for individual reactions
during heating of a sample. These ‘true’ temperatures would allow a better characterization of
the type of compounds that are released during TGA and therewith allow a comparison
between studies. It is however very time consuming and cost-intensive and therefore was not
possible in the course of this study. For the purpose of this study, a heating rate of 10° min
was adopted for all TGA measurements. The heating rate was chosen based on empirical

knowledge.

Combining TGA with additional analytical methods

TGA gives information about changes in sample mass while heated, but does not allow
the chemical identification of gaseous compounds released during the thermal reactions.
However, there are possibilities to combine TGA with other methods like e.g. Infrared
Spectroscopy (IR) or Mass Spectrometry (MS). Both IR and MS allow the investigation of
gaseous compounds released from the sample during TGA and the detection of compounds
like H20 and CO,. Unfortunately, a coupled TGA-IR or -MS instrumental setting was not
available for this study. However, one sample of ST-1 powder was sent to the application
laboratory of Mettler Toledo (Giessen, Germany) and subjected to TGA analysis coupled with
both IR and MS. The obtained results allow a comparison with the relevant information
reported in the literature. Figure 3.1.5 shows the TGA-IR results obtained during gradual
heating to 550 °C.
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Figure 3.1.5 TGA profile with first derivative curve (left) and IR signal (for H,O and CO,) (right) of ST-1 powder gradually heated
to 550 °C (heating rate 10° min-1)(a.u. — arbitrary unit)
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The left diagram shows the typical TGA profile of coral powder during heating including
the first derivative curve which highlights the four weight loss reactions (see also Figure 3.1.1).
The most prominent weight loss occurs at 300 °C shown by a distinct negative peak in the
derivative curve. The three smaller weight losses at 100 °C, 200 °C and 430 °C are also visible
in both curves. In the right diagram, a prominent peak at ~300 °C indicates the release of H,0
(Figure 3.1.5). Additional information derived from this spectrum is the distinct increase in CO;
releases commencing at about 250 °C and reaching their maximum at about 430 °C which
correlates with the small weight step at 430 °C (Figure 3.1.5 (left)). The results shown in Figure
3.1.5 are in agreement with previous assumptions about the cause of weight loss during TGA
measurements on coral powders. Both increased H,0 and CO; releases are recorded during

the main weight loss around 300 °C indicating the release of hydrated organic compounds.

More water is lost during the weight loss at 300 °C compared to the smaller weight loss
at 430 °C. On the contrary, CO3 releases at 430 °C are higher than at 300 °C (Figure 3.1.5). The
obtained results are in good agreement with previous published measurements on Porites
australiensis (Cuif et al., 2004). Apart from the peaks at 300 °C and 430 °C, the CO; profile rises
constantly after 100 °C which suggests a continuous release of CO; during the heating process.
It can be hypothesized that different types of organic compounds are present within the coral
skeleton and that one type of organic compounds inside the skeletal matrix is released
continuously after reaching 100 °C, independent of a certain temperature, whereas for other
organic compounds a certain temperature has to be reached before they can be released from
the sample. Figure 3.1.6 combines the first derivative curve of the TGA profile and IR H;0 signal

of the ST-1 powder during gradual heating to 550 °C.
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Figure 3.1.6 first derivative of TGA profile and IR H,O signal combined. Gray areas indicate water releases (IR) and concurrent
weight losses indicated in the first derivative curve (a.u. — arbitrary unit)

The IR signal shows four increases related to the release of water throughout the TGA
measurement, one at 100 °C, 200 °C, 300 °C and 430 °C. The overlay of both curves in this
diagram shows that these peaks fit with the four negative peaks in the derivative curve which
indicate the endothermic weight loss reactions during TGA (see gray areas). Therefore it can
be concluded, that water is released during all four weight loss steps, however in different
quantities (see TGA profile Figure 3.1.1 for weight loss steps). The first weight loss around 100
°C can be attributed to drying of coral powder and evaporation of adsorbed water. The second
decline in mass around 200 °C is assumed to be related to the loss of water sufficiently bonded
to the skeletal matrix to prevent evaporation at lower temperatures. The most significant
weight loss at 300 °C as well as the smaller weight loss at 430 °C are most likely caused by the
release of water from the hydrated organic matrix inside the coral skeleton (Cuif et al., 2004;

Dauphin et al., 2006). The TGA-MS results for ST-1 powder are given in Figure 3.1.7.
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Figure 3.1.7 TGA profile with first derivative curve (left) and MS signal (for mass number 17 and 18) (right) of ST-1 powder
gradually heated to 550 °C (heating rate 10° min-) (a.u. — arbitrary unit)

Increased signals for mass number 18 (black) and 17 (light gray) (Figure 3.1.7 (right))
both indicate the release of water during the TGA measurement. For both spectra, distinctive
water peaks are recorded at 300 °C and 430 °C during weight losses, most likely caused by the
release of hydrated organic matrix from coral skeletons (Cuif et al., 2004; Dauphin et al., 2006).
Water peaks at 300 °C are higher for both mass numbers than at 430 °C which fits with previous
TGA and IR results. A spectrum indicating the release of CO; during heating is not included in

this analysis.

The measurements performed in the application laboratory of Mettler Toledo showed
that a combination of both IR and MS in combination with TGA would allow for a much more
detailed characterization of the coral samples from Papua New Guinea. Due to time and
financial constraints the coupled TGA-IR/-MS methodology was not available in the framework
of this study but will be essential to obtain the quantitative information about the ratio

between water and organics released during the heating of coral samples.

The main aim of this study was to find differences in the amount and type of organic
matter in coral skeletons grown under ambient and increased CO; conditions. TGA without
additional methods for the identification of the released compounds (IR or MS) does not allow
separating the mass loss related to water from the mass loss related to organics. Therefore,
the sum of both is used as a proxy for the amount of organic compounds in coral skeletons. As
from now on, the compounds released between 270 °C and 330 °C as well as between 400 °C
and 440 °C during heating of the coral powder will be attributed to the breakdown of the

hydrated organic matrix.
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Variables influencing results obtained by TGA

The amount of hydrated organic matrix lost during thermal decay of coral skeleton
samples is used as a proxy for the amount of organic compounds. A strict protocol of sample

preparation is crucial to ensure comparability of the measured data (Dauphin et al., 2006).

