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Abstract (192 words) 17 
To assess the preservation of the nitrogen isotope composition in reef corals, nitrogen isotopes in a 18 
well-preserved Pliocene fossil coral (located in the Tartaro formation on Luzon Island, Philippines 19 
(14°N, 121°E)) and in a modern coral (Kochi, Japan (32°N, 132°E)) were analysed using stepwise 20 
heating methods. The thermal decomposition of aragonite triggered the largest release of nitrogen 21 
at 700 ℃ for the modern coral and 550 ℃ for the Pliocene coral. The highest rate of nitrogen gas 22 
emission occurred at the aragonite collapse temperature, indicating that organic nitrogen was 23 
bound within the intra-crystals of coralline aragonites in both corals. After the aragonite collapsed 24 
in both corals, the nitrogen isotope ratios increased due to fractionation and then decreased to 25 
values similar to those observed in bulk samples of the modern (+10.1%) and Pliocene (+4.4%) 26 
corals. These results suggested that fresh organic nitrogen was released due to the decomposition 27 
of the internal skeletal structure at higher temperatures (900-1000℃). Nitrogen isotopes in coral 28 
skeletons were preserved in intra-crystal aragonite, even in a Pliocene fossil, and stepwise heating 29 
methods were shown to be useful for determining the preservation of coralline nitrogen isotopes. 30 
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1. Introduction 33 

The nutrient cycle in surface oceans regulates primary production, which influences the carbon 34 

dioxide concentration in the atmosphere. Global warming and cooling have occurred repeatedly 35 

over geological time scales and are often accompanied by nutrient concentration changes, 36 

especially in the polar and tropical oceans (Sigman and Boyle, 2000). Understanding nutrient 37 

circulation changes over geological time scales is useful for predicting future environmental 38 

changes. The nitrogen isotope proxy in coral skeletons (δ15Ncoral) may be applied to fossil corals 39 

for the reconstruction of palaeo-nitrogen cycles. Modern and fossil coral skeletons have been used 40 

as high-resolution recorders of surface ocean environments at low latitudes (e.g., Gagan et al., 41 

2000, Correge, 2006, Watanabe et al., 2011). The modern δ15Ncoral is a record of the 42 

high-resolution dynamics of nitrogenous nutrients in surface oceans (Yamazaki et al., 2011a, b). 43 

According to the fossil records, corals belonging to the Anthozoa class originated in the 44 

Palaeozoic era (Scrutton, 1997), and scleractinian corals appeared in the middle of the Triassic 45 

period (~237 Ma) (Stanley and Fautin, 2001). Muscatine et al. (2005) showed that the nitrogen 46 

isotope composition in Triassic coral skeletons is similar to that of modern symbiotic coral 47 

skeletons. The authors suggested that Triassic corals possessed symbiotic algae and preserved the 48 

nitrogen isotope composition in their intra-crystal skeletons. However, few studies have explored 49 

the application of nitrogen isotope proxy records in fossil corals over long periods of time because 50 

methods that can be used to confirm that organic nitrogen was preserved in intra-crystal coralline 51 

aragonites have not yet been developed, even in fossils. In the present study, the preservation of 52 

the nitrogen isotope composition in modern and fossil corals was examined using stepwise heating 53 

analysis. Stepwise heating methods have been used in the analysis of noble gases and nitrogen in 54 

rock samples (e.g., Reynolds et al., 1970; Sano and Pillinger, 1990). This technique has been 55 



applied to nitrogen isotopes of modern coral by Uchida et al. (2008) to detect trace nitrogen in 56 

coral skeletons. We divided the heating process into seven steps (200℃ to 1000℃) to determine 57 

the aragonite collapse temperature and the nitrogen isotope ratios preserved in extra- and 58 

intra-crystalline aragonite. We used well-preserved Pliocene fossil corals (3.5-3.8 Ma) collected 59 

from Luzon Island, Philippines, which is located in the western Pacific warm pool. In the middle 60 

of the Pliocene epoch, the annual mean temperature was 2-4℃ warmer than that under 61 

preindustrial conditions (Haywood and Valdes, 2004, Haywood et al., 2009, Brierley et al., 2009). 62 

Pliocene coral specimens may contain nutrient circulation data in tropical warm pools under 63 

global-warming-like conditions.  64 

 65 

2. Methods 66 

2.1. Modern coral specimen 67 

To decrypt the δ15Ncoral pattern of the Pliocene coral, we compared it with modern δ15Ncoral in a 68 

living Porites coral skeleton from Tatsukushi Bay, Kochi, Japan (32°N, 132°E). We measured 69 

modern coral skeletons using the chemical conversion methods described by Yamazaki et al. 70 

