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Part Ⅰ: Oxygen and carbon isotope records of cultured freshwater 
pearl mussel Hyriopsis sp. shell from Lake Kasumigaura, Japan 
 

1 Introduction 

In Lake Kasumigaura (36°04’N, 140°40’E), the freshwater pearl mussel Hyriopsis sp. (Bivalvia 

Unionidae) is cultured commercially (Fig. 1). Bivalve pearls as well as their shells are called 

“biominerals,” and they are composed of calcium carbonate. The biominerals of marine and 

freshwater organisms have been used for paleoenvironmental reconstruction, such as paleo-water 

temperature and paleosalinity, under the assumption that stable isotope ratios of the biominerals are 

controlled by physiochemical conditions in the ambient water (Urey 1947; Epstein et al. 1953). 

Mollusk shells are known to precipitate under close to equilibrium conditions with respect to oxygen 

isotope ratios (Grossman and Ku 1986). The oxygen isotope ratios of shells depend on both 

temperature and the oxygen isotope ratios of the ambient water, and marine bivalve shells have been 

utilized for paleoenvironmental reconstruction (Weidman et al. 1994; Dettman et al. 2004). Shells of 

freshwater bivalves have also been used as archives of water temperature and isotope hydrology 

(Dettman et al. 1999; Kaandorp et al. 2003; Goewert et al. 2007). In addition, oxygen isotope ratios 

of pearls are expected to record their precipitation history, in particular, their growth period and 

optimal growth temperature (Kawahata et al. 2006). Carbon isotope ratios of shells are controlled 

mainly by the stable carbon isotope composition of dissolved inorganic carbon (DIC) in the ambient 

water and the metabolic activity of the bivalves, although the contribution ratio of dissolved 

inorganic carbon and metabolic carbon is variable (Tanaka et al. 1986; Gillikin et al. 2007). However, 

environmental information is sometimes incomplete because shell growth of bivalves is not 

continuous year-round. Owing to discontinuities in accretional growth, it is essential to combine a 

growth-line analysis with the stable isotope profiles (Jones et al. 1978; Kennish 1980; Jones 1981; 

Tanabe 1988). Growth lines often form when the growth rate decreases or stops in response to 

environmental or physiological factors (Kennish 1980). A relationship between growth lines and the 

oxygen isotopic profile has been documented in some bivalves (Dettman et al. 1999; Schöne et al. 

2004; Nakashima et al. 2004). In this study, we describe the shell structure and isotopic records of a 

cultured freshwater pearl mussel specimen and of a pearl from the specimen. Our aims were (1) to 

assess the suitability of the shells as an environmental archive, (2) to reconstruct the growth history 

of the shell, and (3) to determine the growth period of a freshwater pearl. This is the first study 

presenting the isotopic profile of a freshwater pearl. 

 

 

2 Materials and Methods 

For this study, a live specimen of cultured Hyriopsis sp. was collected. To stimulate pearl 
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production, mantle pieces are inserted into the connective tissue of the mantle. Our specimen had an 

operation on 7 July 2004, and the pearls were picked out of our specimen on collected date of 25 

October 2007. Its shell length and height were 18.5 and 14.9 cm, respectively. Each valve had nine 

pearls, for a total of 18 pearls. Ordinarily, insert surgery is performed on three-year-old mussels. 

Therefore, we assumed that our specimen had lived for seven years. We prepared thin sections to 

investigate the shell structure. The shell mineralogy was ascertained by X-ray diffraction analysis 

(XRD) with a Flescan diffractometer (RINT2500, Rigaku Co. Tokyo, Japan). We sampled the shell 

using a dental drill with a 0.4-mm drill bit along the maximum growth axis (177 mm) from umbo to 

ventral margin at 1-mm intervals. We could not sample the part around the umbo (0–43 mm from the 

umbo along the maximum growth axis; Fig. 1) because the umbonal surface was eroded. We 

performed the sampling under microscopic observation to prevent contamination of the samples by 

the nacreous layer. After microsampling, oxygen and carbon isotope ratios (δ18O and δ13C) of shell 

and pearl were measured with an isotope ratio mass spectrometer (Micromass ISOPRIME) equipped 

with a carbonate device (Micromass Multiprep) at AIST. Isotopic data are reported as per mil (‰) 

deviations relative to Vienna Peedee belemnite (VPDB). The δ18O of water (δ18OWATER) was 

determined for samples collected at three locations near site 1 in the lower Shintone River between 

June 2005 and December 2006 (Fig. 2). The oxygen isotope ratio of the water was determined by the 

CO2–H2O equilibration technique (Epstein and Mayeda 1953) with an isotope ratio mass 

spectrometer (Finnigan MAT 252, Thermo Fisher Scientific Inc.) at National Institute for 

Environmental Studies (NIES). Isotopic data are given in per mil relative to Vienna Standard Mean 

Ocean Water (V-SMOW). The Deep-sea water (DyDo DRINCO, Inc.) and Ryu-sen-do cave water 

(Iwaizumi Sangyou Kaihatsu Co., Ltd.) were used as secondary standards for oxygen isotope 

measurements of lake water samples. The water temperatures were reconstructed from δ18O values 

of the outer shell layer and the ambient water using the formula (equation 1) of Grossman and Ku 

(1986) as modified by Goodwin et al. (2001):  

T (°C) = 20.6 − 4.34(δ18Oaragonite − (δ18Owater − 0.2)),                 (1) 

where δ18OWATER and δ18Oaragonite are expressed relative to VSMOW and VPDB, respectively.  

 

 

3 Results and Discussion 

The δ18O of water samples (δ18OWATER), sampled from three sites along the Shintone River 

between June 2005 and December 2006, varied between –8.5‰ and –4.6‰ (Fig. 2). Mean 

δ18OWATER values at the three sites along the Shintone River during the observation period were 

–6.74‰ (site 13), –6.52‰ (site 14), and –6.74‰ (site 15), with an overall average value of –6.49‰. 

The δ18O profile of the outer shell layer (δ18OSHELL) varied from –9.6‰ to –3.7‰ and exhibited six 

first-order cycles (Fig. 1). The first-order fluctuations of δ18OSHELL were apparently caused by 
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seasonal changes in water properties. The maximum δ18OSHELL was around –4‰ in every cycle, 

which we calculated to reflect a water temperature of 10.7 °C. This result is concordant with the 

cessation temperature threshold of Wada (1999). The calculated maxmia of water temperature 

ranged from 26.0 to 33.9 °C. The calculated annual fluctuation range of water temperature based on 

δ18OSHELL was 15.3–23.2 °C, which is a quite small range compared with the actual measurement 

range of 30 °C at site 3 (Fig. 3).  