Coral skeletons were usually bleached three times for 24 h in sodium hypochlorite (5%)
to remove coral tissue. In order to determine whether bleaching for different periods of time
can have an effect on the results obtained by TGA, two random samples of P. damicornis were
chosen for testing, one from the control site and one from the seep site. Parts of these samples
were additionally bleached for another 24 h and afterwards treated exactly like the rest of the
samples. Figure 3.1.8 compares changes in mass during TGA for samples subjected to three or

four (indicated by + in Figure 3.1.8) bleaching steps.
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Figure 3.1.8 Average weight loss (from 30 °C to 550 °C) in P. damicornis samples from control and seep sites, bleached three
times (Control; Seep) and four times (Control +; Seep +) (three replicates for each sample, error bars represent standard
deviation)

Samples that were bleached for a fourth time show a significantly decreased weight
loss during TGA compared to samples that were only bleached three times. This holds for both
the sample from the control and from the seep site (control: p=0.004; seep p<0.001). For the

control sample, additional bleaching caused a decrease in weight loss by about 0.05%, for the
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sample from the seep site the difference is approximately 0.2% of sample weight. For these
examples this corresponds to a loss of approximately 1.4% of the total weight loss (3.23%) at

the control site and approximately 6.8% of the total weight loss (3.33%) at the seep site.

The number of samples used for this additional experiment is very small and it is
therefore difficult to deduce the exact effect additional bleaching has on the amount of
hydrated organic matrix lost during TGA. Results indicate however, that the method of
preparation and removal of coral tissue plays an important role and has to be considered when
comparing different studies. Since the same treatment was applied to all samples measured

within this study a reliable comparison of the data obtained in this study is given.

3.1.1 Organic compounds in coral samples from Papua New Guinea

TGA was performed using powdered coral skeleton samples from both control (pH 8.1)
and seep sites (pH 7.8) to obtain information on the amount of hydrated organic matrix lost

during the controlled heating of the sample.

Differences in TGA profiles of coral species

Comparing weight loss profiles of the three different species, clear differences can be
observed. Figure 3.1.9 shows one typical TGA weight loss curve for all three coral species
obtained by averaging the curves of all replicates of the respective species used in this study.
Species are expected to emit slightly differing profiles, suggesting specific and unique skeletal

compositions (Cuif et al., 2004).
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Figure 3.1.9 Averaged TGA curves showing profile differences between species. Bold lines represent the averaged TGA curve
for each species, shaded areas (same color) represent the standard deviations of the respective curves (average and standard
deviations were obtained from all replicates of the respective species)

The main weight loss for all three species occurs within the same temperature range
between ~270 °C and ~330 °C. At both lower and higher temperatures only minor weight losses
are recorded. Before the main weight loss, two weight losses can be observed, and an
additional low weight loss after the main transition. This pattern is observed for the three

investigated species.

P. damicornis shows an increased weight loss in the first part of the curve at a
temperature of ~ 100 °C compared to the profiles of the other two species. During the second
minor change in mass, both A. millepora and P. damicornis indicate a faster weight loss around
200 °C compared to S. hystrix. No further differences can be detected. The increased weight
loss in P. damicornis around 100 °C and hence, throughout the entire profile seems distinctive
as the average TGA curve of this species as well as standard deviation area does not overlap
with the curves of the other species. The difference between A. millepora and S. hystrix in
Figure 3.1.9 however is very small and the curves overlap. Their profiles are therefore not
considered different. A. millepora and S. hystrix are regarded as more sensitive to ocean

acidification than P. damicornis which could explain the similarities in their profiles.
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Cuif and colleagues (Cuif et al., 2004) report that each coral species exhibits a specific
TGA profile which indicates a unique composition of the skeletal organic matrix. It is not clear
whether this result was obtained by means of one TGA measurement alone or by merging the
TGA profiles of several replicates and samples of the same species. The TGA profiles for each
species in this study (Figure 3.1.9) were obtained by averaging curves from all samples (a

minimum of n=32) and replicates of the same site and therefore constitute a reliable result.

The question arises whether profiles differ for other biogenic aragonites (e.g. mollusks,
mussels) and are specific for coral calcium carbonate only or whether it is a general pattern,
common for all biogenic carbonates. This is an interesting issue which should be investigated

in future work.

Weight losses during TGA for different temperature ranges

Three different temperature ranges have been defined for which the weight loss was
determined. The temperature range from 270 °C to 300 °C represents the main change in mass
for all three species. The second temperature range embraces the interval from 400 °C to 440
°C and according to Mettler Toledo TGA-IR results, attributed also to the breakdown of
hydrated organic matrix (Figure 3.1.5). Lastly, the loss of sample weight during the whole
measurement from 30 °C to 550 °C was calculated as it takes into account the continuously
occurring weight loss which is not expressed as pronounced steps. The minor weight losses at
100 °C and 200 °C were not individually evaluated as they can be attributed to the release of
water absorbed by the sample powder and not related to the hydrated organic matrix (Cuif et

al., 2004).

The following diagrams depict the results of the average weight loss during TGA for different
temperature ranges of all powdered coral samples, both from control and seep sites (Figure
3.1.10, Figure 3.1.11 and Figure 3.1.12). All weight losses are standardized to sample weight

and given in %.
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Figure 3.1.10 average weight loss [%] between 270 °C and 330 °C of A. millepora, P. damicornis and S. hystrix from both sites

(error bars show the standard deviation of all samples from one species at one site; average weight losses for each sample
were calculated from three replicates)

Figure 3.1.10 shows the average weight decline between 270 °C and 330 °C. Step sizes
in weight loss curves result in a 1.35-1.55% decrease in sample weight during the chosen
temperature range. No significant difference is detected between control and seep site for all
three species, however interspecies differences are observed. Weight loss in S. hystrix samples
differs significantly from A. millepora and P. damicornis samples from both sites. Samples show
increased mass losses in S. hystrix compared to A. millepora (control: p<0.001; seep: p<0.001)

and compared to P. damicornis (control: p<0.001; seep: p<0.001).

