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The isotope 
composition of 
fluid inclusion 
water in cold-water 
coral skeletons

As the oceans acidify and warm up, corals across the marine realm are put 
under increasing stresses. The response of corals to environmental changes 
depends largely on how they build their skeletons. The debate on the precise 

mechanism of biomineralization is ongoing due to the complex biological control 
that corals exert on calcification. Especially in cold-water coral skeletons, chemical 
proxies often do not hold a simple relation to environmental parameters due to 
these so-called ‘vital’ processes. This chapter presents fluid inclusion isotope data 
of cold-water coral specimens from the Santaren Channel (western Bahamas) and 
the NE Atlantic. Fluid inclusion water is inferred to reflect the calcification fluid, 
giving a unique insight into coralline biomineralization. The isotope composition of 
the calcification fluid appears to be closely controlled by the metabolic production 
rates of the coral. A distinct fractionation step with respect to the expected seawater 
– metabolic water mixing line evidences that fluid inclusions in coralline skeletons 
represent the hydration water of a hydrous calcium carbonate precursor. This agrees 
with the latest insights into biomineralization in corals, which advocate skeletal 
growth through the clumping of suchlike precursor particles. As soon as the hydrated 
amorphous calcium carbonate is converted into skeletal aragonite, the hydration 
water is released and remains trapped in the coral skeleton as fluid inclusions. Since 
the fluid inclusion isotope record of coral skeletons stands in direct relation to 
metabolic rates, it may potentially be developed into a proxy for coral vitality.

Based on:

Vonhof, H. B., Feenstra, E., De Graaf, S., Mienis, F., Swart, P. and Reijmer, J. J. G. 
(submitted to PNAS) Oxygen and hydrogen isotope composition of fluid inclusion 
water in deep-sea corals captures metabolic activity

De Graaf, S., Reijmer, J. J. G., Betzler, C., and Vonhof H. B. (in prep.) The isotope 
composition (δ2H and δ18O) of fluid inclusion water in the cold-water coral L. pertusa
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5.1 Introduction
Corals are globally-seen among the most important marine calcifiers (Vecsei, 

2004) together with foraminifera (Schiebel, 2002), algae (Balch et al., 2007) and 
possibly echinoderms (Lebrato et al., 2009). The physiology and internal structure 
of coral polyps create the requisite conditions for vast and effective precipitation of 
calcium carbonate in a wide range of environments across the marine realm, from 
shallow tropical waters to the dark and cold deep sea. Although geochemical records 
of coral aragonite are commonly used as paleo-oceanographic proxies (Goreau, 1959; 
Todd, 2008; Krief et al., 2010; D’Olivo and McCulloch, 2017), physiological processes 
may exert a major control on the geochemistry of the coral skeleton and interfere with 
environmental parameters; these are commonly referred to as ‘vital effects’ (Cohen et 
al., 2006). Whereas skeletons of tropical symbiotic corals generally provide functional 
environmental proxies (de Villiers et al., 1994; Swart et al., 2002), most asymbiotic 
cold-water corals show a strong disequilibrium behavior related to such vital effects, 
which makes it difficult to develop meaningful geochemical proxies for these coral 
types (Cohen and Gaetani, 2006; Gagnon et al., 2007). The best-known disequilibrium 
feature in cold-water coral skeletons arguably is the distinct correlation between δ18Oc 
and δ13Cc ratios, which bears no relation to temperature or δ18O values of ambient 
seawater (Weber, 1973; McConnaughey, 1989a; Wefer and Berger, 1991). 

Despite extensive geochemical and optical studies, the mechanism of coral 
calcification remains a topic of contrasting ideas. Traditional models argue that 
the precipitation of skeletal aragonite occurs in an extracellular fluid layer at the 
skeleton-tissue interface (e.g., Allemand et al., 2011; Tambutté et al., 2011; Saenger 
and Erez, 2016). In recent times, however, models that involve skeletogenesis through 
the clumping of hydrated amorphous calcium carbonate (ACC) particles have 
gained increasing popularity (Rollion-Bard et al., 2010). This way of calcification is 
supposed to be more efficient and agrees better with spectroscopic evidence (Mass 
et al., 2017; Von Euw et al., 2017). While the study of biomineralization in corals 
finds its relevance in assessing the quality of geochemical records as paleo-climate 
archives (Robinson et al., 2014), it also receives a particular interest as the resilience 
of corals to global change depends largely on the precise internal mass fluxes within 
the coral organism. Anthropogenic pollution and changing seawater temperature 
and pH may compromise the calcification process and pose a major threat to coral 
reefs worldwide (Hoegh-Guldberg et al., 2007; Glassom, 2014; Kayanne, 2016; 
Hughes et al., 2017, 2018).

A missing link in our knowledge on biomineralization in corals is the origin 
of the calcification water. Although the calcifying fluid differs compositionally 
from seawater with respect to pH, calcium concentrations (Al-Horani et al., 2003) 
and the presence of organic molecules (Zoccola et al., 2004), often the assumption 
is made that calcification occurs from a seawater-like fluid (e.g., Gagnon et al., 
2012; Tambutte et al., 2012). It has generally been known that corals incorporate 
minor amounts of fluid inclusion water into their skeletons (Gaffey, 1988). Isotope 
characterization of this water, which could directly represent the calcification fluid, 
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may provide an invaluable source of information on the biomineralization process. 
The pilot study of Lécuyer and O’Neil (1994) attempted to analyze the hydrogen 
and oxygen isotope composition of fluid inclusions in biogenic skeletons using a 
conventional thermal decrepitation technique. Along with the typical analytical 
complications of thermal decrepitation techniques (e.g., Simon, 2001; Verheyden 
et al., 2005), the release of organically bound water within coral skeletons at the 
high decrepitation temperatures could have compromised the acquisition of 
accurate data.