(2011a) to validate the bulk δ15Ncoral values of modern coral skeletons. A rectangular coral 71 

skeleton (10×40×7 mm) containing 5 annual bands was cut from the coral colony and powdered 72 

using an agate mill to obtain a heterogeneous powder. To remove any organic materials attached 73 

to the outer crystals, the coral powder was placed in polypropylene tubes, soaked in NaOH (2 N) 74 

and placed inside a dry bath (60℃). Treatment times of 0, 0.5, 1, 2, 3, and 5 hours were tailored to 75 

capture intra-crystalline nitrogen. During the treatment process, NaOH and coral powder were 76 

mixed once every hour using the tube mixer. At each treatment step, the nitrogen isotope content 77 

was determined in 5 samples, and those that exhibited a poor recovery rate during the chemical 78 



conversion process were excluded from further analysis. The δ15Ncoral and total nitrogen content 79 

varied widely, especially when the samples were not cleaned (Fig. 1). After 5 hours of cleaning, 80 

the average δ15Ncoral value in the modern coral was +9.1±1.5 (2σ)%, and the average total nitrogen 81 

content was 63±43 (2σ) ppm. The range (2σ) of δ15Ncoral and the total nitrogen values were 82 

generally in accordance after 1 hour and in subsequent steps. The heterogeneity of nitrogen 83 

released at every cleaning step was attributed to the spatial distribution of nitrogen components, 84 

the seasonal variability of δ15Ncoral and of the total nitrogen (Yamazaki et al., 2011b) content and 85 

differences in the nitrogen recovery rates throughout the chemical conversion process.  86 

2.2. Fossil coral specimen 87 

Porites specimens were excavated from the Tartaro formation located on Luzon Island, 88 

Philippines (14°N, 121°E). A previous study on the nanofossil assemblages showed that the age of 89 

the fossils was approximately 3.5-3.8 million years old (Watanabe et al., 2011). The 90 

well-preserved fossil coral was selected by conducting a diagenetic alteration test using X-ray 91 

radiography, X-ray diffraction analysis, microanalysis of thin sections via high-energy 92 

synchrotron X-ray diffraction, scanning electronic microscopy observations, and optical 93 

microscopy observations (Watanabe et al., 2011). Oxygen isotopes (δ18O) were preserved without 94 

diagenetic alteration from aragonite to calcite. We used a fossil coral without diagenetic 95 

alterations to determine the intra-crystalline nitrogen content using stepwise heating methods. 96 

2.3. Stepwise heating methods   97 

Cubic samples of modern and fossil corals were obtained from each colony, cleaned using milli-Q 98 

water in an ultrasonic bath for 20 minutes and dried in an oven (40℃) for 2 days. Rectangular 99 

samples 5×3×3 mm in size, which captured approximately 1 year of calcification, were used to 100 

adjust the estimated quantity of nitrogen to the mass spectrometer. The sample weights of modern 101 



and fossil corals were 17.89 and 17.93 mg, respectively. Each cubic sample was loaded into a 102 

double-walled quartz glass tube and placed overnight in a furnace equipped with a resistance wire 103 

under vacuum. A solid cube sample was used to reduce blank effects. Each sample was heated 104 

stepwise to temperatures of 200, 450, 550, 700, 800, 900, and 1000 ℃ over 4 days (2 steps/day). 105 

After the sample was heated for 90 minutes at each step, the nitrogen and argon gases released 106 

from the samples were directed to a purification vacuum line designed to measure molecular 107 

nitrogen at the sub-nanomole level (Takahata et al., 1998). The procedure used for the purification 108 

of nitrogen gas is shown in Fig. 2. Carbon dioxide (CO2) and water (H2O) were trapped using 109 

liquid nitrogen (cold trap 1). Carbon monoxide, hydrocarbons, and hydrogen were then oxidised to 110 

CO2 and H2O using pure oxygen produced by a copper oxide finger heated to 850℃ and a 111 

platinum foil catalyst heated to 1000℃. To resorb excess oxygen, the copper oxide furnace was 112 

cooled to 600℃ and finally to 450℃. In this deoxidised state and in the presence of the platinum 113 

foil catalyst, nitrogen oxide gas was deoxidised to nitrogen gas (N2). CO2 and H2O were adsorbed 114 

in cold trap 2 during the cooling of the copper oxide finger. A quadrupole mass spectrometer 115 