32



Results and Discussion

0.20

0.18 ‘|'

R 1

[%]

0.12
0.10
0.08
Control Seep Control Seep Control Seep
Acropora millepora Pocillopora damicornis Seriatopora hystrix

Figure 3.1.11 average weight loss [%] between 400 °C and 440 °C of A. millepora, P. damicornis and S. hystrix from both sites
(error bars show the standard deviation of all samples from one species at one site; average weight losses for each sample
were calculated from three replicates)

Figure 3.1.11 shows the average weight loss between 400 °C and 440 °C. Losses at this
temperature account for about 0.14-0.17% of sample weight. No significant difference
between samples from control and seep site can be observed for any of the species. P.
damicornis samples show higher weight losses during this temperature range compared to S.
hystrix (control: p=0.014; seep: p<0.001). A. millepora samples from the seep site show a lower
weight loss compared to P. damicornis seep samples (seep: p=0.013). Additionally, A. millepora
seep samples indicate a slightly increased weight loss compared to S. hystrix samples from this

site (seep: p=0.032).
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Figure 3.1.12 average weight loss [%] between 30 °C and 550 °C of A. millepora, P. damicornis and S. hystrix from both sites

(error bars show the standard deviation of all samples from one species at one site; average weight losses for each sample
were calculated from three replicates)

Figure 3.1.12 illustrates the average overall weight loss between 30 °C and 550 °C for
all samples. During the entire TGA measurement coral samples lose about 2.6-3.2% in weight
which is consistent with literature results (Cuif et al., 2004). Again, no significant difference is
detectable between control and seep samples of the same species, however great interspecies
differences exist. P. damicornis control and seep samples show a higher weight loss than
samples from A. millepora from the respective site (control: p<0.001; seep: p<0.001) and S.
hystrix (control: p<0.001; seep: p<0.001) with an increase in weight loss of ~ 0.4% and ~ 0.3%,
respectively. A. millepora samples from the seep site experience a slightly but significant lower

weight loss compared to S. hystrix seep samples (seep: p=0.001).

Evaluation of weight loss results for coral samples from Papua New Guinea

TGA results do not indicate any difference in amount of hydrated organic matrix of coral
skeletons between samples grown under ambient and increased CO; conditions. Only
interspecies variations can be observed. A recent laboratory study, exposing specimens of the
coral Stylophora pistilla to different CO; and pH conditions for over a year, finds an increase in

organic matrix proteins for corals incubated at pH 7.2, accompanied by a change in skeletal
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architecture (Tambutté et al., 2015). Assuming the hypothesis that one of the primary roles of
organic compounds in coral skeletons is to enable calcification at low degrees of saturation and
to act as a catalyzer for aragonite precipitation (Mann, 2001) an increase in the amount of
organic matrix inside skeletons of coral specimens grown under high CO, conditions is highly
plausible. Significant increases in the Stylophora pistilla study however are only recorded for
treatments with a pH of 7.2 compared to pH 8. Samples incubated under pH 7.2 have ~7 ug g
1(3.5 ug cm=) more organic matrix proteins than samples at ambient pH conditions (Tambutté
et al., 2015). The results in this study were obtained via dissolving the skeleton and extracting
the organic matrix. Afterwards, a protein assay was carried out to determine the protein

content.

The obtained differences, while significant, are very small and therefore not detectable
by means of TGA. Another factor to take into account is that coral specimens from seep sites
in this study were sampled directly at the sites with a pH of 7.8. In the laboratory study, samples
from the pH 7.8 treatment did also not show a significant increase in organic matrix proteins
(Tambutté et al., 2015). Furthermore, our data were obtained from specimens growing under
ambient and increased pCO; conditions for decades and most probably their entire life span
rather than from corals collected at ambient pH and put to elevated CO; conditions only for a
relatively short time of their life span. Corals from Papua New Guinea may have adapted to
altered CO» conditions (Fabricius et al., 2011), obviating the necessity of increased organic
matrix to facilitate calcification. In field studies it is nearly impossible to control all parameters
such as light, temperature, salinity etc. over an increased time span while in the laboratory
study only pH and carbonate chemistry varied between treatments so any change can directly
be assigned to acidification (Tambutté et al., 2015) which is not possible for field studies.
Additionally, the co-variation of factors will potentially result in a high variability in organic

matrix content and likely mask the small change due to the change of only one factor.

Tambutté and colleagues (Tambutté et al., 2015) only used the fraction < 5 kDa for
analysis. Some larger organic compounds are therefore excluded from analysis which may
explain the relatively small changes in organic content between corals from control and low
pH treatment. Also, the coral powders were additionally bleached in sodium hypochlorite

(10%) to remove potential contaminations by endoliths. This additional bleaching step of fine
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powder grains (~30 um) could remove part of the organic compounds embedded in the

skeleton and hence, alter the extent of organic matrix.

Our data did not show significant differences in weight loss between specimens from
control and seep site, however interspecies variations can be observed during heating. The
highest average overall amount of hydrated organic matrix was found for P. damicornis
samples (Figure 3.1.12). This species is known to be less structurally complex and more resilient
to high CO; conditions (Fabricius et al., 2011) which may indicate higher adaptive capacities
than in other species. A naturally higher content of organic compounds in the skeleton may aid
to ensure calcification at low degrees of saturation for aragonite and corals may use more
energy to maintain linear extension (e.g. by building organic compounds) at the cost of skeletal
density (Crook et al., 2013). During the main transitional phase at 300 °C the weight loss of S.
hystrix is significantly higher than in P. damicornis, overall weight loss until 550 °C however is
significantly smaller. Between 400 °C and 440 °C P. damicornis samples lose more weight
compared to S. hystrix samples. These variations in weight loss depending on the temperature
range could be explained by a difference in type of organic compounds or a different ratio of
hydrated compounds within the nonmineral part of the skeleton. However, without additional
analytical methods it is not possible to explain these variations between temperature ranges

and assign them to differences between species.