In 2006, measured δ18OSHELL is correlated well with calculated δ18OSHELL. On the other hand, the 

measured data showed clear fluctuation exceeding the range of calculated data in 2005. A 

comparison between measured and calculated δ18OSHELL indicate that the drastic changes of the 

δ18OWATER values occurred with time interval of shorter than at least 2 weeks. There were an 

inadequate number of shell-carbonate data for 2007 due to the decrease of shell growth ratio. Taking 

into the fact that the bi-weekly temporal increase or decrease of water temperature due to seasonal 

change is approximately 2.5°C that corresponds to the δ18O values of 0.6‰, the bi-weekly maximum 

fluctuation range of the δ18OWATER is approximately 2‰ from shell records. The δ18OWATER of 

Shin-tone river showed drastic changes of the maximum values of ~2‰ with time spans of shorter 

than two weeks during summer from 2002 to 2006. If the water temperature was constant during the 

winter growth cessation period, then the uniform high values of δ18OWATER suggest a relatively 

steady precipitation–evaporation balance during the winter dry season across the years. On the other 

hand, δ18OSHELL recorded drastic changes in isotopic signatures of ambient water during warm 

months. The δ18OSHELL data indicated that the δ18OWATER of Shin-tone river showed drastic changes 

of the maximum values of ~2‰ with time spans of shorter than two weeks during summer from 

2002 to 2006. And the minima of δ18OSHELL of 2002 and 2004 are approximately 3‰ lower than 

those of 2003, 2005, and 2006. Those differences might be caused by the annual difference of 

isotopic composition of meteoric water during summer. Hyriopsis sp. shells can thus potentially be 

used for paleohydrologic reconstruction. 

Moreover, we observed that thick, complete disturbance rings coincided with maxima and 

minima of the oxygen isotope profile (Fig. 4). Disturbance rings recognized by external observation 

were associated with several winter and summer, whereas we found no ring on the shell surface 

corresponding to summer of 2005, however. It is widely known that disturbance rings are formed 

when growth decreases or stops because of extreme environmental stress or physiological factors 

(Kennish 1980; Jones and Quitmyer 1996). The co-occurrence of disturbance rings and the winter 

oxygen isotope profile maxima suggests that this specimen of Hyriopsis sp. halted its growth during 

winter extremes. These findings suggest that summer growth cessation was not caused by seasonal 

events such as the extremely high summer water temperatures, but by occasional events such as 

turbid water due to suspension of terrigenous particulate matter accompanying heavy rainfall, as the 

decrease of dissolved oxygen concentration.  
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The examined pearl was composed of three couplets, each consisting of a bright and a dark band. 

The δ18OPEARL ranged from –7.2‰ to –5.1‰. The δ18O values of the dark bands were relatively 

higher than those of the bright bands. We converted the δ18O values into water temperatures using 

equation (1), and the calculated temperatures ranged between 13.6 and 22.8 °C. Precipitation 

temperatures of pearls have been reported only for the most commonly cultured marine pearl oyster 

Pinctada fucata martensii (Kawahata et al., 2006). Marine pearls are produced mainly at around 25 

°C. The optimal temperature for freshwater pearl calcification is obviously lower than that for 

marine pearls. Moreover, precipitation of freshwater pearls may occur over a wider temperature 

range than precipitation of marine pearls. This may explain the high precipitation rate of freshwater 

pearls in ambient water with extremely low carbonate saturation levels relative to the waters in 

which marine pearls are produced. 

The δ13C profile of the outer shell layer (δ13CSHELL) varied from –12.5‰ to –9.2‰ and did not 

exhibit cyclic fluctuation (Fig. 1). The δ13CSHELL values varied with an amplitude of >1‰ over the 

period corresponding to the initial first-order cycle of the δ18OSHELL profile. In other parts of the shell, 

amplitudes of δ13CSHELL variations were <1‰. We observed no secular trend with aging and overall 

correlation between δ13CSHELL and δ18OSHELL. The δ13C values were generally about –10.5‰. 

Neither a clear annual periodicity nor an ontogenic trend was observed in the δ13C profile (Fig. 1). 

The lack of a consistent pattern suggests that body size had only a minor effect on δ13CSHELL in this 

species. We can not discuss a metabolic carbon contribution to the shell and whether the isotopic 

fluctuation of the δ13CSHELL is driven by isotopic equilibrium or non-equilibrium because of a lack of 

the δ13C data of DIC in the ambient water. 
 
 
4 Conclusion 

The number of first-order fluctuations of δ18O was consistent with the records of the duration of 

culture. The dominant factor controlling annual δ18O fluctuations was water temperature with a 

minor contribution from the variation in the δ18O of ambient water, especially in the rainy season. 

The δ13C values were fairly constant throughout the life of the mussel. A lack of any annual secular 

trend indicated that the contributions of body size to shell δ13C values were minor. The presence of 

distinct disturbance rings coinciding with winter peaks of the oxygen isotope profile indicated that 

growth ceased at temperatures below approximately 10 °C in winter, probably as a result of the low 

water temperature or because of reproduction. In contrast, summer disturbance rings suggested that 

summer growth cessation was caused by occasional events, such as heavy rain, as the decrease of 

dissolved oxygen concentration. The δ18O profile and shell structures indicated that the shell 

aragonite was precipitated at close to oxygen isotope equilibrium with the ambient water. Hyriopsis 

sp. shells can thus potentially be used for hydrologic and shell growth reconstruction. The δ18O 
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values of the pearl indicated that calcification occurred over a temperature range of at least 13–23 °C. 