In this chapter, isotope signals of water included in deep-sea cold-water 
corals are acquired following our renewed analytical protocol, in which samples are 
crushed at sufficiently low temperatures to prevent the release of non-fluid inclusion 
water. The scleractinian coral species Lophelia pertusa (hereafter L. pertusa), which 
lives in the deep-sea of continental margins around the world, is the main subject 
matter. Attenuated variations in environmental parameters in the deep-sea may lead 
to chemical signatures of cold-water corals being mainly controlled by physiological 
processes intrinsic to the coral organism (Saenger and Erez, 2016). In this particular 
study, we focus on samples of L. pertusa in a soft-sediment core retrieved from an 
actively accreting seamount in the Santaren Channel, located west of the Great 
Bahama Bank, and a set of live cold-water coral samples from the Logachev Mound 
province in the northeast Atlantic (Figure 5.1). The fluid inclusion isotope data are 
used to gain new insight into coralline biomineralization and explore whether they 
may serve as a paleo-environmental proxy. In addition, we present seven probing 
isotope measurements of tropical coral specimens to investigate how asymbiotic 
corals compare to symbiotic corals.

Santaren Channel

Logachev Mound province

Figure 5.1   Global distribution of L. pertusa reefs after Davies and Guinotte (2011). 
Cold-water coral samples in this study were retrieved from actively accreting reefs in the 
Santaren Channel west of the Great Bahama Bank and the Logachev Mound province in the 
NE Atlantic.
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5.2 Biomineralization in corals
5.2.1 Lophelia pertusa

The species L. pertusa is a scleractinian cold-water coral that prospers in 
deep marine settings at temperatures of 4 to 12˚C and depths of 200 to 1000 meters 
(Teichert, 1958). Whereas certain types of coral perish at slight changes in seawater 
temperature, L. pertusa can endure temperature variations of up to 10˚C and is 
among the coral species least sensitive to environmental changes. Reef occurrences 
of L. pertusa are mainly reported in the northern hemisphere including the 
Mediterranean Sea, the Caribbean Sea, the Gulf of Mexico and offshore banks in the 
northeast Atlantic (Wilson, 1979; Freiwald, 2002; Mienis et al., 2006; Davies et al., 
2008; Figure 5.1). L. pertusa is a heterotrophic species devoid of zooxanthellae. Food 
sources that provide nutrients to the coral organism consist mainly of zooplankton 
and dissolved and particulate organic matter (Houlbrèque and Ferrier-Pagès, 2009). 
Scleractinian corals fix an aragonite skeleton to form a supportive substratum. 
Growth rates of L. pertusa are relatively low with estimates ranging from 5.5 to 33 
mm per year (Mikkelsen et al., 1982; Mortensen et al., 1998; Gass and Roberts, 2006; 
Orejas et al., 2008).
 

5.2.2 Coral anatomy and skeleton

A coral polyp exhibits two tissue layers that enclose a digestive cavity, 
commonly referred to as the coelenteron (Tambutté et al., 2011). Each tissue layer 
consists of two epithelial layers separated by a thin layer of mesoglea, which is a 
gelatinous extracellular matrix that functions as a hydrostatic skeleton (Young, 1973; 
Schmid et al., 1999). The outer tissue layer contains a mouth that allows for the entry 
of ambient seawater into the coelenteron. The inner tissue layer comprises an aboral 
endoderm, which faces the coelenteron, and an innermost significantly thinner layer 
of calicoblastic cells facing the aragonite skeleton (Tambutté et al., 2007a). Interstitial 
desmocyte cells attach the calicoblastic cell layer to the coral skeleton (Goldberg, 
2001b). 

On a microstructural level, the aragonite skeleton of L. pertusa consists of 
centers of calcification and fibers (Wainwright, 1963). The fibers originate from the 
centers of calcification and feature septa that develop on the inside of the thecal 
wall. The outer part of the theca is the most prominent part of the coral skeleton 
and is composed of aragonite fiber bundles, typically with a banded appearance 
representing annual growth increments (Kaszemeik and Freiwald, 2003; Figure 5.2).

Organic material produced within the calicoblastic ectoderm may get incor-
porated into the skeleton during calcification (Johnston, 1980; Clode and Marshall, 
2002; Puverel et al., 2005a). A wide variety of organic compounds has been observed 
in coral skeletons including proteins, lipids and carbohydrates (e.g., Mitterer, 1978; 
Isa and Okazaki, 1987; Constantz and Weiner, 1988; Goldberg, 2001a; Watanabe et 
al., 2003; Puverel et al., 2005b). Literature estimates for the amount of organic matter 
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contained within coralline skeletons are dispersed even though mostly obtained 
through the same method (i.e., thermogravimetric analysis). Whereas traditional 
estimates were relatively low at about 0.01 to 0.1 wt% (Wainwright, 1963; Ingalls 
et al., 2003), recent thermogravimetric studies imply somewhat higher contents 
of skeletal-bound organics at 0.3 wt% (Goffredo et al., 2011) and perhaps even 
exceeding 1 wt% (Cuif et al., 2004).

Several studies advocate that crystal morphologies observed in corals may 
result from purely abiotic mineralization as a natural by-product of the physiological 
activity of the coral and without an appreciable interference of the organic matrix 
(Barnes, 1970; Constantz, 1986; Holcomb et al., 2009). Among many other workers, 
however, there is a general consensus that organic tissue plays an important role in 
mediating biogenic calcification (Johnston, 1980; Mann, 1983; Weiner and Addadi, 
1991; Allemand et al., 1998; Cuif and Dauphin, 2005). The organic content of coral 
skeletons decomposes over time (Ingalls et al., 2003) and could possibly promote 
diagenetic alteration of coral aragonite (Perrin and Smith, 2007).