3.1.2 Loss of organic matter during decomposition of CaCO3

In this study the temperature range until 550 °C was used to determine the amount of
hydrated organic material within the coral skeleton. According to the study of Cuif and co-
workers (Cuif et al., 2004) all organic material is removed if a temperature of 500 °C is reached,
leaving only CaCOs. If the sample is further heated, the thermal dissociation of CaCOs into CaO

and CO2 will occur.
According to the chemical reaction:

CaCO3 — Ca0 + CO,
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the loss of mass is solely due to the CO; release and amounts to 44% (the molar mass of CaCO3
is ~100 g mol™* and for CO;3 it is ~44 g mol which results in 44% weight loss during calcium

carbonate decomposition).

In contrast to the study of Cuif and co-workers (Cuif et al., 2004), a study done by
Dauphin and co-workers (Dauphin et al., 2006) suggests that some organic material within
coral skeletons is only released at temperatures much higher than the suggested 500 °C (they
suggest temperatures of up to over 800 °C). In order to find out if this holds for coral samples
from Papua New Guinea, a few TGA measurements were performed until a final temperature
of 900 °C. The amount of mass released during decomposition should be lower than 44% if the
organic compounds would remain in the skeleton (their density is generally lower than that of

CaCOs).

Prior to measuring the samples from Papua New Guinea, the ST-1 powder was used to
test the effect of the heating rate (see 3.1 for heating rate effects (Figure 3.1.3)).
Measurements using the inorganic aragonite have been performed to test if organic free
aragonite indeed results in the predicted 44% of weight loss. Organic free reference powder
was made from natural aragonite single crystals. N, was chosen as an inert purge gas and a
flow rate of 20 mL min was applied. The loss of mass determined for ST-1 and inorganic
aragonite samples for the temperature range between 550 °C and 900 °C is shown in Figure
3.1.13. The temperature range was chosen, since according to the study of Cuif and coworkers
(Cuif et al., 2004) only ‘organic free’ CaCOs should be present within the coral sample at
temperatures above 500 °C. Therefore, the mass at 550 °C is assumed to represent 100%
CaCOz in this experiment. The approximate weight loss of 3% that occurs prior to
decomposition is not included when calculating the mass loss after 550 °C. Therewith, a direct

comparison between the inorganic and coral aragonite should be possible.
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Figure 3.1.13 Loss of matter during decomposition; 550 °C to 900 °C; heating rates; 1°,2°,4°,8°,16°,20°,30° and 40° min-! (two
measurements each, only one for heating rate 40° min-1, for inorganic aragonite sample 20° and 30° min-! are missing); left:
ST-1, right: inorganic aragonite

Figure 3.1.13 shows the loss of matter during decomposition for ST-1 powder (left) and
the inorganic aragonite powder (right) for measurements with different heating rates. Weight
losses in inorganic samples are generally higher than for biogenic samples. Weight losses in
biogenic samples are smaller than 44% which may be explained by residual organic compounds
that are not released until 550 °C but retained by the mineral matrix until temperatures > 900
°C (Dauphin et al., 2006). The weight loss for inorganic samples accounts for about 43.7% of
the residual weight at 550 °C which is very close to the calculated 44%. A measurement using
inorganic calcite powder (Suprapur® quality, Merck (Germany)) resulted in a weight loss of
44.25%. The reason for the small offset between the calculated and measured value could not
be investigated in more detail within the framework of this study, but represents an interesting
question for future studies. However, a comparison of the mass loss in biogenic samples with

inorganic aragonite is used as a first test.

Influence of the heating rate on obtained results

For the measured ST-1 samples it can be seen that the amount of weight loss decreases
with increasing heating rate (Figure 3.1.13 (left)). In contrast, for inorganic aragonite samples
the heating rate does not seem to have a great influence on loss of matter (Figure 3.1.13
(right)). This observation is a good indication that organic material is still present within the
biogenic sample after 550 °C. One potential explanation is that at lower heating rates more

time for the transformation into CO; is available whereas at elevated heating rates more
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organic material is ashed and cannot be released in gaseous form. Weight losses occur due to
the release of CO, and H,0 while most parts of the organic compounds (CH-groups) remain in
the sample crucible. A detailed identification of the processes behind the dependence on

heating rate could not be further elaborated in the framework of this study.

Coral samples from Papua New Guinea

Since the TGA measurement performed with a final temperature of 900 °C
(decomposition of CaCOs to CaO) indicate that coral powder contains organic material which
is not released during the measurements with a final temperature of 550 °C (see 3.1), the
question arises whether corals grown under low and high CO, conditions could differ in the
amount of organic compounds that are only lost during decomposition. Therefore, several of
the coral samples from Upa-Upasina reef were examined. The results of these TGA
measurements are shown in Figure 3.1.14. Furthermore it was investigated whether the type

of purge gas (N2 as an inert gas and O; as a reactive gas) affects the obtained results.
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Figure 3.1.14 Loss of matter during decomposition up to 900 °C for different coral samples (three replicates each; coral
samples are continuously numbered: C: control (dark blue) S: seep (light blue); four samples were picked randomly from all
available samples (A. millepora: C6, C7, S9,S8; P. damicornis: C3, C10, S5, S10 ); left: N, atmosphere (~100%), right: O,
atmosphere (~50% O3 + ~50% N3))

Figure 3.1.14 visualizes the results of weight loss during decomposition for A. millepora
and P. damicornis samples from both control and seep sites. The left diagram shows the results
for TGA measurements with N, as a purge gas (~100%) and the right diagram with an O;
atmosphere (~50% O, + ~50% N3) (15 mg powdered samples, 10° min* heating rate for all

samples). No significant difference can be detected between samples from control and seep
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sites. Samples from the same site are characterized by a high variability in weight loss
(Appendix Figure A 1 through Figure A 9). Comparing species, there seems to be a slightly
higher loss during decomposition in A. millepora for all measurements (N2 samples combined:
seep: p=0.002; O, samples combined: control: p=0.002, seep: p=0.006). Additionally, weight
losses are slightly elevated using N2 as a purge gas instead of O; but only by about 0.2%. No

further differences can be observed.