The optimal temperature for freshwater pearl calcification is lower that for marine pearls. 
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Fig. 1 Oxygen (filled circles) and carbon (open squares) isotope profiles of the outer shell layer and 

a pearl. Arrows along the bottom of the graph indicate the locations of disturbance rings. The oxygen 

isotope profile of the outer shell layer showed six cycles. The alternation of bright and dark 

concentric bands in the pearl is shown in the lower part of the panel 
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Fig. 2 Comparison of measured δ18OSHELL data (dashed line) and calculated δ18OSHELL data (grey 

solid line). The “calculated δ18OSHELL“ were calculated from water temperature and the δ18OWATER 

using the equation T (°C) = 20.6 − 4.34(δ18Oaragonite − (δ18Owater − 0.2)), after Grossman and Ku 

(1986) as modified by Goodwin et al. (2001). The water temperature data were taken from 

observational data at equal interval to the δ18OWATER data.  
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Fig. 3 Comparison of estimated water temperature from the δ18OSHELL data (open circles) and 

observed water temperatures (gray line). The histogram shows monthly precipitation. Water 

temperatures were estimated using the equation T (°C) = 20.6 − 4.34(δ18Oaragonite − (δ18Owater − 0.2)), 

after Grossman and Ku (1986) as modified by Goodwin et al. (2001) 
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Fig. 4 Photographs of thin sections of the shell and schematic diagrams of the shell structure. The 

positions of disturbance rings are shown by the black arrows. Structural discontinuities are shown by 

dashed lines on the schematics. The summer disturbance ring (left) showed a distinct discontinuity at 

the boundary between the outer and middle shell layers. This structure suggests that the shell 

formation front retreated by 1–2 mm after growth cessation. Moreover, there were two strong rings 

in summer 2003. The winter disturbance ring (right) did not show any discontinuity between outer 

and middle shell layers. Instead, the surface groove was easily traceable from the shell surface to the 

inner structure 
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Part Ⅱ: Mg isotope fractionation in hermatypic and deep-sea corals 
 

1 Introduction 

Biogenic calcium carbonates of marine organisms have been used for paleoenvironmental 

reconstruction, such as paleo-water temperature and paleosalinity, under the assumption that stable 

isotope ratios and elemental ratios of biogenic carbonates are controlled by physiochemical 

conditions in the ambient water (Urey 1947). A great number of researches have been focused on 

temperature dependences during isotope/element partitioning of biogenic carbonates because the 

water temperature is the most fundamental parameter to control earth’s surface environment.  

Recent developments in mass spectrometers allow exploring new stable isotope systems in 

cosmochemistry and geochemistry (Halliday et al., 1998; Platzner et al., 2008). In the field of 

paleoceanography, isotope compositions of major and minor constituents of biogenic carbonates 

such as Ca, Mg and Sr were expected to become new proxies for environmental study. Many 

researchers have demonstrated Ca isotope analysis on biogenic and inorganic calcium carbonates. 

The first object of these studies is evaluating the Ca isotopes as a new paleo-thermometer (Zhu and 

McDougal, 1998). To attempt resolving a temperature dependence of Ca isotope fractionation in 

biogenic CaCO3, many temperature calibration studies were performed on natural and cultured 

specimens (e.g., Gussone et al., 2005; 2007; Böhm et al., 2006). These outcomes exhibited small but 

resolvable temperature dependency on Ca isotope fractionation. In contrast to Ca isotopes, only a 

few study have reported the Mg isotope composition of skeletal carbonate (Chang et al., 2004; 

Young and Galy, 2004; deVilliers et al., 2005; Pogge von Strandmann, 2008c). Thus the natural 

variations of organic/inorganic CaCO3 and the fundamental mechanisms that control the Mg isotope 

fractionation were poorly understood.  

The outcomes of the researches in stable isotopes of the light elements like oxygen and carbon 

threw a common recognition that biomediated chemical processes obey thermodynamic equilibrium 

and kinetics (McConaughey, 1989b). Previous works of Ca isotopes suggested some important 

controlling factors such as crystal lattice structure, physicochemical conditions and biogenic 

discrimination during Ca isotope fractionations (Gussone et al., 2003; Lemarchand et al., 2004; 

Böhm et al., 2006). By analogy with Ca isotopes, the difference of mineralogy, physicochemical 

conditions such as temperature and precipitation rate, and biogenic biases called “vital effects” are 

expected to be the major controlling factors in the isotope fractionation of Mg isotopes. Multiple 

genus of planktonic and benthic foraminifera tests indicated that the presence of large vital effects on 

Mg isotope ratios during Mg incorporations from seawater into calcifying fluids (Chang et al., 2004; 

Pogge von Strandmann, 2008c). As to the effect of temperature on Mg isotope fractionation, Galy et 

al. (2002) reported >0.02‰/AMU/ºC of temperature dependence in inorganically precipitated 

speleothem calcite. In the case of biogenic carbonate, detailed examinations of the relationship 
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among Mg isotope values, water temperature and shell size indicated that the Mg isotope ratios of 

foraminifera tests showed no temperature dependence, however (Pogge von Strandmann, 2008c). 

Magnesium is a major component in geosphere, biosphere and hydrosphere. In seawater, the 

concentration of Mg2+ is 55mM, and Mg is the 4th major components. The dominant source to the 

ocean is continental chemical weathering via riverine runoff. The main processes for Mg sinks are 

hydrothermal alteration of oceanic crusts, limestone dolomitization and ion-exchange reactions of 

clay minerals. The mean residence time of Mg in modern oceans is approximate 13 million years 

which is calculated from the riverine inputs (Broecker and Peng, 1982). Therefore, the Mg isotopic 

composition of the seawater expected to be uniform during at least for several millions years. This 

long residence time provides advantages for paleoenvironmental reconstructions. It is because the 

chemical compositions of biogenic carbonate are dependent on both the physicochemical condition 

and chemical composition of ambient seawaters, and the isotopic and elemental compositions of 

seawater are changeable through geologic timescale. For example, the isotopic composition of 

oxygen in the Quaternary seawater had drastically fractionated according to the ice-sheet growth. 

During the period that Mg isotope value of seawater should remain constant, Mg isotope values of 

biogenic skeleton is only dependent on the physicochemical condition of ambient seawater and 

biotic biases. Therefore, Mg isotope ratios of biogenic skeleton are expected to become a new 

paleo-thermometer during the Quaternary and the Late Tertiary. 

In this study, I developed the method for Mg isotope analysis of biogenic CaCO3 and performed 

high-precision Mg isotope measurements. In order to investigate temperature dependence of Mg 

isotope fractionation in biogenic CaCO3, the deep-sea corals that collected from various water 

temperatures were measured. In addition, a possible systematic difference of Mg isotope 

fractionation was investigated using two major reef dweller, modern and fossil hermatypic corals 

and fossil giant clam. I here evaluate the plausible controlling factor of Mg isotope fractionation in 

several biogenic skeletons and present the relationship among Mg isotope values and water 

temperature and minor and trace elemental concentrations in natural carbonate samples. 

 

 

2 Materials and methods 

2.1 Materials 

2.1.1 Deep-sea coral 

Deep-sea coral (Precious coral) belongs to Anthozoa Octocorallia. The bathymetric distribution 

is ranged from several dozen to 2,000m (Iwasaki, 2008). Their skeletons are composed of high-Mg 

calcite.  