(QMS; HAL201, Hiden Analytical) was used to determine the sample size introduced to the mass 116 

spectrometer. The dilution process was repeated to obtain the proper sample volume. To detect the 117 

isotopes of trace nitrogen gas at the sub-nanomole level, we used the high-sensitivity static 118 

vacuum mass spectrometer (a modified VG3600, VG Micromass Ltd.) at the Atmosphere and 119 

Ocean Research Institute at the University of Tokyo. Nitrogen gas calibrated to nitrogen in air 120 

(δ15N=0%) was analysed before and after each sample. Repeated analysis of the standard over the 121 

course of 20 days showed that the overall reproducibility was 0.25% (Takahata et al., 1998). After 122 

the most recent sample was evaluated at 1000℃, blank analyses were performed at 450℃ and 123 

1000℃ to estimate the background noise. 124 



 125 

3. Results and Discussion 126 

During the stepwise heating of the modern coral (Fig. 3a), the nitrogen concentration released 127 

from 200 ℃ to 550 ℃ was negligible (less than 1 ppm, where ppm is the parts per million of 128 

calcium carbonate). The nitrogen concentration was 41 ppm at 700 ℃, 27 ppm at 800 ℃, 26 ppm 129 

at 900 ℃, and 5 ppm at 1000 ℃. The total nitrogen concentration in the modern coral skeleton 130 

was 98 ppm. The δ15Ncoral ratios in the modern coral were +5.3% at 700 ℃, +11.4% at 800 ℃, 131 

+15.9% at 900 ℃, and +11.4% at 1000 ℃. The nitrogen/argon ratios (N2/Ar) in the isotope 132 

analysis of the modern coral were 6980 at 700 ℃, 6771 at 800 ℃, 7563 at 900 ℃, and 1385 at 133 

1000 ℃, indicating that the effects of air contamination (N2/Ar: 83) were negligible. The bulk 134 

δ15Ncoral ratio in the modern coral, which was calculated using the expression shown below, was 135 

+10.1±0.9 (2σ)%. 136 

 137 

δ15Nbulk = Σ(fi・δ15Ni) 138 

where f is the fraction and i is the heating temperature step. 139 

 140 

The modern bulk δ15Ncoral and total nitrogen content analysed by stepwise heating corresponded to 141 

the values measured by chemical conversion methods (+9.1±1.5%, 63±43 ppm). 142 

The nitrogen released from the Pliocene coral skeleton (Fig. 3b) was less than 1 ppm at 200 ℃. At 143 

the 450 ℃ step, only a small amount of nitrogen was released (5 ppm). Subsequently, the 144 

concentration of nitrogen was 21 ppm at 550 ℃, 14 ppm at 700 ℃, 9 ppm at 800 ℃, 7 ppm at 145 

900 ℃, and 18 ppm at 1000 ℃. The δ15Ncoral ratios of the Pliocene coral were -0.5% at 450 ℃, 146 

-0.7% at 550 ℃, +2.9% at 700 ℃, +14% at 800 ℃, +6.9% at 900 ℃, and +5.9% at 1000 ℃. The 147 



nitrogen/argon ratios (N2/Ar) in the isotope analysis of the Pliocene coral were 3389 at 550 ℃, 148 

4554 at 700 ℃, 3407 at 800 ℃, 7461 at 900 ℃, and 4880 at 1000 ℃, indicating that the effects of 149 

air contamination were negligible. The total nitrogen content in the Pliocene coral (69 ppm) was in 150 

agreement with the nitrogen content of modern corals (50-150 ppm: Marion et al., 2005; 151 

Yamazaki et al., 2011a, b; this study). The bulk δ15Ncoral ratio in the Pliocene coral was +4.4±0.8 152 

(2σ)%. The Pliocene δ15Ncoral was similar to the modern δ15Nnitrate in the surface water of the 153 

tropical western Pacific (+3.6-+4.4%: Liu et al., 1996) and to the modern tropical δ15Ncoral 154 

(+2.5-+6.5%: Muscatine et al., 2005; Marion et al., 2005; Uchida et al., 2008; Yamazaki et al., 155 