Based on the TGA measurements performed in this study, it can be concluded that
organic material is not completely removed from the coral powder heated to 550 °C. This is in
contradiction with the TGA results reported in the literature (Cuif et al., 2004). It appears that
some of the organic material is not transformed into a gaseous state, even at very high
temperatures (up to 900 °C) and therefore does not result in signals in the TGA curve of
measurements. Therefore, existing studies on the quantity of organics inside coral skeletons

using TGA most likely underestimate the amount of organic material.

3.2 Confocal Raman Microscopy

Further to the determination of the quantity of organic compounds inside coral
skeletons, another important part in understanding their role in biomineralization is the
determination of their distribution throughout the skeletal matrix. Confocal Raman Microscopy
(CRM) allows the visualization of organic compounds in the matrix using fluorescence intensity
distribution (Nehrke and Nouet, 2011). Since organic compounds in the skeletal matrix are
known to catalyze biomineralization (Mann, 2001), growing under unfavorable conditions like
low pH and high CO; conditions could explain an increased amount of organic matrix in coral

skeletons.

In this study, CRM was used to investigate coral samples from Papua New Guinea for
changes in the relative intensity or distribution of fluorescent growth lines. These data could
be used to determine whether differences in the spatial distribution of organic compounds
within the skeletal structures can be observed between the different samples. Figure 3.2.1
shows an example of a coral skeleton sample (S. hystrix, control site) and the fluorescence

intensity distribution (peak area; spectral range ~2400-2700 cm?) throughout the skeleton.

40



Results and Discussion

Figure 3.2.1S. hystrix skeleton, left: confocal microscopy stitched image; right: Raman large area scan (red rectangle in stitched
image), fluorescence intensity distribution (spectral range ~2400-2700 cm1)
The large area scan (right) reveals the fluorescence intensity distribution and visualizes

organic rich growth lines and structural patterns inside the coral skeleton.

Further to growth lines via fluorescence intensity, CRM also allows the visualization of
relative crystal orientation inside the coral skeleton via the intensity distribution (peak area) of
the lattice peaks of aragonite in translation mode at ~153 cm™ and liberation mode at ~207 cm”
L (Figure 3.2.4). Low pH conditions are known to alter the crystal structure of aragonite (Cohen

et al., 2009) so skeleton samples from control and seep sites were compared for their crystal

structure and orientation.

Figure 3.2.2 S. hystrix skeleton, left: confocal microscopy stitched image, right: map (false color) calculated from the ratio of
maps with intensity distribution of aragonite lattice peaks (translation mode ~153 cm™ and liberation mode at ~207 cm-?)

Figure 3.2.2 shows the confocal microscopy image of a S. hystrix skeleton (left) and a
combined map of Raman large area scans showing the intensity distribution of aragonite lattice

peaks (right), visualizing the crystal orientation of aragonite within the skeletal matrix. The map
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on the right nicely visualizes growth patterns of aragonite crystals within the skeleton depicting

a needle like appearance.
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Figure 3.2.3 S. hystrix skeleton (control): (a) confocal microscopy stitched image (b) fluorescence intensity distribution (spectral
range ~2400-2700 cm) (c) intensity distribution of aragonite lattice peak (translation mode ~153 cm) (d) combined map
(false color) calculated from the ratio of aragonite lattice peaks (translation mode ~153 cm™ and liberation mode ~207 cm'?)

Figure 3.2.3 is another example for S. hystrix skeleton Raman area scans. Picture (b)
shows a fluorescence intensity scan of the middle part of the skeleton (see red rectangle in
picture (a)) depicting fluorescent growth lines which indicate the distribution of the organic
matrix throughout the skeleton. Picture (c) shows the relative crystallographic orientation of
aragonite in the skeletal matrix indicating fiber orientation (Wall and Nehrke, 2012). Picture (d)
is the superimposed picture of the maps of aragonite lattice peaks showing the difference in

crystal orientation of aragonite.

Fluorescence intensity scans and maps of the intensity distribution of aragonite lattice
peaks of skeletons were performed for samples from both control and seep site of all three
species. No difference in distribution and thickness of fluorescent lines (indicating high organic
content) could be determined between samples from control and seep sites. No visible

difference in relative crystallographic orientation of aragonite was detected between skeletal
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samples from control and seep sites which is not in agreement with the literature. Several
studies report positional disorder and an overall decreasing structural control over the calcium
carbonate skeleton for corals growing under increased CO2 conditions as well as a decreased
constrain in crystallographic orientation (Fitzer et al., 2014; Kamenos et al., 2013; Pauly et al.,
2015). The differences in relative crystallographic orientation between coral samples from
control and seep in Papua New Guinea (this study) may simply be too small to be detected by
the applied analytical method. Further analysis with different techniques is necessary to obtain
information on possible differences in relative crystallographic orientation as used in the above

cited studies.

Comparison of samples from different species is not straight forward as the structure
of their skeletons naturally differs. A. millepora is structurally more complex than S. hystrix and
P. damicornis, especially P. damicornis being more massive. For A. millepora skeletons it is
difficult to obtain large area Raman scans of areas without holes that could give information
on the distribution of organic compounds (Figure A 10; Appendix). Their skeletons are
characterized by an extremely high porosity and it is difficult to obtain nice and informative
fluorescence intensity scans. The visualization of crystal structure in A. millepora is easier to
obtain. For P. damicornis and S. hystrix, both approaches can be addressed nicely using CRM.
For P. damicornis samples, crystal orientation could be visualized nicely (Figure A 11; Appedix)
however fluorescence intensity scans did not result in good distribution maps compared to

scans of S. hystrix skeletons.