Ten specimens of deep-sea coral (Paracorallium japonicum, Corallium elatius, C. konjoi, 

Corallium sp., ?Keratoisis sp.) were selected. Sampling localities were Northwest and North Pacific 
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at water depths of 30-1500m (Fig.5, Table 1). Mean annual water temperatures at sampling localities 

were taken from Levitus 94 (http://ingrid.ldeo.columbia.edu/SOURCES/.LEVITUS94/). The water 

temperatures ranged from 2.5 to 19.5ºC (Table 1).  

To evaluate the intra-specimen heterogeneity of Mg isotope ratios, subsamples were obtained 

from C. elatius (DPC-0812) and C. konjoi (DPC-1). DPC-0812 was cut along the growth axis and 

sliced into 5-mm-wide thick slabs with a diamond saw. Most part of the skeleton showed red color 

but the core part only showed white color (Fig. 6). The whitish core part can be traceable along the 

growth direction. The core part was separated from the reddish outer part using the diamond saw, 

and the core part was crashed into sand-size with an agate mortar. Then the whitish grains were only 

picked from among all grains as core part of samples. Both the core part and the outer part were 

separately powdered in an agate mortar. Moreover, bulk sample was prepared from other part of this 

specimen. Sample ID of the whitish part, reddish part and bulk were DPC-0812-W, DPC-0812-R and 

DPC-0812-B, respectively (Fig. 6, Table 1). Two subsamples, DPC-1-23-T1 and DPC-1-KCC, were 

prepared from distant part of the skeleton of DPC-1 (Table 1). Both subsamples were powdered in 

an agate mortar. 

 

2.1.2 Hermatypic coral 

Hermatypic coral belongs to Anthozoa Hexacorallia. These corals are major constituent of the 

modern coral reefs that develop in tropical and subtropical shallow waters, typically at depths shallower 

than 30m.  

Massive scleractinian corals, Porites sp. and the branching scleractinian corals, Acropora sp. 

were collected for determining Mg isotope fractionation of hermatypic corals. The sampling 

localities of Porites sp. and Acropora sp. were Ogasawara and Okinawa-jima, respectively (Fig. 5, 

Table 1). The fossil hermatypic coral Porites sp. was also collected from the Holocene coral terrace 

of Kikai-jima (Northwest Pacific; 28ºN 129ºW).  

The specimens collected living were removed soft tissues, then coral specimens were 

microsampled by the milling machine at AIST (Advanced Industrial Science and Technology, Japan). 

Organic materials contained in powdered samples are ordinary removed by chemical treatments, e.g. 

powdered samples are passed through H2O2 and/or HClO4 to decompose organic compounds, in 

order to minimize interferences on inductivity coupled plasma (ICP) source spectrometry. To 

evaluate the interference of the organic materials contained in the coral skeletons, I prepared two 

kinds of powder samples that are with and without organic compounds from the specimen collected 

from Ogasawara (OGA02-1-1 and OGA02-2-2, Table 1). Each sample was passed through the same 

column chemistry before Mg isotope measurements. 

The two specimens of Acropora sp. and fossil Porites sp. were cleaned with ultrapure H2O2 and 

distilled water in an ultrasonic bath to remove organic compounds. After chemical treatments, the 
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branches of each specimen were powdered in an agate mortar.  

 

2.1.3 Seawater 

To establish the Mg isotopic composition of modern oceans, seawater samples from various 

localities and depths were analyzed. The seawater samples were collected from the North Sea, North 

Pacific, East Pacific and Antarctic Sea (Table 1). The water depths of the sampling localities were 

ranged from 5 to 3,500m. 

 

2.2 Methods 

2.2.1 Liquid chromatography 

Chemical separation of Mg from CaCO3 and seawater is accomplished by ion exchange method 

(Chang et al., 2003; Tanimizu, 2008). Following the method of Mg separation for seawater samples 

described in Tanimizu (2008), I developed a chromatographic method for Mg purification from 

carbonate samples. The Mg fractions were recovered using a cation exchange resin (AG MP-50; 

Bio-lad Laboratories, USA). The chemical procedure with 100% recovery of Mg is required, 

because mass fractionation of Mg isotopes is likely to occur in the chromatographic processes. 

Carbonate samples contain much higher Ca concentrations compared with seawater samples. This is 

a crucial problem for Mg isotope analysis because the doubly charged 48Ca cations cause a 

spectrometric interference on 24Mg. Because the ionization potential of ICP-MS is likely to produce 

doubly charged Ca ions that potentially make spectral interference in Mg isotope analysis, isobaric 
48Ca2+ interferences can be expected to shift 26Mg/24Mg ratios to lower values and to result in 

showing the mass-independent isotope fractionation on three-isotope plot. In order to validate 100% 

of Mg separation, 1-5mg of JCp-1 and deep-sea corals were loaded on AG MP-50, and a separate 

fraction of the eluent was collected at 0.5mL interval during the Mg elution and then analyzed for 

Mg, Na, K, Ca and Sr contents by ICP-MS (ELAN DRC2). The total amount of alkaline elements, 

Ca and Sr to the concentration of Mg ([Na+Ca+K+Sr]/[Mg]) was lower than 0.05 (mol ratios). The 

Mg yield from this method is better than 99%. Carbonate standard JCp-1 (Geological Survey of 

Japan, AIST, Japan) passed through chemistry yield identical results to unprocessed standards (Table 

1). Ca/Mg ratios of purified samples are thus reduced by 5 orders of magnitude relative to unpurified 

samples, showing effective separation of Mg from the dominant matrix components. 

Approximate 5 mg of powdered carbonate sample was weighed in Teflon vials and 0.5mL of 

0.6M HCl were added into the vials. Before dissolved samples were loaded on 1mL of cation 

exchange resin filled in a polypropylene column (40mm length × 5mm in diameter), the resin bed 

was washed with 6M HCl, and conditioned with 1mL 0.6M HCl prior to loading. Then, sample 

solutions were loaded on the resin. After 12.5mL of HCl were added in order to separate Mg from 

other cations (e.g., Na, K, Ca and Sr), the Mg fractions were collected with 5 mL 1.2 M HCl. The 
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Mg fraction was evaporated to dryness, and a solid MgCl2 was obtained by evaporation of this 

fraction. These procedures were repeated twice because calcium carbonate samples contain extreme 

high matrix of Ca, therefore Mg fraction could not be obtained by single purification with a 

sufficient purity for Mg isotope analysis. After second evaporation, the solid Mg fractions were 

redissolved in 1mL 0.6M HNO3. The HCl and HNO3 used in this study were commercially supplied 

high-purity TAMAPURE AA-100 reagents (Tama Chemical, Japan). To minimize Mg contamination 

during chemical preparation, all chemical procedure were carried out in a class-1000 clean room, 

and class-100 clean benches. Total Mg blank for the two column procedures was less than 3.0ng, 

which makes <10-3 contribution to the sample. 