2011b). In the present study, the modern δ15Ncoral in Tatsukushi Bay was +5% higher than that of 156 

the Pliocene corals due to the latitudinal distribution of δ15Nnitrate. Yamazaki et al. (2011b) 157 

suggested that δ15Ncoral values in low latitudes (tropical to subtropical) decreased due to N2 158 

fixation (δ15N; -2-0%).  159 

Cuif et al. (2004) reported that the thermal decomposition of coral aragonite begins to accelerate at 160 

550 ℃, which is supported by the fact that aragonite collapse triggered the maximum nitrogen 161 

release from the modern coral at 700 ℃ and from the Pliocene coral at 550 ℃. The fossil coral 162 

was more brittle than the modern coral. After the collapse of aragonite, the δ15Ncoral values of the 163 

modern and Pliocene corals increased during the first three heating steps; however, at higher 164 

temperatures (900-1000 ℃), the δ15Ncoral values suddenly decreased and became similar to the 165 

bulk nitrogen isotope values. To examine kinetic fractionation effects during the release of 166 

nitrogen, a simple test can be performed. Namely, a plot of δ15Ncoral ratios remaining in the sample 167 

versus the amount of nitrogen remaining in the sample can be created using Rayleigh’s law (Fig. 168 

4., e.g., Boyd et al., 1993).  169 

 170 



ln R = ln Ro + (1/α-1) ln f, 171 

 172 

where R is the isotopic ratio (14N/15N) of nitrogen remaining in the sample (ln [14N/15N]AIR = 173 

5.609), Ro is the original isotopic composition of nitrogen in the sample, f is the fraction of 174 

nitrogen remaining in the sample, and α is the fractionation factor. The relationship between the 175 

δ15Ncoral values and the corresponding quantities of released nitrogen was linear. At higher 176 

temperatures, the δ15Ncoral results departed from the theoretical values expected for a Rayleigh 177 

distillation. At the three lower temperatures of aragonite collapse, the isotope fractionation factors 178 

(α) were 0.996 (R2=0.974) for the modern coral and 0.995 (R2=0.996) for the Pliocene coral. The 179 

internal skeletal structure collapsed during the high-temperature steps, which may have released 180 

fresh organic nitrogen, thus yielding lower nitrogen isotope ratios.  181 

The organic matrix in the coral skeletons may play a major role in the crystal nucleation process 182 

and in the micro- and macro-regulation of the crystal morphology in the biomineralisation process 183 

(reviewed by Cohen et al., 2003; Allemand et al., 2004; and Tambutte et al., 2011). Early in the 184 

calcification process, corals form centres of calcification (COCs). Subsequently, fibre-like 185 

aragonite surrounds the COCs (Pratz, 1882, Cuif and Dauphin, 1998). Geochemical analysis of the 186 

COCs indicated high concentrations of sulphur-bearing organic molecules (amino acids and 187 

sugars) and magnesium, which are more likely to fractionate in COCs than in fibres. Therefore, 188 

the organic matrix should be preserved in the inner skeletal structures that collapsed at higher 189 

temperature steps (900℃-1000℃). In the Pliocene coral, the nitrogen fraction at the 1000℃ step 190 

was greater than that at the (900℃) previous step. This result suggests that nitrogen had been 191 

firmly preserved in the aragonite skeleton of the Porites coral since the Pliocene epoch. 192 



Although more data are required, these results suggest that nitrogen in coral skeletons can 193 

withstand digenesis over long geological time scales. In future work, the time series of δ15Ncoral 194 

can be used as a proxy for nitrogen dynamics in palaeo-oceans. Our study showed that stepwise 195 

heating methods can effectively demonstrate the preservation of δ15Ncoral in modern and fossil 196 

corals. 197 

 198 

Acknowledgements 199 

Stepwise heating analyses were performed with assistance from Yurie Aiba. We appreciate the 200 

helpful comments from two anonymous reviewers and Prof. Uwe Brand, the Editor-in-Chief of 201 

Chemical Geology. The modern and Pliocene coral sample repository is located at the Coral Core 202 

Centre, Hokkaido University, Japan. This research was funded by a JSPS Research Fellows grant 203 

and the Joint Research Centre in the Atmosphere and Ocean Research Institute, the University of 204 

Tokyo. 205 

 206 

References 207 

Allemand, D., Ferrier-Pagès, C., Furla, P., Houlbrèque, F., Puverel, S., Reynaud, S., Tambutté, E., 208 
Tambutté, S., Zoccola, D., 2004. Biomineralisation in reef-building corals: from molecular 209 
mechanisms to environmental control. C. R. Palevol 3, 453–467. 210 