Comparing both the fluorescence intensity distribution scans as well as the relative
crystallographic orientation of the different species, no significant differences were found.
Possible reasons may include, that patterns of organic compounds are more difficult to find in
some species than for others, for example A. millepora and S. hystrix skeletons are structurally
more complex than Porites lutea which is used in a study showing distinctive patterns for the
distribution of organic compounds inside the skeleton (Wall and Nehrke, 2012). CRM analyses
of other marine biogenic carbonate organisms also resulted in positive and distinct findings

(Nehrke and Nouet, 2011).
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One approach to obtain information on the type of organic compounds in coral
skeletons are Raman point measurements (Wall and Nehrke, 2012). Measurements were
performed in areas with high and low fluorescence of skeletons from control and seep sites to
investigate differences in the spectra of areas indicating high organic content (high
fluorescence intensity). Differences in peak position or peak intensity may hint to different
types or different amounts of organic compounds within the scanned area. Raman spectra
were obtained with an integration time of 6 seconds and 10 accumulations. Figure 3.2.4 shows

an example of the obtained Raman spectra.
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Figure 3.2.4 Example of a Raman point measurement of S. hystrix powdered skeleton (control site) showing aragonite lattice
peaks and indications of peaks corresponding to CH-bands (~2800-3000) and OH-bands (~3250-3550).

Raman spectra show high resemblance among all coral species from both control and
see site. All scans result in the spectral lines attributed to aragonite which is identified based
on two lattice modes (translation and liberation mode) and two vibration modes (C-O
symmetric stretch and in-plane bend). Additionally two smaller peaks corresponding to CH-
bands (2850-3080 cm™) and OH-groups (3200-3400 cm™) can be detected (Figure 3.2.4)
(Jolivet et al.,, 2008; Perrin and Smith, 2007). Both CH- and OH-groups are common
constituents of organic compounds and the obtained peaks hint to their existence in the

scanned area. No significant difference in terms of peak intensity or position was found
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between high intensity fluorescent parts and low intensity fluorescent parts of the skeleton or
between samples from control and seep sites. Additionally, the comparison of Raman point

measurements from different species did not show distinctive changes.

No differences between corals from control and seep sites could be obtained in the
course of this analysis. Evaluating the results, it can either be said that no differences are
present between samples from control and seep site or that existing differences are simply too

small to be detected by the selected analytical method.

3.3 Aragonite conversion

The main aim of the TGA measurements performed in this study was the determination
of the weight losses that occur during heating of coral samples in order to obtain information
on the amount of hydrated organic matrix inside the aragonite skeletons. However, another
interesting feature that can be investigated is the aragonite to calcite transformation. The
motivation for investigating the transformation behavior within the framework of this study is
related to the observation that biogenic aragonite is mechanically tougher than inorganic
aragonite (Sellinger et al., 1998). This is hypothesized to be caused by organic molecules within
the biogenic aragonite which exert a considerable tensile stress on the calcium carbonate

skeleton (Zolozoyabko and Pokroy, 2007).

Aragonite is a metastable form of CaCOs and is known to transform to calcite around 450
°C ((Brown et al., 1962; Wardecki et al., 2008). Several studies indicate, that biogenic aragonite
starts conversion to calcite at lower temperatures than inorganic aragonite (Antao and Hassan,
2010; Dauphin et al., 2006; Wardecki et al., 2008) even though biogenic aragonite is considered
mechanically tougher than mineral aragonite. This too could be explained by the organic
compounds embedded in the calcium carbonate skeleton. For powdered samples they are
assumed to be close to the grain surface and therefore easily released during heating, which
may facilitate or catalyze aragonite conversion. Assuming that the amount of organic
compounds inside coral skeletons differs between samples from high CO, and low CO; sites,
the tensile stress on the aragonite skeleton could be influenced as well. Such alterations may

be revealed in the temperature of conversion from aragonite to calcite, expecting samples with
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higher amount of organic matrix to convert at lower temperatures (due to increased internal

pressure).

Experimental procedure

CRM can be used to distinguish between the two polymorphs aragonite and calcite
based on their unique Raman spectra. In this experiment, TGA and CRM were used as a
combined approach to determine the approximate temperature of aragonite conversion. To
investigate the suitability of this combined approach, the ST-1 powder as a biogenic sample
and inorganic aragonite powder were measured by TGA applying different temperature ranges
(30 °Cto 350 °C, 400 °C, 450 °C and 500 °C respectively). The heating rate was kept at 10° min-
L and the flow rate of the purge gas N> was 20 mL min? for all measurements. After each
measurement, powdered samples were allowed to cool down to room temperature, spread
on a glass slide and subjected to CRM in order to determine whether grains consist of aragonite

or calcite.

Using CRM, single grains were measured. The instrumental settings for measurements
were: 488 nm excitation wavelength, grating with 2400 grooves mm?, a Nikon 100x objective
(NA=0.9), 10 accumulations per spectrum with an integration time of 0.5 seconds. Several
grains were measured and compared (representative spectra for each sample are given
below). Figure 3.3.1 shows two Raman point measurements of an aragonite standard (in-house

standard) and a calcite standard (in-house standard).
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Figure 3.3.1 Raman spectra of aragonite (in-house standard) (left) and calcite (in-house standard) (right)
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Both standards show the typical peaks for the respective calcium carbonate polymorph.
Aragonite is characterized by distinctive peaks in translation mode (Ts = 105.04 cm™) and
liberation mode (La=207.93 cm™). Additionally, a double peak (va=702.38 cm™ and v4 = 706.28
cmt) represents the in-plane bending in vibration mode of aragonite. Typical calcite peaks are
present at 156.02 cm™ (translation mode (T¢)) and 282.99 cm™ (liberation mode (Lc)). The in-
plane bend is represented by a single peak at 712.93 cm™ (v4). The following figures show the
Raman spectra of powder grains after continuous heating during TGA measurements until
different temperatures (Figure 3.3.2, Figure 3.3.3, Figure 3.3.4 and Figure 3.3.5). The calcium
carbonate polymorph of the measured grains is determined based on the scans obtained from

aragonite and calcite standard samples (Figure 3.3.1).