 

2.2.2 Mg isotope ratio Mass Spectrometry 

Mg isotope ratios were measured with a multicollector inductively coupled plasma mass 

spectrometer (MC-ICP-MS: NEPTUNE Thermo Scientific, Germany) at Center for Advanced 

Marine Core Research, Kochi University, Japan. Mg isotope measurements were performed by 

bracketing standard approach (Galy et al., 2001). Standards and samples are prepared as 500ppb Mg 

solution in 0.15M HNO3. The differences between the Mg concentration of the standards and 

samples were kept within 25%, to minimize potential isobaric interferences from matrixes (Galy et 

al., 2001). The width of the entrance slits before ESA (electrostatic analyzer) was 0.03 mm (medium 

resolution mode) in order to reduce polyatomic interferences and to reduce signal memory rapidly. 

The beam intensities for 500ppb Mg solutions were approximately 0.7V for 25Mg. Each run in data 

acquisition contains 30 scans with an integration time of 4 seconds. The Faraday collectors were set 

to detect the following isotopes simultaneously: 24Mg (Low3), 25Mg (Center) and 26Mg (High3). 

Sample solutions were introduced with a 0.1mL/min flow neblizer (Glass Expansion Micromist, 

Australia) in free aspiration mode attached to dual cyclonic/double Scott glass spray chamber. The 

results of all samples replicates agree within 100ppm (RSD).  

The isotopic data are reported as per mil (‰) deviations relative to seawater reference material 

IRMM BCR403 (Institute for Reference Materials and Measurements, Belgium). The definition of 

Mg isotope ratios is: 

δxMg = {(xMg/24Mg)sample/(xMg/24Mg)standard −1}×1000               (2) 

where x refers to either 25 or 26. The Mg solution reagent (Mg-1000, Cica-Reagent) was used for 

calibration to the seawater scale. I used modern seawater as reference material from the reasons 

described following. A small isotopic heterogeneity (±0.2‰/AMU) was detected in metal Mg 

standard reference material NIST SRM980 (Galy et al., 2003) and another metal Mg reference 

DSM3 showed no SI traceability. A homogeneity of Mg isotopic composition overall oceans had 

been reported (deVilliers et al., 2005; Tanimizu, 2008; Bolou-Bi et al., 2009). Seawater is suitable 

for Mg isotopic reference in aspects of availability and isotopic homogeneity under the assumption 
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that Mg is well isolated from matrix elements with high recovery yield (Tanimizu, 2008). The 

referenced studies that are reported as other scale like DSM3 and SRM980 were rescaled to seawater 

scale by the following equation; 

δxMgS-B = {(δxMgA-B × 10−3+ 1) /(δxMgX-A × 10−3+ 1) −1} ×103           (3) 

where S represents sample, and A and B represent different isotope standard materials, and x refers 

to either 25 or 26.  

Three-isotope systematic of Mg (mass numbers 24, 25, and 26 with relative abundance of 78.99, 

10.00, and 11.01%) describes clear difference in isotopic partitioning for mass-dependent and 

mass-independent isotope fractionation. These differences in partitioning are governed by the 

mass-dependent fractionation laws (Young and Galy, 2004). Giving a definition of a fractionation 

factor α is defined as: 

αa/b = (m2/m1)a / (m2/m1)b                           (4) 

where a and b refer to two different conditions, and m2 and m1 refer to the mass of two different 

isotopes (m2 > m1). The relationship among three Mg isotopes in isotope fractionations is: 

α25/24 = (α26/24)β                               (5) 

In the case of terrestrial samples, the exponent β ranged from 0.5110 to 0.5210 (Young et al., 2001b). 

All δ26Mg data are on the mass-dependent fractionation line, indicating that there is no significant 

spectral interference (Fig. 7). 

 

2.2.3 Minor and trace element concentrations 

Elemental concentrations of Mg, Ca, Sr, Ba and U were measured with a quadrupole ICP-MS 

(Hewlett Packard HP-4500) at AIST. Approximate 100 µg of carbonate samples were dissolved in 

HNO3. In order to control the instrumental drift and to improve the precision, internal standards (Sc 

and Y), were added to the solution before digestion by 2% HNO3. Additionally, standard solutions 

prepared from JCp-1, a coral standard material provided by geological survey of Japan (GSJ) were 

measured after every 5th sample for data correction. All element concentrations were given in molar 

ratio relative to Ca.  

 

 

3 Results 

3.1 Mg isotopic values 

3.1.1 Mg isotope values of seawater 

The Mg isotope ratios of seawater collected from various depth and locality were ranged 

between －0.09 and +0.04‰ (Table 2). All measured values were identical within analytical 

uncertainty. This isotopic homogeneity is consistent with previous works (deVilliers and Nelson, 

1999; deVilliers et al., 2005). These observations are consistent with the fact that the major seawater 
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constituent Mg, which has a quite long residence time of 13 million years in the oceans, are well 

stirred by the thermohaline circulation. This homogeneity of Mg isotope ratios enables to convert the 

values of previous works reported as other scales like SRM980 and DSM3 into seawater scales using 

a equation (3):  

δxMgS-B = {(δxMgA-B × 10−3+ 1) /(δxMgX-A × 10−3+ 1) −1} ×103           (3) 

where S, A and B represent sample, other reference material (SRM980 or DSM3) and seawater, 

respectively. 

 

3.1.2 Mg isotope values of biogenic carbonates 

The Mg isotope values obtained from hermatypic corals, deep-sea corals, and carbonate standard 

materials (JCp-1, JCt-1) are presented in Fig. 8 and Table 3 with previously reported values of 

branching hermatypic corals and foraminifera tests (Chang et al., 2004; Pogge von Strandmann, 

2008c).  

It was shown by several studies that heavier Mg isotopes are depleted in the solid phase relative 

to liquid phase (Galy et al., 2002; Chang et al., 2004; Buhl et al., 2007; Pogge von Strandmann, 

2008c). All Mg isotope values of biogenic CaCO3 also depleted in heavier Mg isotopes relative to 

seawater. Several biota fractionated Mg isotopes at different magnitude.  

The δ26Mg values of modern hermatypic corals ranged from −0.89 to -0.97‰ (Table 3). All data 

of branching and massive corals are consistent with the published values of branching hermatypic 

corals (Chang et al., 2004). The Holocene fossil specimen KKI08-01 also showed identical values to 

the modern specimens.  