Boyd, S.R., Hall, A., Pillinger, C.T., 1993. The measurement of δ15N in crustal rocks by static 211 
vacuum mass spectrometry: Application to the origin of the ammonium in the Cornubian 212 
batholith, southwest England. Geochimica et Cosmochimica Acta, 57(6): 1339-1347. 213 

Brierley, C.M., Fedorov, A.V., Liu, Z., Herbert, T. D., Lawrence, K. T., LaRiviere, J. P., 2009. 214 
Greatly expanded tropical warm pool and weakened Hadley circulation in the early 215 
Pliocene. Science, 323: 1714-1718. 216 

Cohen, A.L., McConnaughey, T.A., 2003. Geochemical Perspectives on Coral Mineralization. 217 
Reviews in Mineralogy and Geochemistry, 54(1): 151-187. 218 



Correge, T., 2006. Sea surface temperature and salinity reconstruction from coral geochemical 219 
tracers. Palaeogeography, Palaeoclimatology, Palaeoecology, 232(2-4): 408-428. 220 

Cuif, J. P., Dauphin, Y., 1998. Microstructural and physico-chemical characterization of ‘centers 221 
of calcification’ in septa of some Recent scleractinian corals. Paläontologische Zeitschrift, 222 
72(3): 257-269. 223 

Cuif, J.P., Dauphin, Y., Berthet, P., Jegoudez, J., 2004. Associated water and organic compounds 224 
in coral skeletons: Quantitative thermogravimetry coupled to infrared absorption 225 
spectrometry. Geochemistry, Geophysics, Geosystems, 5(11): Q11011. 226 

Gagan, M.K., Ayliffe, L.K., Beck, J.W., Cole, J.E., Druffel, E.R.M., Dunbar, R.B., Schrag, D.P., 227 
2000. New views of tropical paleoclimates from corals. Quaternary Science Reviews, 228 
19(1-5): 45-64. 229 

Haywood, A.M. and Valdes, P.J., 2004. Modeling Pliocene warmth: Contribution of atmosphere, 230 
oceans and cryosphere. Earth and Planetary Science Letters 218: 363–377. 231 

Haywood, A.M., Chandler, M.A., Valdes, P.J., Salzmann, U., Lunt, D.J., Dowsett, H.J., 2009. 232 
Comparison of mid-Pliocene climate predictions produced by the HadAM3 and GCMAM3 233 
general circulation models. Global and Planetary Change, 66: 208-224. 234 

Liu, K.K., Su, M.J., Hsueh, C.R., Gong, G.C., 1996. The nitrogen isotopic composition of nitrate 235 
in the Kuroshio Water northeast of Taiwan: evidence for nitrogen fixation as a source of 236 
isotopically light nitrate. Marine Chemistry, 54(3-4): 273-292. 237 

Marion, G., Dunbar, R., Mucciarone, D., Kremer, J., Lansing, J., Arthawiguna, A., 2005. Coral 238 
skeletal δ15N reveals isotopic traces of an agricultural revolution. Marine Pollution Bulletin, 239 
50(9): 931-944. 240 

Muscatine, L., Goiran, C., Land, L., Jaubert, J., Cuif, J.P., Allemand, D., 2005. Stable isotopes 241 
(δ13C and δ15N) of organic matrix from coral skeleton. Proceedings of the National 242 
Academy of Sciences, 102(5): 1525-1530. 243 

Pratz, E., 1882. Ober die verwandtschaftlichen Beziehungen einiger Korallengattungen. 244 
Palaeontographica 29: 81-123, Stuttgart.  245 

Reynolds, J.H., Hohenberg, C.M., Lewis, R.S., Davis, P.K., Kaiser, W.A., 1970. Isotopic Analysis 246 
of Rare Gases from Stepwise Heating of Lunar Fines and Rocks. Science, 167(3918): 247 
545-548. 248 

Sano, Y. and Pillinger, C.T., 1990. Nitrogen isotopes and N2/Ar ratios in cherts; An attempt to 249 
measure time evolution of atmospheric δ15N value. Geochemical Journal, 24: 315-325. 250 

Scrutton, C.T., 1997. The Palaeozoic corals, I: origins and relationships. Proceedings of the 251 
Yorkshire Geological and Polytechnic Society, 51(3): 177-208. 252 