1150 1150 Ts
1100 1100
,, 1050 T 1050
g : =
(=)
S 1000 g5 1000 L,
o [}
950 L, 950
Va
900 Vo 500
850 J‘ 850 ,l
800 200
50 150 250 350 450 550 650 750 850 50 150 250 350 450 550 650 750 850
[wavenumber cm -] [wavenumber cm]

Figure 3.3.2 Raman spectra of powder after heating until 350 °C (+0.5 h) left: ST-1 right: inorganic aragonite

Figure 3.3.2 shows examples of Raman scans of ST-1 powder (left) and inorganic
aragonite powder (right) after heating to 350 °C followed by an isothermal segment at 350 °C
for 30 minutes. In both spectra typical aragonite peaks can be observed, indicating that at 350
°C, conversion is not in process yet and both the biogenic and inorganic sample are still

aragonite.
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Figure 3.3.3 Raman spectra of powder heating until 400 °C left: ST-1 right: inorganic aragonite

Figure 3.3.3 shows Raman point measurements of ST-1 powder (left) and inorganic
aragonite powder (right) after heating to 400 °C. Both Raman spectra show distinctive
aragonite peaks. In the spectrum of the biogenic sample (ST-1) additional small peaks can be
observed representing the calcite liberation mode (Lc) and the in-plane bend in calcite (marked
bright red). Both peaks belong to the calcite spectrum but are less pronounced in this case.
Additionally, the intensity of typical aragonite peaks is slightly decreased compared to the
aragonite spectrum in Figure 3.3.2 (left). It can be concluded that in the biogenic aragonite
sample conversion has started already while the inorganic sample is still composed of

aragonite.
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Figure 3.3.4 Raman spectra of powder after heating until 450 °C left:
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Figure 3.3.4 shows Raman point measurements performed on a ST-1 sample (left) and
inorganic aragonite powder (right) after heating to 450 °C. The biogenic sample shows only the
typical peaks of the calcite spectrum (T, Lc and v4) while the inorganic sample shows both

aragonite and calcite spectra combined. The calcite liberation mode (Lc) and the in-plane bend
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(va) are marked bright red (right). The conversion of aragonite to calcite in the biogenic coral

sample is completed at 450 °C while it only just begins in inorganic aragonite.
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Figure 3.3.5 Raman spectra of powder after heating until 500 °C left: ST-1 right: inorganic aragonite

Figure 3.3.5 shows Raman spectra of point measurements performed on both ST-1
(left) and inorganic aragonite powder (right) after heating to 500 °C. Both spectra clearly
contain prominent peaks for calcite and no distinctive aragonite peaks can be observed.
Conversion for the biogenic sample was already finished at 450 °C (Figure 3.3.4) while

aragonite conversion for the inorganic sample is only finished after 500 °C.

The following figure shows a TGA and DSC profile for both ST-1 (left) and the inorganic
aragonite sample (right) from 30 °C to 500 °C (Figure 3.3.6).
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Figure 3.3.6 TGA and DSC profiles for ST-1 powder (left) and inorganic aragonite powder (left) heated from 30 °C to 550 °C

The typical weight loss profile (left) of a coral sample shows the two distinctive changes
in mass at 300 °C and 430 °C and two smaller weight losses at 100 °C and 200 °C. The TGA

profile for the inorganic sample (right) only shows a minor and continuous decrease in weight
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as it contains neither organic compounds nor water bound to the matrix. In the heat flow
profile of the inorganic sample (right) we can see a distinct negative peak at ~470 °C indicating
an endothermic reaction. This most likely indicates the conversion of aragonite to calcite as no
mass is lost during the reaction. The observed temperature fits with the results obtained by
Raman point measurements, stating that conversion only starts at ~450 °C and is finished by
500 °C (Figure 3.3.4). The DSC profile of the biogenic sample (left) shows two endothermic
reactions one around 300 °C accounting for the main weight loss during TGA and another one
at about 430 °C related to the smaller weight loss at this temperature. No additional peaks are
observed in the heat flow profile around 400 °C. The temperature of 430 °C fits with results
obtained by Raman point measurements, therefore the second endothermic peak in the heat
flow profile most likely indicates the conversion of aragonite to calcite. Since both aragonite
conversion and weight loss in the biogenic sample seem to take place at the same time and

temperature, the correlating peaks are superimposed and not distinguishable.

Figure 3.3.7 shows the IR signals for H,O and CO; of ST-1 powder during heating to 550 °C

(from Mettler Toledo).
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Figure 3.3.7 IR signal for H,0 and CO; of ST-1 powder gradually heated to 550 °C (see Figure 3.1.5)

The IR H,0 signal shows four water releases which are in agreement with the four

weight losses that occur during TGA (Figure 3.3.6). The IR CO; signal indicates a rather

50



Results and Discussion

continuous release of CO; throughout the TGA measurement with increased absorbance at
300 °C and 430 °C. The highest CO> release occurs at 430 °C and after 550 °C when calcium
carbonate decomposition to CaO starts. CO; releases at 430 °C could be explained by the
conversion of aragonite to calcite. During the process of conversion, organic compounds that
may have been retained by the skeleton at lower temperatures can be released from the

calcium carbonate skeleton as its polymorph changes.

Biogenic samples are assumed to start conversion to calcite at lower temperatures due
to nanosized crystals and a poor crystallization compared to well-crystallized sedimentary
aragonite samples (Antao and Hassan, 2010). This fits with the findings of TGA and CRM
analyses. In other studies however, the conversion for biogenic powdered samples was
determined to occur at much lower temperatures than 430 °C. Conversion of aragonite to
calcite was found to be associated with the main weight loss and water release at 280 °C
(Wardecki et al., 2008) which does not fit with results obtained in this study. Possible reasons
for discrepancies could lie within the different species used to obtain powdered calcium
carbonate. Wardecki et al. used Desmophyllum samples (Wardecki et al., 2008) while in this
study Pocillopora standard ST-1 was used. Also, the heating method as well as the heating rate

differed, 2.5° mintin contrast to 10° mint in this study.

Biogenic aragonite samples are assumed to be mechanically more stable than
sedimentary aragonite samples due to an internal pressure exhibited by organic compounds
between the crystals. For powdered samples organic inclusions are assumed to lie close to the
grain surface, therefore able to easily evaporate and provide less stability (Wardecki et al.,
2008). Therefore, differences in grain size may also play an important role and affect the results
for temperature of conversion and sample preparation has to be taken into account during

evaluation.