Seven species of deep-sea coral had the δ26Mg values ranging from −2.65 to −2.30‰ (Table 3). 

Each three and two subsamples prepared from C. elatius (DPC-0812) and C. konjoi (DPC-1) were 

identical within analytical uncertainty, although Mg/Ca ratios were slightly differed among 

subsamples. This indicated that there was no intra-specimen heterogeneity exceeding analytical 

uncertainty. 

The δ26Mg values in deep-sea corals were positively correlated with ambient water temperatures 

(Fig. 9). The temperature dependence of Mg isotope fractionation factor α between seawater and 

deep-sea coral skeletons was represented as the following equation: 

1000*ln(α) = −2.68 (± 0.04) + 0.0157 (± 0.0030)*T (ºC)                (6) 

 

3.2 Minor and trace element concentrations 

The obtained minor and trace elemental concentrations of specimens were listed in Table 3. The 

Mg/Ca ratios of the deep-sea corals ranged from 73.75 to 137.40mmol/mol (Table 3). The 

relationship between temperature and Mg/Ca ratios in deep-sea corals is given in Fig. 10. The 

obtained Mg/Ca values clearly increased with increase of water temperature, showed clear positive 
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correlation with water temperatures. This increase in Mg/Ca ratios with increasing water temperature 

corresponds with published data of deep-sea corals (Weinbauer et al., 2000; Bond et al., 2005; 

Iwasaki 2008). The obtained regression equation of this study was very similar to the previously 

reported equation of C. rubrum (Weinbauer et al., 2000). This positive correlation between water 

temperature and Mg/Ca ratios is consistent with inorganically precipitated calcite and the other 

species of deep-sea coral and benthic foraminifera, which have the skeletal mineralogy of high-Mg 

calcite. In contrast to the Mg/Ca ratio, the Sr, Ba and U elemental concentrations of deep-sea corals 

showed no correlation with temperature.  

 

 

4 Discussion 

4.1 Isotopic fractionation mechanisms in CaCO3 

The results of this study and previous studies showed remarkable inter-taxon variability in δ26Mg. 

In order to discuss the difference of Mg isotope fractionation in biogenic skeletons, I enumerate the 

possible controlling factors from the previous works on biogenic and inorganic CaCO3.  

The elemental concentrations in CaCO3 have been used as a reliable paleo-thermometer 

(McCulloch et al., 1994; Felis et al., 2004). In general, substitutions of Mg for Ca in CaCO3 are 

governed by equilibrium-based thermodynamic partitioning or kinetically controlled inorganic 

partitioning (Kinsman and Holland, 1969; Gaetani and Cohen, 2006). Calcite, one of the CaCO3 

polymorph, is classified into low-Mg calcite and high-Mg calcite according to the Mg content. 

Low-Mg calcite can be precipitated only from solutions where its Mg/Ca ratios is <0.1; in contrast 

the Mg/Ca ratios of seawater is 5.14 (Mucci and Morse, 1983). Since the presence of Mg2+ in the 

fluid is known to inhibit crystal formation of calcite (Mucci and Morse, 1983; Davis et al, 2000; 

Zeebe and Sanyal, 2002), particular biota (e.g., brachiopods and planktonic foraminifera) are thought 

to make an effort to reduce the Mg/Ca ratios in calcifying solutions in order to have an advantage in 

calcification (Rosenheim et al., 2005).  

Because Mg is incorporated into CaCO3 by ion substitution of calcium, Mg isotopic 

fractionations are assumed to be governed by physicochemical processes that are common to Ca 

isotope fractionation. Strontium is another major-minor element of CaCO3, and its isotope 

fractionation of inorganic aragonite and hermatypic corals indicated the similarity of isotope 

fractionation mechanisms between Sr and Ca (Fietzke and Eisenhauer, 2006). According to the 

isotope fractionation model of calcium, there are several important factors controlling isotopic 

fractionation in CaCO3 precipitation. First of all, the isotope fractionation effects are greatly differed 

from the systematic in traditional isotopes like oxygen and carbon isotopes. The isotope fractionation 

of carbon and oxygen in CaCO3 is mainly controlled by the vibrational behavior of the C-O covalent 

bond (Urey, 1947; Sakai and Matsuhisa, 1996). Based on this property, oxygen isotope fractionation 
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shows a clear temperature dependence, and has been used for paleoenvironmental reconstruction as 

paleothermometer. (e.g., Epstein et al., 1953). In contrast, dominant bond character of cations such 

as Ca, Mg and Sr in CaCO3 is ionic. The behavior of ionic bond during isotopic fractionation is still 

controversial. The bond energy of the Ca-O bond in CaCO3 is four times weaker than that of the C-O 

bond and the covalent contribution to the bond energy is 20.6% (Reeder, 1983). Therefore, isotope 

fractionation coefficients between two polymorphs of CaCO3 (calcite and aragonite) are expected to 

be small (O’Neil, 1986). However, Gussone et al. (2003) observed a resolvable difference between 

calcite and aragonite, indicating that Ca isotope fractionation in biogenic and inorganic CaCO3 is 

influenced by the crystal lattice structure. Moreover, Gussone et al. (2005) suggested that the 

underlying mechanism for this offset between calcite and aragonite may be related to the different 

coordination numbers and bond strengths of the Ca ions, or to different Ca reaction behavior at the 

solid-liquid interface. Gussone et al. (2003) also suggested that the observed Ca isotope fractionation 

was controlled by a kinetic isotope effect. Their model explained that two different slopes of 

temperature dependence on Ca isotope fractionation observed in foraminifera species and inorganic 

calcite were caused by the existence or nonexistence of aquocomplexes for diffusive Ca in aqueous 

solution. On the other hand, Marriot et al. (2004) suggested Ca isotopes are fractionated at isotopic 

equilibrium condition. Lemarchand et al. (2004) suggested the precipitation rate of CaCO3 largely 

affect on isotope fractionation. In their model, heavy Ca isotopes dissolved in aqueous solution are 

incorporated into solid phase due to the expansion of ion exchange layer between solid CaCO3 and 

bulk aqueous solution. Several study suggest that a vital effect are remarkable during Ca uptake from 

seawater (e.g., Böhm et al., 2006). 

 

4.2 Mg isotope fractionation during biomineralization process 

It was shown by several studies that heavier Mg isotopes are depleted in the solid phase relative 

to seawater (Galy et al., 2002; Chang et al., 2004; Buhl et al., 2007; Pogge von Strandmann, 2008c). 