135 cm

141 cm

growth direction

growth directionCoC

CoC

Figure 5.2   Petrographic appearance of the coralline skeleton of two samples of L. pertusa 
from the Santaren Channel. The skeleton is composed of centers of calcification (CoC; black 
lines) surrounded by aragonite fibers. Sample 135cm has a relatively thick wall (4 mm; left) 
compared to sample 141cm (1 mm; right). Despite this considerable difference in thickness, 
the outer theca makes up the major part of the coral skeleton in both specimens. Fluid in-
clusion isotope values obtained for both samples are similar (7.5 vs 8.0‰ for δ18Ow).
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5.2.3	 Coral	calcification	models

In a most simplistic view, skeletal aragonite precipitates from a fluid phase 
(i.e., calcifying fluid) through bonding calcium and carbonate ions. The coral 
maintains the calcifying fluid at an elevated pH and supersaturated with respect 
to calcium carbonate in order to drive rapid skeletal growth (Cohen et al., 2009; 
Holcomb et al., 2009; Cai et al., 2016). Rapid precipitation in the calcifying fluid is 
facilitated by the enzyme carbonic anhydrase (CA), which functions as a catalyst for 
transforming CO2 into HCO3

- (e.g., Ip et al., 1991; Tambutté et al., 2007b; Moya et 
al., 2008; Bertucci et al., 2009). Apart from CA, numerous other proteins catalyzing 
calcium carbonate precipitation are present in the organic matrix of the calcification 
fluid (Mass et al., 2013). Although the chief part of dissolved inorganic carbon 
(DIC) in the calcifying fluid is derived from seawater, subordinate amounts of CO2 
produced by food digestion may contribute as well to the total DIC budget (Pearse, 
1970; Erez, 1978).

Despite decades of study, abundant discussion persists on the fundamentals 
of the calcification process in corals (Figure 5.3). Traditional ideas predicate 
calcification from a sub-micrometric fluid layer at the tissue-skeleton interface 
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Figure 5.3   Schematic representation of the internal structure of a coral polyp. The insets 
show two distinct models for calcification. In traditional models (right), ions consumed 
during aragonite precipitation are supplied into an extracellular calcifying fluid (ECF). 
Scales are not realistic; in fact, the calcifying zone would be innumerable times thinner 
(nano- to micrometer scale) than the two epithelial layers. The most recent models involve 
amorphous calcium carbonate (ACC) precursor particles that are attached to the skeletal 
growth surface, before being converted into aragonite. The left inset shows a model for 
skeletal growth involving ACC precursor particles that develop in seawater-filled vesicles as 
proposed by Mass et al. (2017); note the absence of an ECF in this model.
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(Tambutté et al., 2007a; Allemand et al., 2011). The physical aspect of this extra-
cellular fluid (ECF) is debated and may either be liquid or gel-like with pockets of 
fluid in a compartmentalized organic framework (Allemand et al., 2011). Ions and 
CO2 may be transported to the ECF through i) diffusion along junctions between 
calicoblastic cells (Frömter and Diamond, 1972), ii) bulk seawater seepage along 
paracellular pathways (Böhm et al., 2006; Gagnon et al., 2012) and/or iii) active 
transcellular transport (Marshall, 1996). 

Even though the traditional model for biomineralization in corals can 
account for most geochemical observations, some recent studies predicate a radically 
different calcification mechanism involving the continuous attachment of hydrated 
amorphous calcium carbonate (ACC) precursor particles to the coral skeleton (Mass 
et al., 2017; Von Euw et al., 2017), which is also observed in multiple other marine 
calcifiers like bivalves and sea urchins (Weiss et al., 2002; Addadi et al., 2003; Politi 
et al., 2004). The ACC particles would develop in a hydrous organic matrix within 
the epithelium and transform into crystalline aragonite rapidly after attachment to 
the coral skeleton. Since the ACC particles may be hydrated (Mass et al., 2017), 
this model would provide a straightforward way for introducing water into coral 
skeletons. Aragonite precipitation through the clumping of ACC particles does not 
require any extracellular fluid-filled space, which would be in better accordance 
with the observation of direct physical contact between the calicoblastic ectoderm 
and the aragonite skeleton (Tambutté et al., 2007a). Whether coral growth occurs 
through the attachment of ACC particles or through ion-by-ion precipitation from 
an ECF may have major implications on the response of corals to ocean warming 
and acidification (Mass et al., 2017).

5.3 Sampling sites and methodology
5.3.1 Fossil corals from the Santaren Channel
One set of samples of L. pertusa was retrieved from the ‘Mount Gay’ deep-

sea coral mound in the Santaren Channel (Figure 5.4). The Santaren Channel is a 
NNW-SSE striking strait in the Caribbean that is up to 70 km wide and bordered on 
both sides by flat-topped carbonate platforms with the Great Bahama Bank to the 
east and the Cay Sal Bank to the west. Water depths in the Santaren Channel increase 
from approximately 500 m in the south to 655 m in the north. The toe-of-slope of 
the Great Bahama Bank exhibits extensive reef occurrences that form topographically 
high pinnacle structures (Anselmetti et al., 2000; Grasmueck et al., 2006). These coral 
mounds form on lithified platform blocks with diameters of up to 40 m that moved 
down the slopes of the bordering carbonate platforms during slumping or avalanching 
events; these massive blocks provide the hard substratum that cold-water corals 
colonize (Mullins et al., 1984; Mulder et al., 2012; Betzler et al., 2014; Tournadour et 
al., 2015; Wunsch et al., 2017). The coralline build-ups are concentrated at the toe of 
the platform slope as elevated sedimentation rates preclude coral mound formation 
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higher up the slope (Correa et al., 2012). The cold-water coral species Lophelia pertusa, 
Enallopsamia profunda and Madrepora oculata are among the main reef building 
organisms in the deep waters of the region (Grasmueck et al., 2006).

Samples of L. pertusa were collected from a single soft sediment core that 
was retrieved during the M95 Cruise of the R/V METEOR from the ‘Mount Gay’ 
coral mound at a depth of 593 meters (Figure 5.4). Water temperatures at these 
depths in the Santaren Channel range from 7.7 to 10˚C, and salinities may be as low 
as 35 psu. The core was taken with a Schwerelot 3 m gravity corer and comprises 
the upper three meters of Holocene deposits of L. pertusa rubble embedded in 
homogeneous fine-grained carbonate mud. The soft sediment core was sealed and 
preserved under low temperature conditions. In total, 60 samples of L. pertusa were 
manually picked at regular-spaced intervals of 5 cm to assess temporal variations in 
isotope signatures.