A slow transition into the conversion of aragonite however may start at lower
temperatures than 430 °C in biogenic samples. CRM does not allow the acquisition of
guantitative data and aragonite-calcite ratios since the scanning of small grains may not be
representative for the whole sample. However, heat flow profiles of biogenic samples do not

depict an additional endothermic reaction and the conversion is very likely to occur at 430 °C.
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The lower conversion temperature for the biogenic sample (430 °C) compared to the inorganic
sample (470 °C) may be due to the release of water from the skeleton occurring around 430
°C (see Figure 3.3.7). The release of water from the coral skeleton at this temperature could

enable aragonite conversion in biogenic aragonite at lower temperatures.

Examining the obtained results it can be concluded, that a combination of TGA and CRM
is a suitable method to determine an approximate temperature for aragonite conversion. In
the course of this study only the suitability of the method was examined. Due to lack of time it
was not possible to perform measurements with coral samples from Papua New Guinea. The
method may help in determining possible differences in the temperature of aragonite
conversion between coral samples from control and seep sites which may result from
differences in amount and type of organic compounds in coral skeletons. Furthermore, it could
reveal additional species specific differences, however the sensibility of this analytical method
is rather low and only approximate temperatures can be determined. Small differences may
not be noticed due to the imprecision of this approach. The accuracy of results can be
enhanced by using smaller temperature steps between different measurements (here 50 °C

were used).

When organic compounds are released during heating, the morphology of calcium
carbonate powder is likely to be changed. In order to get a small insight into how the
morphology of powdered coral skeleton changes during heating, ST-1 samples were examined
via Scanning Electron Microscopy after TGA measurements to different temperatures (Figure

3.3.8).

52



Results and Discussion

Figure 3.3.8 SEM images of ST-1 powder: pre-heating (left column); after 450 °C (middle column); after 900 °C (right column)

Figure 3.3.8 shows ST-1 powder before heating (left column) and after heating to 450 °C
(middle column) and 900 °C (right column) at different magnifications. Prior to heating the
grains show a rather irregular appearance with rough edges and an uneven surface. After 450
°C they still seem rather irregularly shaped with no smooth surface but edges appear softened.
After 900 °C the grains look like they are made up of numerous evenly shaped small grains with

a smooth surface and almost spherical appearance.
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4 Conclusion

The results obtained in this study show that the amount of hydrated organic matrix in coral
skeleton differs between the studied species but not significantly between samples from low
CO2 and high CO; sites in Papua New Guinea. TGA analyses show that most of the hydrated
organic matrix in coral skeletons is volatilized at 300 °C and 430 °C. Small amounts of organic
material may remain retained in the coral skeleton until temperatures above 550 °C and are
only released during calcium carbonate thermal dissociation. TGA results are influenced by
numerous factors such as heating rate, sample preparation and texture and the choice of purge
gas. Therefore, the amount of organic matrix in coral skeletons obtained in previous TGA
studies requires confirmation through complementary analysis under thoroughly controlled

conditions.

Coral species have unique profiles, however with a similar pattern, which raises the

question whether other biogenic aragonites have similar profiles as well or differ completely.

TGA in combination with CRM is a suitable method to determine the approximate
temperature of aragonite to calcite conversion which starts at lower temperatures in biogenic
coral samples (~430 °C) compared to inorganic aragonite (~450 °C). Possible differences in
conversion temperature due to structural diversities or different amounts of organic matrix in
coral skeletons may be indicative of environmental conditions and should be further

investigated.

Organic compounds are hypothesized to play a crucial role in biomineralization of corals
as is the case for other exoskeletal organisms and should be characterized by a combination of
TGA-IR/-MS among other methods. Additional information on coral samples from Papua New
Guinea may provide insights into processes allowing corals to grow and coral reefs to persist

in high CO; and low pH environments expected in future ocean acidification scenarios.
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Appendix

Acropora millepora
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Figure A 1: average weight loss [%] between 30-550 °C for A. millepora from control and seep sites (C1-C11: control; S2-
S10: seep); average weight loss and standard deviation were calculated from three replicates per sample
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Figure A 2: average weight loss [%] between 30-550 °C for P. damicornis from control and seep sites (C1-C13: control; S1-
S13: seep); average weight loss and standard deviation were calculated from three replicates per sample
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Seriatopora hystrix
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Figure A 3: average weight loss [%] between 30-550 °C for S. hystrix from control and seep sites (C1-C11: control; S1-S10:
seep); average weight loss and standard deviation were calculated from three replicates per sample
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Figure A 4: average weight loss [%] between 270-330 °C for A. millepora from control and seep sites (C1-C11: control; S1-
S10: seep); average weight loss and standard deviation were calculated from three replicates per sample
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Pocillopora damicornis
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Figure A 5: average weight loss [%] between 270-330 °C for P. damicornis from control and seep sites (C1-C13: control;
S$1-S13: seep); average weight loss and standard deviation were calculated from three replicates per sample
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Figure A 6: average weight loss [%] between 270-330 °C for S. hystrix from control and seep sites (C1-C11: control; S1-S10:
seep); average weight loss and standard deviation were calculated from three replicates per sample
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Figure A 7: average weight loss [%] between 400-440 °C for A. millepora from control and seep sites (C1-C11: control;
S2-510: seep); average weight loss and standard deviation were calculated from three replicates per sample
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Figure A 8: average weight loss [%] between 400-440 °C for P. damicornis from control and seep sites (C1-C13: control;
S1-S13: seep); average weight loss and standard deviation were calculated from three replicates per sample
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Figure A 9: average weight loss [%] between 400-440 °C for S. hystrix from control and seep sites (C1-C11: control; S1-S10:
seep); average weight loss and standard deviation were calculated from three replicates per sample

Figure A 10 A. millepora skeleton, left: confocal microscopy stitched image; right: Raman large area scan (red rectangle in
stitched image) showing the intensity distribution of the aragonite lattice peak at 1085 cm™ (symmetric stretch)
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200 uym

Figure A 11 P. damicornis skeleton: (a) confocal microscopy stitched image, (b) intensity distribution of aragonite symmetric
stretch (1085 cm1), (c) fluorescence intensity distribution (spectral range ~2400-2700 cm-?), (d) combined map (false color)
calculated from the ratio of aragonite lattice peaks (translation mode ~153 cm and liberation mode ~207 cm™
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