According to the Ca isotope fractionation, the difference of mineralogy, physicochemical conditions 

such as temperature and precipitation rate are expected to be major controlling factor of Mg isotope 

fractionation in biogenic and inorganic CaCO3. As to mineralogy, the difference of isotope 

fractionation between two CaCO3 polymorphs is possibly owing to the different coordination 

numbers and bond strengths, or to different reaction behavior at the solid-liquid interference 

(Gussone et al., 2005). With an increase of precipitation rates, unfractionated heavy isotopes are 

incorporated into solid phase (Lemarchand et al., 2004). This effect is explained by the expansion of 

the interface layer between the fluid and growing crystal. Thus, higher calcification rates cause less 

isotope fractionation between solution and crystal.  

Furthermore, the concentrations of two major “minor element”, Mg and Sr substituting for Ca 

into biogenic carbonate varied greatly among different taxon. In theory, distribution coefficients of 
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minor elements in calcium carbonates are strongly controlled by the lattice structure (Zeebe and 

Sanyal, 2002). Two polymorphs of CaCO3, calcite and aragonite, are hexagonal and orthorhombic 

system, respectively. Calcite preferentially incorporates small divalent cations like Mg, Fe and Mn, 

and aragonite incorporate larger cations like Sr, Pb and Ba. Typical concentrations of minor elements 

in inorganically precipitated calcite and aragonite are showed in Fig. 11 (Reeder, 1990). The Mg/Ca 

and Sr/Ca ratios of hermatypic corals and inorganic aragonite are reported to be within similar 

ranges (Fig. 11, Chang et al., 2004; Rosenheim et al., 2005). Erez et al. (2002) reported that 

scleractinian coral skeletons are grown in an aqueous solution whose composition is close to the 

seawater and the controlling factors during aragonite precipitation are close to inorganic process. 

The skeletons of deep-sea corals are composed of high-Mg calcite. The Mg/Ca of deep-sea corals 

ranged from 73 to 121mmol/mol. The distribution coefficient of Mg of deep-sea corals also showed 

similar values to inorganic calcite precipitated under equilibrium condition (Fig. 11, Mucci, 1987; 

Burton and Walter, 1991; Reeder, 1990; Dietzel et al., 2004). Moreover, the Mg/Ca ratios of the 

deep-sea corals are positively correlated with annual mean water temperature. This positive 

correlation between temperature and the DMg are commonly observed in inorganically/biogenically 

precipitated calcite and aragonite. The slope of temperature dependence of deep-sea corals is 

identically similar to inorganic calcite. From the results of Mg concentrations and the temperature 

dependence on Mg distribution, the calcification process of deep-sea corals is rather close to 

inorganic process than strong biologically mediated process.  

As to δ26Mg values, two genus of hermatypic corals (Acropora sp. and Porites sp.) showed 

δ26Mg values in the same range as previously published values of inorganically precipitated 

aragonite (Chang et al., 2004). Also, deep-sea corals exhibited same magnitude of isotope 

fractionation (-2.5‰) to the fractionation coefficient between the inorganically precipitated 

speleothem calcite and ground water (-2.7‰; Galy et al., 2002). Combined with the results of Mg/Ca 

ratios, the possible explanation for these observations is the presence of strong mineralogical control 

on Mg isotope fractionation. Even though the precipitation rates of both corals were much higher 

than natural inorganic precipitates, these corals had δ26Mg values equivalent to abiotic aragonite and 

calcite. This may indicates that the different coordination numbers and bond strengths or to different 

reaction behavior at the solid-liquid interface largely influenced on Mg isotope fractionation. For 

further understanding, more data are required on Mg isotope fractionation during both biogenic and 

inorganic calcification. 

Both scleractinian hermatypic corals and shells of giant clam (carbonate reference material 

JCt-1) are also composed of aragonite. These are both reef dweller, and their habitat environments 

are almost identical. Although the logarithm of calcification ratios, R [µmol/m2/h] of both genus are 

approximately 5 (Böhm et al., 2006; Watanabe et al., 2004), these two taxon showed large difference 

in δ26Mg values (Fig. 8). Giant clams showed 1.5‰ lighter values relative to hermatypic corals. 
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Moreover, Mg/Ca and Sr/Ca ratios of aragonitic bivalve shells are lower compared to hermatypic 

corals and inorganic aragonite (Fig. 12). The Mg/Ca and Sr/Ca ratios of giant clam (JCt-1) sample 

are one thirds and one fifths, respectively (Okai et al., 2004). In the case of planktonic foraminifera, 

shells are composed of low-Mg calcite. In contrast to the coral aragonite and high-Mg calcite, the 

biogenic discrimination are remarkable on Mg uptake during ion transport process from seawater to 

calcifying fluids. The correlation between δ26Mg values and Mg/Ca ratios indicated that foraminifera 

tests showed no-significant tendency between them in contrast to deep-sea corals (Fig. 12). The 

discrepancies between foraminifera and deep-sea corals may support the presence of large vital 

effect in foraminifera tests and the similarity of Mg isotope fractionations between deep-sea corals 

and speleothem calcite. Given the fact that both mineralogy and precipitation rates are not the cause 

of the differences between hermatypic corals and giant clam, most plausible explanation for the Mg 

isotope difference of biogenic carbonates is vital effects accompanied with active controls of 

chemical compositions of their calcifying fluids. As shown above, the giant clam and the 

foraminifera showed lower values in δ26Mg relative to hermatypic and deep-sea corals (Fig. 8). 

Low-Mg calcite of giant clam and foraminifera are thought to precipitate from the Mg-depleted 

calcifying fluids accomplished by the biotic controls (Mucci, 1987). Both of the biological 

fractionations observed in aragonite and calcite skeletons are enriched in the light Mg isotopes. 

Therefore, a large isotope fractionation may have been occurred during the Mg transport process 

from seawater to calcifying fluids.  