5.3.2 Live corals from the Northeast Atlantic
In the North Atlantic Ocean, the Logachev Mound province at the south-

western flank of the Rockall Trough has well-documented occurrences of cold-water 
coral reefs at water depths of 500 to 1100 m (Figure 5.5). During several scientific 
cruises, coral specimens of the species L. pertusa, Madrepora and Stylaster sp. were 
collected from different reefs in the Logachev Mound province. The specimens 
picked still had the pinkish-colored soft tissue attached to the skeletal aragonite, 
indicating that they were alive at the time of collection. Although variables like flow 
rate, food supply, predation and competition can be quite different depending on 
the position of the reef, the general physical oceanographical boundary conditions 
(e.g., depth, temperature, salinity) of the Logachev Mound province are similar to 
the coralline build-ups in the Santaren Channel. This allows for a direct comparison 
between live and Holocene ‘fossil’ coral specimens.

5.3.3 Analysis of coral samples
A total of 33 samples of L. pertusa from the Santaren Channel and 32 cold-

water coral samples from the Logachev Mound province were selected for isotope 
analyses. Finally, we analyzed a small selection of symbiotic coral specimens, 
including three samples of Orbicella from Curaçao and Porites sp. from the Indian 
Ocean, to investigate how the fluid inclusion isotope data of these coral types 
compare with asymbiotic cold-water corals.

Before being analyzed for fluid inclusion isotopes as described in Chapter 1, 
the coral skeletons were thoroughly washed and dried to remove adhered detritus 
and carbonate mud. The applied methodology for fluid inclusion isotope analysis 
requires approximately 1 gram of sample material; this analytical weight limitation 
does not allow for measuring separate skeletal microstructures. After fluid inclusion 
isotope analysis, the crushed aragonite material was retrieved for analysis of oxygen 
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Figure 5.5   Live specimens of the cold-water coral species L. pertusa, Madrepora and 
Stylaster sp. were sampled in the Logachev Mound province (red dot) at the southwestern 
margin of the Rockall Trough in the NE Atlantic. The multibeam map is from Van Bleijswijk 
et al. (2015) and shows the submarine topography of the Logachev Mound province with 
cold-water coral reefs rising tens to hundreds of meters above the seafloor.

Figure 5.4   (A) Location of the Santaren Channel in the western part of the Bahamas 
(image from Google Earth). The red box corresponds to the bathymetric contour map (B) 
of the Santaren Channel, which is enclosed by the Great Bahama Bank to the east and the 
Cay Sal Bank to the west. The studied soft-sediment core was taken in the northern part 
of the Santaren Channel. The recorded water depth at the core location is 593 m. (C) A 
cross-section (Parasound image) showing the position of coral mounds at the toe of the 
platforms slopes. The mounds represent lithified blocks that were transported downward 
during destabilization events and provide the hard substratum on which cold-water coral 
reefs thrive. The bathymetric map and cross-section are from Betzler et al. (2013).
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and carbon isotopes. The δ18Oc and δ13Cc data of the aragonite samples are reported 
in direct comparison to calcite lab standards. This is reasonable since oxygen isotope 
fractionation factors for calcite and aragonite during the decarbonation reaction 
with phosphoric acid are similar (Kim et al., 2007). In addition, a set of thin sections 
was made to study the internal skeletal structure of the analyzed samples. 

   

5.3.4 Particulate organic matter δ2H and δ18O
 Particulate organic matter was collected in water column sediment traps 

that were moored in the Logachev Mound province for analysis of δ2H and δ18O of 
the primary food source of the corals. For analysis, approximately 0.1 mg of dried 
sample was weighed and packed in silver foil. The samples were decalcified with 20 µl 
of a 10% HCl solution and dried on a hotplate at 50˚C. Measurements of the isotopic 
composition were performed on a Thermo Finnigan Delta XP mass spectrometer 
equipped with a TC-EA pyrolysis furnace with a Costech zero-blank solid sampler. 
The basic functioning of the TC-EA furnace is as explained for fluid inclusion isotope 
analysis, with the only difference that the solid samples are dropped directly into 
the reactor tube. Analyses of organic matter laboratory standards were reproducible 
within 1.3‰ for δ2H and 0.35‰ for δ18O. The isotope ratios are reported relative to 
VSMOW.

5.4 Results and discussion
5.4.1 Carbon and oxygen isotope covariation
The coral aragonite of the cold-water coral specimens that we sampled 

displays isotope ratios ranging from -0.8 to 3.0‰ for δ18Oc and from -8.1 to 0.7‰ 
for δ13Cc (Table 5.1 and 5.2; Figure 5.6), with a clear positive correlation that is typical 
for cold-water corals (Swart, 1983; Blamart et al., 2005; Correa et al., 2010). The 
upper limit of δ13Cc values reflects the δ13C of the DIC in the seawater (Kroopnick, 
1985). The decrease in δ13Cc in the coral aragonite is thought to be directly related to 
an elevated contribution to the total DIC budget of metabolic CO2 (McConnaughey, 
1989a), which is isotopically depleted in 13C with respect to seawater in accordance 
with a general depletion in 13C of marine plankton (Deuser et al., 1968).

The oxygen isotope value associated to the upper δ13Cc limit are somewhat 
depleted in 18O with respect to seawater equilibrium due to the pH of the calcifying 
fluid being higher (8.8 to 10 for L. pertusa) with respect to ambient seawater (Blamart 
et al., 2007). Towards lower δ18Oc values, the trend moves away further from seawater 
equilibrium, which is not related to shifts in temperature or δ18O of ambient seawa-
ter. Adkins et al. (2003) proposed that this decrease in δ18Oc may rather be related to 
pH variations in the calcifying fluid. Ca-ATPase pumping through cell membranes 
may actively elevate the pH of fluids within the coral organism by exchanging H+ 
ions for Ca2+ ions (Al-Horani et al., 2003; Cohen and McConnaughey, 2003; Zoccola 
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Table 5.1   Results overview of the isotope data of included water (δ18Ow and δ2Hw) and coral 
aragonite (δ13Cc and δ18Oc) of L. pertusa samples retrieved from the soft-sediment core from the 
Santaren Channel. Depths are measured with respect to the top of the core (i.e., the seabed).