Sigman, D.M., Boyle, E.A., 2000. Glacial/interglacial variations in atmospheric carbon dioxide. 253 
Nature, 407(6806): 859-869. 254 

Stanley, G.D., Fautin, D.G., 2001. The Origins of Modern Corals. Science, 291(5510): 1913-1914. 255 
Takahata, N., Nishio, Y., Yoshida, N., Sano, Y., 1998. Precise Isotopic Measurements of Nitrogen 256 

at the Sub-Nanomole Level. Analytical Sciences, 14(3): 485-491. 257 
Tambutte, S., Holcomb, M., Ferrier-Pages, C., Reynaud, S., Tambutte, E., Zoccola, D., Allemand, 258 

D., 2011. Coral biomineralization: From the gene to the environment. Journal of 259 
Experimental Marine Biology and Ecology, 408(1-2): 58-78. 260 

Uchida, A., Nishizawa, M., Shirai, K., Iijima, H., Kayanne, H., Takahata, N., Sano, Y., 2008. 261 
High sensitivity measurements of nitrogen isotopic ratios in coral skeletons from Palau, 262 
western Pacific: Temporal resolution and seasonal variation of nitrogen sources. 263 
Geochemical Journal, 42(3): 255-262. 264 

Watanabe, T., Suzuki, A., Minobe, S., Kawashima, T., Kameo, K., Minoshima, K., Aguilar, Y. M., 265 
Wani, R. Kawahata, H., Sowa, K., Nagai, T. Kase, T., 2011. Permanent El Niño during the 266 
Pliocene warm period not supported by coral evidence. Nature, 471(7337): 209-211. 267 

Yamazaki, A., Watanabe, T., Tsunogai, U., 2011. Nitrogen isotopes of organic nitrogen in reef 268 
coral skeletons as a proxy of tropical nutrient dynamics. Geophysical Research Letters, 269 
38(19): L19605. 270 

Yamazaki, A., Watanabe, T., Ogawa, N.O., Ohkouchi, N., Shirai, K., Toratani, M., Uematsu, M., 271 
2011. Seasonal variations in the nitrogen isotope composition of Okinotori coral in the 272 
tropical western Pacific: A new proxy for marine nitrate dynamics. Journal of Geophysical 273 
Research, 116(G4): G04005. 274 

 275 

Figure captions 276 
Fig. 1 The (a) δ15Ncoral and (b) total nitrogen content in a modern coral analysed by the chemical 277 
conversion methods reported by Yamazaki et al. (2011a). To analyse the nitrogen released by 278 
intra-crystalline organic matter, the modern coral powder was soaked in hot NaOH (60℃, 2 N) 279 
before cleaning (for 0, 0.5, 1, 2, 3, and 5 hours). The number in parentheses is the number of 280 
samples at each step. The error bar shows the uncertainty (2σ) at each cleaning time.  281 
 282 
Fig. 2 Diagram of the nitrogen purification procedure used for nitrogen isotope analysis, which 283 
was performed using a modified noble gas mass spectrometer (VG3600) 284 
 285 
Fig. 3 Nitrogen isotopes (line, right axis) and released nitrogen gas (bar, left axis) at each heating 286 
step. The nitrogen isotope values (●) and corresponding uncertainty (σ=√(σ2

standard + σ2
sample)) are 287 



plotted. (a) Living modern coral collected from Tatsukushi Bay, Kochi, Japan. (b) Pliocene fossil 288 
coral excavated from the Tartaro formation (3.5 Ma) located on Luzon Island, Philippines. 289 
Aragonite collapse temperatures (inside grey shading) were determined based on the maximum 290 
total nitrogen concentration. The dotted lines indicate the bulk nitrogen isotope values, which were 291 
calculated as δ15N bulk = Σ(fi・δ15Ni) [f: fraction, i: heating temperature step] 292 
 293 
Fig. 4 Calibration lines for the kinetic fractionation of nitrogen isotopes during sample heating. R 294 
is the isotopic ratio (14N/15N) of nitrogen remaining in the sample (ln [14N/15N]AIR = 5.609), and f 295 
is the fraction of nitrogen remaining in the sample. The fractionation factors (α) were 0.996 296 
(R2=0.974) for the modern coral (▲) and 0.995 (R2=0.996) for the Pliocene coral (●) and were 297 
calculated from values obtained in the lower three temperatures of aragonite collapse. The 298 
fractionation lines of nitrogen isotopes for the modern (△) and fossil (○) corals diverged at high 299 
temperatures. 300 
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