 

4.3 Temperature dependence of Mg isotope fractionation in Deep-sea coral 

The present study showed a clear negative temperature-dependence of Mg isotope fractionation 

(Fig. 9). The obtained regression equation for the deep-sea corals is: 

1000*ln(α) = −2.68 (± 0.04) + 0.0157 (± 0.0030)*T (ºC)                (6) 

The negative correlations between temperature and isotope fractionation of divalent cations have 

been demonstrated in Ca and Sr isotope fractionations of biotic and abiotic CaCO3 (e.g. Näglar et al., 

2000; Gussone et al., 2003; Böhm et al., 2006 Fietzke and Eisenhauer, 2006). A Recent model 

predicted that increase in temperature induces higher diffusivity of heavy isotopes and a decreases 

isotope fractionation (Tang et al., 2008b). Galy et al. (2002) showed a temperature dependence of 

isotope fractionations in speleothems precipitated from groundwater. The difference of δ26Mg 

between speleothems and drip waters was ~2.7‰ and the temperature dependence is less than 

0.02 ‰/AMU/ºC in the temperature range from 4 to 18ºC, resulting in ~0.0075‰/AMU/ºC in the 

temperature range from 20 to 30 ºC (Galy et al., 2002; Pogge von Strandmann, 2008c). The Mg 

isotope fractionation of speleothem was similar to that of deep-sea corals with respect to the degree 

of isotope fractionation and its temperature dependence. This implicated that Mg isotope 

fractionations of both speleothem and deep-sea corals were controlled by the common mechanisms.  
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Previous studies reported distinct slopes on temperature dependence of Ca and Sr isotope 

fractionation (Nägler et al., 2000; Gussone et al., 2003; Fietzke and Eisenhauer, 2006). The 

difference of the slopes can be interpreted as the presence of aquocomplexes with large hydration 

numbers. Taking into the account of relative mass difference of Mg isotopes and vibrational energy 

of Mg-O bond, the observed slope did not corresponded to the steeper slopes of Ca and Sr isotopes 

fractionation.  

On the other hand, in the case of planktonic foraminifera, there is no obvious temperature 

dependence on Mg isotope fractionation, however (Chang et al., 2004). A recent study using the 

high-precision Mg isotope measurements also showed no resolvable temperature dependence is 

observed (Pogge von Strandmann, 2008c). A numerical model study represents variations of 

temperature dependence on Ca isotope fractionation during inorganic calcite formation is varied 

according to the effect of precipitation rates (Tang et al, 2008b). The precipitation rate of planktonic 

foraminifera species is known to demonstrate rapid calcification that is 2 orders larger than that of 

deep-sea corals (Iwasaki, 2008). The difference of the precipitation rates may affect the temperature 

dependence of biogenic CaCO3.  

Deep-sea corals had weak but resolvable temperature dependence on Mg isotope fractionation. 

This temperature dependence suggests the possible availabilities of Mg isotopes in biogenic CaCO3 

as new paleotemperature proxy. This is potentially more robust to the short-term fractionations of 

seawater composition.  

 

 

5 Conclusions 

High precision Mg isotope analysis technique on modern and fossil biogenic CaCO3 was 

developed. Heavier Mg isotopes were depleted in biogenic skeletons relative to seawater. 

Hermatypic and deep-sea corals were lower in δ26Mg values by 1.0 and 2.5 ‰ compared with 

seawater, respectively. The results of δ26Mg values of hermatypic corals showed isotope 

fractionation coefficients were consistent with previously reported values. δ26Mg values of 

hermatypic and deep-sea corals showed similar values to the inorganically precipitated aragonite and 

calcite. δ26Mg values of giant clam was -2.58‰. Giant clam was more depleted in heavy isotopes 

relative to hermatypic corals. Taking elemental partitioning of Mg of giant clams into consideration, 

both mineralogy and precipitation rate is not the main factor controlling the large isotope 

fractionation of giant clam. Given the fact that their shells are precipitated from closed and 

biologically controlled systems as to Mg concentrations, the plausible explanation for this large 

isotope fractionation is vital effects during the Mg uptake from seawater into calcifying fluids. 

Moreover, clear temperature dependence of Mg isotope fractionation was observed in deep-sea 

corals. The obtained slope (0.0078‰/°C/AMU) is similar to that of the inorganically precipitated 
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calcite speleothem (Galy et al., 2002). The Mg concentrations and the relationship between Mg/Ca 

and temperature of deep-sea corals were also plotted on the same range and the regression line of 

inorganically precipitated calcite. These consistency between inorganic and deep-sea corals is 

possibly the result of strong mineralogical control on Mg isotope fractionation. The obtained 

temperature dependence of Mg isotope fractionation in biogenic CaCO3 implies Mg isotopes as new 

environmental proxy for water temperature.  
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Fig. 5 Map showing the approximate location of sampling point of the specimen. The circles 

indicate the sampling localities of hermatypic corals, the triangles are deep-sea corals, and the square 

is fossil giant clam.  
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Fig. 6 Photograph and schematic of cross section of the deep-sea coral Corallium elatius 

(DPC-0812-W and DPC-0812-R). The core part only showed white color. Right schematic shows 

cutting method of core part apart from the reddish outer part. The core part was crashed into 

sand-size with an agate mortar, then the whitish grains were only picked from among all grains as 

core part of samples.  
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Fig. 7 Three isotope plot of Mg isotopes expressed in δ-unit in the seawater scale. The solid line 

corresponds to the mass-dependent fractionation line.  
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Fig. 8 Range of measured δ26Mg values of biogenic CaCO3. Mg isotope values are expressed as per 

mil (‰) deviation from the isotope composition of seawater reference material, BCR-403. 
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Fig. 9 Temperature dependence of Mg isotope fractionation of deep-sea corals. The dashed line 

denotes the regression equation: 1000*ln(α) = −2.68 (± 0.04) + 0.0157 (± 0.0030)*T (ºC). Dotted 

line represents that of inorganically precipitated calcite (Galy et al., 2002). 
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Fig. 10 Comparison of Mg/Ca-temperature in deep-sea corals and inorganic calcite. The obtained 

regression of this study was very similar to the previously reported equation of C. rubrum 

(Weinbauer et al., 2000).  
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Fig. 11 The correlation between Mg/Ca and Sr/Ca ratios of the specimens of this study compared to 

biogenic and inorganic CaCO3. The schematic plot is modified from Rosenheim et al. (2005). The 

circles, square and triangles represent the values of hermatypic corals, giant clam and deep-sea 

corals, respectively. The values of organisms are taken from Carpenter and Lohmann (1992) and 

Rosenheim et al. (2005). The boxes represents equilibrium values of inorganic calcite and aragonite 

taken from Reeder (1990).  
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Fig. 12 The correlation between δ26Mg values and Mg/Ca ratios of biogenic calcite and aragonite. 

The crosses represent the data of foraminifera from Pogge von Strandmann (2008c). Note that the 

original data of Pogge von Strandmann (2008c) have been converted to δ26Mg relative to seawater. 
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Table 1 Sample locality and environmental information.  
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Table 2 Results of Mg isotope ratios of seawater samples. The 2σ is gained from triplicate repeats of 

each sample.  
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Table 3 Results of Mg isotope ratios and the concentrations of minor and trace elements. The 2σ is 

gained from triplicate repeats of each sample. 
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