Depth (cm)
Fluid inclusions Coral aragonite

Depth (cm)
Fluid inclusions Coral aragonite

δ18Ow δ2Hw δ13Cc δ18Oc δ18Ow δ2Hw δ13Cc δ18Oc

0 4.3 -3.5 0.6 140 8.0 -2.3 0.2 2.5
10 4.2 -9.1 -1.6 1.6 145 3.5 -14.5 -0.3 1.0
30 2.3 -23.7 -3.6 1.0 150 0.2 -35.1 -4.5 0.5
33 7.2 3.0 2.2 1.5 175 5.3 -16.9 -3.3 1.0
40 8.3 -8.0 -0.6 2.3 185 0.2 -38.7 -4.9 0.4
45 2.2 -31.0 -4.5 0.8 190 5.1 -13.2 -5.4 0.4
50 5.7 -12.5 -1.9 1.6 205 4.7 -11.8 -2.8 1.2
52 7.3 -5.7 -2.2 1.7 222 5.7 -5.2 -3.6 1.1
60 7.1 -11.3 -3.8 1.0 225 1.7 -21.6 -2.9 1.3
75 7.0 -15.1 -3.8 0.9 230 -0.3 -38.5 -2.9 1.4
90 6.7 -8.2 -2.2 1.4 250 6.3 -12.1 -0.7 2.2
95 -2.0 -36.3 -0.7 2.4 265 3.0 -21.8 -3.5 1.2

113 -2.3 -37.3 -1.4 1.9 275 3.9 -15.6 -4.0 1.0
115 10.1 5.8 -4.0 0.8 280 5.5 -7.7 -4.3 0.8
120 0.4 -29.0 -0.4 2.4 283 5.2 -14.3 -4.2 0.7
125 -0.4 -34.5 -2.3 1.6 285 10.1 11.6 -3.2 1.3
135 7.5 -7.2 -4.0 0.8

Table 5.2   Results overview of the isotope characterization of fluid inclusion water and 
skeletal aragonite of cold-water coral specimens from the Logachev Mound province. Coral 
specimens, including Lophelia pertusa, Madrepora and Stylaster sp., were sampled during various 
scientific cruises between 2001 and 2012.

Sample no. Species Collection 
date

Fluid inclusions Coral aragonite
δ18Ow δ2Hw δ13Cc δ18Oc

1A Lophelia 2012 -1.9 -19.6
1B Lophelia 2012 -1.3 -42.3 -8.0 -0.5
1C Lophelia 2012 -4.9 -66.6 -7.4 -0.5
1D Lophelia 2012 -1.4 -44.9 -3.8 1.3
1E Lophelia 2012 -2.7 -42.9 -8.1 -0.5
3A Lophelia 2012 -1.8 -44.7 -7.7 -0.8
3D Lophelia 2012 -1.0 -26.5 -7.6 -0.2
3E Lophelia 2012 -0.6 -24.6 -6.4 0.0
1 VZ Lophelia 2005 6.0 -3.4 4.5 0.9
2 VZ Lophelia 2003 2.9 -23.6 -6.6 -0.1
6 VZ Lophelia 2005 7.1 23.6 -4.6 0.9
5 VZ Lophelia 2003 0.8 -33.9 -4.4 1.0
17 VZ Lophelia 2005 7.3 26.9 -4.4 1.0
20 VZ Lophelia 2003 1.9 -22.6 -5.1 0.6
21 VZ Lophelia 2005 6.9 14.0 -3.6 1.4
1 NZO Lophelia 2003 0.5 -34.9 -4.2 1.3
7C Madrepora 2012 0.3 -28.1 0.7 3.0
7A&B Madrepora 2012 0.3 -49.3 -4.0 0.8
7D Madrepora 2012 1.3 -23.3 3.2 1.5
3 VZ Madrepora 2003 4.4 -45.0 -2.0 1.5
7 VZ Madrepora 2004 1.2 -27.1 0.7 2.4
8 VZ Madrepora 2003 2.6 -19.6 -1.4 1.7
12 VZ Madrepora 2003 -17.9 -1.6 1.9
19 VZ Madrepora 2003 2.5 -28.8 -1.8 1.9
16 VZ Madrepora 2001 3.3 -27.3 -0.5 2.2
22 VZ Madrepora 2003 3.6 -16.3 -1.4 2.0
6A Stylaster 2012 3.2 -5.1 3.3 1.1
4 VZ Stylaster 2004 2.7 -26.3 -0.2 1.9
9 VZ Stylaster 2004 4.3 -19.0 0.5 2.4
10 VZ Stylaster 2004 2.1 -23.0 0.7 2.2
13 VZ Stylaster 2004 -20.6 0.2 2.1
18 VZ Stylaster 2004 -18.6 0.1 1.9
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et al., 2004). At a high activity of the Ca-ATPase pump, the pH of the calcification 
fluid would increase and force a shift in DIC speciation such that CO3

2- dominates 
over HCO3

-. The associated increase in oxygen isotope fractionation would result in 
lower δ18Oc values at high proton pumping rates (Beck et al., 2005). An elevated pH 
would be associated with an increased diffusional influx of CO2, thereby facilitating 
the calcification process (Allison et al., 2014). 

The pH model was later questioned due to a discrepancy between boron 
isotopes – a proxy for pH – and oxygen isotopes of skeletal aragonite (Rollion-Bard et 
al., 2010). Alternative explanations for the oxygen isotope variability include kinetic 
fractionation during the hydration and hydroxylation of CO2 at high calcification 
rates (McConnaughey, 1989b; Cohen and McConnaughey, 2003; Rollion-Bard et al., 
2003), and a direct relation to the input of 18O-depleted metabolic CO2 (Furla et al., 
2000). Although the exact driving forces behind the δ18Oc/δ13Cc covariation are still 
debated, a general consensus exists that oxygen and carbon covariations in cold-
water coral skeletons arise from the physiological activity of the coral organism. 
Intensified metabolism leads to an elevated input of isotopically depleted CO2 into 
the calcifying fluid and a decrease in δ13Cc of the coral aragonite. Associated decreases 
in δ18Oc would then be due to incomplete oxygen isotope equilibration and/or to a 
change in pH and DIC speciation induced by intensified proton pumping.
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Figure 5.6   Oxygen and carbon isotope ratios of the coral aragonite of cold-water corals 
display a strong positive correlation. The variation in δ13Cc values results from variable 
concentrations of metabolic CO2 in the calcifying fluid. Values for δ18Oc vary accordingly 
due to oxygen isotope disequilibria and/or a pH-induced change in DIC speciation in 
association with intensified metabolism. The seawater equilibrium value was calculated 
using the equation of Wang et al. (2013) for a temperature of 10˚C.
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5.4.2 Fluid inclusion isotope variability
Water yields of crushed L. pertusa samples amount on average 0.03 wt%. This 

number represents a minimum of the total amount of unbound water incorporated 
in the coral skeleton since crushing is mostly incomplete leaving part of the included 
water trapped in the crushed residue. Fluid inclusion isotope ratios were obtained 
for a total of 33 samples of L. pertusa from the Santaren Channel at regular intervals 
covering the entire length of the soft-sediment core. The first relevant observation 
is that the isotope data are distinct from seawater and display a strong positive 
correlation between δ2Hw and δ18Ow (Figure 5.7). The set of live L. pertusa corals 
retrieved from the Logachev Mound province displays fluid inclusion isotope values 
that are highly similar to the fossil specimens from the Santaren Channel (Figure 
5.8). Overall, fluid inclusion isotope ratios range from -4.9 to 10.1‰ for δ18Ow and 
from -66.6 to 26.9‰ for δ2Hw (Table 5.1; Table 5.2).

To investigate whether this is an effect that only occurs in L. pertusa, we next 
analyzed two other asymbiotic coral species from the Logachev Mound province 
(Madrepora and Stylaster sp.; Table 5.2) and two symbiotic coral species (Orbicella 
and Porites; Table 5.3) to find that these all plot on the δ18Ow - δ2Hw trend of the L. 
pertusa samples (Figure 5.8). This suggests that there is a mechanism at play here 
that isotopically fractionates the fluid inclusion water in a similar way for all coral 
taxa. The data of Orbicella and Porites furthermore suggest that this fractionation is 
similar for both symbiotic and asymbiotic species.
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Figure 5.7   Fluid inclusion hydrogen and oxygen isotope data of the aragonite 
skeleton of L. pertusa samples from the Santaren Channel. Fluid inclusion isotope 
values clearly differ from a seawater signature and display a strong positive 
correlation between δ2Hw and δ18Ow. The standard deviation (2SD) of the data 
set is shown in the lower right corner.
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Figure 5.8   Fluid inclusion hydrogen and oxygen isotope data of the aragonite 
skeleton of live L. pertusa, Madrepora and Stylaster sp. specimens from the Logachev 
Mound province and of a set of live symbiotic corals (Orbicella and Porites). The 
isotope range is similar to that observed for L. pertusa specimens from the Santaren 
Channel. The standard deviation (2SD) of the data set is shown in the lower right 
corner.

Table 5.3   Isotope composition of fluid inclusion water and skeletal aragonite of a set of 
symbiotic corals

Sample no. Species Fluid inclusions Coral aragonite
δ18Ow δ2Hw δ13Cc δ18Oc

11B Orbicella -1.1 -25.9 -1.0 -3.9
11C Orbicella -1.0 30.9 -0.6 -3.7
12A Orbicella -1.5 -29.2 -2.2 -5.4
6 NZO Porites -3.5 43.1 -2.3 -5.6
9 NZO Porites -2.1 -39.8 -2.5 -5.6
8 NZO Porites -4.7 48.5
7 NZO Porites -1.4 -44.0 -2.2 -5.3
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While previously published micro-analytical data have shown that the 
centers of calcification display an anomalous isotope composition with respect to 
the aragonite fibers (Adkins et al., 2003; Blamart et al., 2005), the current spatial 
resolution of the analytical technique for fluid inclusion isotope analysis is insufficient 
to perform a targeted analysis of these different microstructural domains. Therefore, 
we cannot establish whether there are isotopically distinct fluid inclusion populations 
that contribute to the observed isotope variability. Nonetheless, the hydrogen and 
oxygen isotope variations are unlikely related to coral microstructures, since the 
aragonite fibers are the dominant part of the skeleton, even in corals with relatively 
thin thecal walls (Figure 5.2).

5.4.3 Metabolic control
Before investigating the implications of the fluid inclusion isotope data, we 

must first and foremost constrain the nature of the water that is released during 
sample crushing. The exact origin is somewhat enigmatic since fluid inclusions are 
not petrographically visible (Figure 5.9), in contrast to fluid inclusions in abiogenic 
mineral deposits like speleothems or veins. Organic compounds that are commonly 
embedded in coralline skeletons are important to consider since these may be 
hydrated (Gaffey, 1988; Puverel et al., 2007). Such organically-bound water, however, 
remains attached to the organic matter up to temperatures of about 300˚C (Cuif 

1 mm

0.1 mm

Figure 5.9   Microphotographs of aragonite fibers in the coral skeleton of samples 
135cm and 95cm from the Santaren Channel. No clearly defined fluid inclusions appear 
in the fine-grained crystalline matrix.
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et al., 2004). Therefore, it is unlikely that water is released from the intraskeletal 
organic matrix during exposure to the elevated temperatures of around 110˚C during 
sample analysis. The water liberated during sample crushing most likely directly 
represents the calcification fluid from which the coralline skeleton precipitated. 
Post-entrapment fluid inclusion alteration processes, which are typically associated 
to tectonics, recrystallization or temperature changes (Bodnar, 2003; Goldstein, 
2003), are not applicable as we are dealing with recent coral specimens.

The fact that none of the δ2Hw and δ18Ow isotope ratio pairs that we analyzed 
is similar to seawater argues against models involving direct aragonite precipitation 
from a seawater-like fluid. Physiological or fractionation processes must exert an 
important control on the isotope composition of fluid inclusion water considering 
the relatively stable oceanographic conditions in the deep sea. Whereas variations 
in δ18Ow could possibly relate to exchange between the calcification fluid and CO2 
– which is ubiquitous in the coral organism – the δ2Hw of the calcification fluid can 
be used as a direct tracer for fluid mixing. The considerable spread in δ2Hw indicates 
that the calcifying fluid is composed of water derived from at least two sources. At a 
water depth of 500-800 m, besides seawater, the only other plausible source of water 
in the coral organism is metabolic water. Corals produce metabolic water through 
aerobic respiration, which converts their food into CO2 and H2O as shown in the 
aerobic respiration reaction (Eq. 1). The isotope composition of the food is, thus, 
crucial information for estimating the hydrogen and oxygen isotope signature of 
metabolic water.

To investigate possible isotope effects related to the incorporation of 
metabolic water, we analyzed δ2H and δ18O ratios of total particulate matter (TPM) 
captured in a sediment trap in the Logachev Mound province. TPM is generally 
believed to represent the main food source of cold-water corals (Kiriakoulakis et 
al., 2005). Along with the δ18O of dissolved O2, the isotope composition of TPM, 
thus, constrains the isotope composition of metabolic water.  Isotope ratios of TPM 
recorded in the Logachev Mound province are relatively stable throughout the year 
at average δ2H and δ18O values of -61.3‰ and 13.0‰ (vs. VSMOW) respectively.

The aerobic respiration equation (Eq. 5.1) shows that hydrogen in metabolic 
water is sourced entirely from the ingested food. Metabolic water, therefore, directly 
inherits the hydrogen isotope composition of the food source and should have a δ2H 
value close to -66‰. Interestingly, the lower limit of δ2Hw that we record coincides 
with this metabolic value and, therefore, probably corresponds to coral specimens 
with a high metabolic activity. 

Oxygen bound in the metabolic water is partly sourced from the food and 
partly from dissolved oxygen in the ocean. The respiration reaction divides the 
oxygen over the reaction products CO2 and H2O. Equation 5.1, based on Swart (1983), 
demonstrates expected oxygen isotope signatures of metabolic products following 
CO2 - H2O oxygen isotope fractionation factors at ambient water temperatures of 
10˚C determined by Brenninkmeijer et al. (1983). Numbers between brackets in 
Equation 1 represent the δ18OVSMOW value of the preceding compound.
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CH2O (13‰) + O2 (8‰) à CO2 (24‰) + H2O (-19‰)            (Eq. 5.1)

The aerobic respiration reaction demonstrates that metabolic H2O is deplet-
ed in both 18O and 2H with respect to seawater. If one plots the isotopic end-members 
of metabolic water and seawater in our dataset, it becomes clear that the trend visible 
in our data has approximately the same slope as that of the mixing line between sea-
water and metabolic water. However, it is offset by approximately 8 to 9‰ towards 
higher δ18Ow values (Figure 5.10).

5.4.4 Hydration water
At some point in the calcification process, a fractionation step is to be 

included to account for the observed offset of the fluid inclusion isotope data with 
respect to the metabolic water-seawater mixing line. Based on the latest insights 
into the role of amorphous calcium carbonate (ACC) in coral skeletal formation 
(Rollion-Bard et al., 2010; Mass et al., 2017; Von Euw et al., 2017), there is one 
isotope fractionation mechanism that may cause the positive δ18Ow shift in the coral’s 
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fluid inclusion water. The key to solving the puzzle probably lies in the hydration 
water that is incorporated in ACC particles (Mass et al., 2017); this hydration water 
could have isotope values different from the bulk calcification fluid. Only when the 
hydrated ACC transforms into crystalline aragonite, the hydration water is released 
and ends up in the fluid inclusions that we have analyzed.

While to our knowledge, isotope investigations on hydration water in ACC 
are not available, there is significant work done on hydration water in gypsum 
(CaSO4·2H2O). Several studies on gypsum have shown that the hydration water is 
significantly enriched in 18O with respect to the bulk liquid in which the gypsum grows 
(Khademi et al., 1997; Evans et al., 2015; Gázquez et al., 2017). This fractionation 
step in δ18Ow is controlled by the hydration sphere of the mineral-forming ions in 
solution, which are Ca2+ and SO4

2- in the case of gypsum. Hydration spheres are 
hydrated ion complexes in which the bipolar H2O molecules magnetically adhere 
to charged ions. The isotope composition (i.e., mass) of a H2O molecule determines 
its vibrational frequency and, therefore, its propensity to adhere to ions (Driesner et 
al., 2000).

Oxygen isotope fractionation in the hydration shells of cations is generally 
believed to be stronger compared to anions (Taube, 1954). Also in the case of hydra-
tion water in gypsum, the fractionation step towards higher δ18Ow is thought to be 
largely controlled by the hydration sphere of the Ca2+ ions (Gonfiantini and Fontes, 
1963; Oi et al., 2013). A similar isotope shift may, thus, be expected in the hydration 
shells of the Ca2+ ions that form hydrated ACC. For gypsum hydration water, there 
is also a significant depletion in 2H, but this is probably controlled by the hydration 
sphere of the SO4

2- ions (Oi and Morimoto, 2013). Literature information on isotope 
fractionation in the hydration shell of CO3

2- ions is scarce, but in general assumed 
to be minor (Zeebe, 2009). Possibly, the hydration spheres of CO3

2- could account 
for the minor enrichments in 2H that we record in several samples with δ2Hw values 
above 0‰. Alternatively, these 2H enrichments could be due to interaction with 
organic compounds or H+ pumping, which is thought to be ubiquitous in corals 
(Cohen and McConnaughey, 2003).

Although precise isotope fractionation factors for hydration water in ACC 
are not available, we note that an 8 to 9‰ shift towards lower δ18Ow values would 
bring our data back onto the seawater – metabolic water mixing line (Figure 5.10). 
This shift is slightly larger than the δ18Ow shift observed in gypsum hydration water. 
Nevertheless, we believe that this is not unreasonable, especially when considering 
that the hydration spheres of SO4

2- ions are somewhat depleted in δ18Ow (Oi and 
Morimoto, 2013) and thereby counteract the δ18Ow enrichments in the Ca2+ hydra-
tion shells in the case of gypsum. Therefore, we propose that fluid inclusion water 
included in coralline skeletons represents a remnant of ACC hydration water, which 
was originally sourced from a mixture of seawater and metabolic water in the coral 
tissue.

In this context, it may be relevant to emphasize that the newest ideas on 
gypsum growth also involve a short-lived amorphous precursor (i.e., hydrated ACS; 
Wang et al., 2012), which may suggest that amorphous precursor phases can play 
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a key role in transferring water into crystalline end products in both biogenic and 
abiogenic mineralization systems. The hydrous ACC precursor would provide a 
straightforward mechanism for the introduction of water into the skeletal aragonite 
of corals. It might also explain why fluids are petrographically not visible. When the 
ACC is converted into aragonite, the released hydration water may occupy small 
intercrystalline spaces, rather than larger-scale inclusions within crystals as seen in 
abiogenic mineral deposits.

Summarizing, the isotope data indicate that fluid inclusion water represents 
the hydrated fraction of a calcification fluid that is composed of a seawater and a 
metabolic component. Some workers do suggest that in-situ decomposition of the 
hydrated organic matrix could also introduce isotopically distinct water into coral 
skeletons over time periods of several years (Perrin and Smith, 2007) to centuries 
(Ingalls et al., 2003). However, we consider that decomposed organics may only 
have a minor contribution to the total budget of fluid inclusion water in the coral 
samples that we analyzed, since isotope signatures are similar for both the fossil 
corals from the Bahamas and the live corals retrieved from actively accreting reefs in 
the Logachev Mound province. Furthermore, no relation exists between water yields 
and age (i.e., depth in core) for the L. pertusa samples from the Santaren Channel 
(Figure 5.11), which would be expected if the progressive decomposition of organic 
matter had a considerable contribution.
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5.4.5 Precipitation rates and oxygen isotope fractionation
The fractionation between δ18Ow and δ18Oc is systematic in equilibrated 

systems and depends on temperature (O’Neil et al., 1969). Ambient temperatures at 
the sampling sites range from about 5 to 10˚C. However, temperatures calculated for 
measured δ18Oc ratios and corrected δ18Ow values (i.e., subtraction of 8.5‰ for the 
fractionation step) range from -22 to 24˚C using the equation of Wang et al. (2013). 
This wide range in temperatures reveals an important oxygen isotope disequilibrium 
in the calcification fluid. Only samples that crystallized from a fluid with an original 
δ18Ow close to seawater yield realistic precipitation temperatures of 10˚C and are, 
thus, considered to be close to isotope equilibrium. 

Towards lower δ18Ow values, the calculated temperatures progressively 
decrease (Figure 5.12). Since we interpret low δ18Ow values to represent a larger 
contribution of metabolic water to the calcification fluid, it seems that high metabolic 
rates drive the system out of oxygen isotope equilibrium. Possibly, the oxygen 
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isotope equilibrium shifts at high metabolic production rates due to a change in the 
chemistry of the calcification fluid (e.g., pH). Another – more likely – explanation 
is that the disequilibrium reflects a kinetic effect in relation to high skeletal growth 
rates. Turnover times of DIC in the calcifying fluid are commonly assumed to be 
short falling below merely six hours (Gagnon et al., 2012; Saenger and Erez, 2016) 
and possibly even below minutes (Devriendt et al., 2017). At such residence times, 
full fluid-DIC equilibration is not realistically achieved as demonstrated by the 
experimental precipitation of synthetic aragonite as reported in Kim et al. (2006). 
McConnaughey (1989b) also suggested that coral calcification outpaces the isotope 
equilibration between DIC and water. Altogether, however, we lack the detailed 
knowledge of the calcification mechanism to determine which process exactly drives 
the oxygen isotope disequilibrium in the calcification fluid.

5.5 Conclusions
Fluid inclusion water in the skeletal aragonite of cold-water corals from 

the northeast Atlantic and the Santaren Channel has an isotope signature that 
strongly differs from seawater. We interpret a clear correlation between δ2Hw and 
δ18Ow to reflect a calcification fluid that is composed of a mix between metabolic 
water and seawater. The entire mixing trend is offset towards higher δ18Ow values 
by approximately 8 to 9‰, which we take to indicate that fluid inclusion water 
ultimately represents hydration water that is incorporated into a hydrated calcium 
carbonate precursor. In this sense, our fluid inclusion isotope data would support 
the latest models on coral calcification involving hydrous amorphous calcium 
carbonate precursor particles that develop within the coral tissue as a first step in the 
calcification process (Mass et al., 2017; Von Euw et al., 2017).

At a minimal metabolic water contribution, paired δ18Ow/δ18Oc values are 
close to isotope equilibrium. As the metabolic water contribution to the calcification 
fluid increases, the oxygen isotope pairs gradually move away from isotope equilib-
rium. The isotope disequilibrium is possibly related to a kinetic effect; precipitation 
rates may be too high for the dissolved carbonate to isotopically equilibrate with the 
calcification fluid.

Since the fluid inclusion isotope record captures metabolic rates, it may 
potentially be developed into a proxy for coral vitality and a tool for paleo-oceano-
graphic reconstructions. A study on corals from which the food availability, growth 
rate and other environmental parameters can adequately be monitored would be 
required to validate this hypothesis. In any case, fluid inclusion isotope data of the 
coral skeleton provide exciting new insights into the process of biomineralization 
in corals. Preliminary data on other coral taxa indicate that the implications of 
this study could be widely applicable to biomineralization in both asymbiotic and 
symbiotic corals.




