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Abstract
Stable carbon and oxygen isotope measurements of biogenic carbonate provide information for reconstructing past oceanic environments. In particular, 18O/16O ratios correlate with the temperature and salinity of seawater and 13C/12C is a proxy for dissolved inorganic carbon in seawater and symbiont photosynthesis. Here, we report 13C/12C and 18O/16O values for skeletons of corals (genus Porites) with various growth rates. In faster-growing corals, 13C/12C and 18O/16O showed out-of-phase annual fluctuations. In slower-growing corals, the isotopes fluctuated in phase. We developed a simple vector notation to show two patterns of 13C/12C annual fluctuation, each with a different offset in relation to 18O/16O annual fluctuation. The phase offset between 13C/12C and 18O/16O annual fluctuations depends on the relative intensities of kinetic isotope effects on calcification and metabolic isotope effects such as photosynthesis. This model might improve our ability to infer past climate and oceanographic conditions from coral skeletons.
Introduction
Carbon (δ13C) and oxygen (δ18O) isotope ratios of biogenic carbonate are widely measured and discussed as environmental proxies. Biogenic carbonate contains less of the heavy isotopes such as 18O and 13C than expected for isotopic equilibrium with ambient seawater. The fractionation processes give paleoenvironmental information. In biogenic carbonate, δ18O is known to be controlled mainly by seawater temperature and δ18O of seawater, which in turn is correlated with salinity (Epstein et al 1953, Cole et al 1993). In some oceanic settings, annual fluctuations of δ18O in coral skeletons relate to seawater temperature, with δ18O depletion associated with higher temperatures (Weber and Woodhead 1972, Gagan et al 1994). In oceanic settings with little temperature variation, δ18O in coral skeletons can vary with salinity and the hydrological cycle (Fairbanks et al., 1997). In contrast, interpretation of the δ13C record in coral skeletons is more problematic (Swart et al 1996, Leder et al 1996). In many locations δ13C shows an annual cyclic fluctuation, which has been interpreted in two ways: (1) One hypothesis is that the coral’s algal symbiont preferentially takes up the light carbon isotope during photosynthesis, leading to heavy isotope (13C) enrichment of the internal dissolved inorganic carbon pool of corals (Fairbanks and Dodge 1979, McConnaughey 1989a, Weber et al 1976). During the warmer summer, a period of active photosynthesis, δ13C maxima and δ18O minima in coral skeletons would therefore occur together at locations where the seasonal coral δ18O cycle is temperature controlled. (2) Alternatively, CO2 depleted in 13C may be incorporated into the skeletons during periods of active photosynthesis (Erez, 1978). Swart et al. (1996) documented that cyclic fluctuations of δ13C and δ18O in the common massive coral, Montastarea annularis, are in phase, indicating that δ13C is inversely correlated with more active photosynthesis. They concluded that the data support the second hypothesis. Although most studies support the first hypothesis (Grottoli, 1999), the factors controlling variation in δ13C are still debated. Because the “kinetic isotope effects” sometimes superimpose on the effect of photosynthesis (McConnaughey 1989a, McConnaughey 1989b), it is difficult to estimate how photosynthetic activity, the “metabolic isotope effects,” controls δ13C variations. In this study, we focused on correlations and phase offsets between annual variation in δ13C and δ18O in coral skeletons of Porites spp., which has been investigated widely to establish the coral-based paleoclimatology of the Indo-Pacific region. This was achieved through examination of the isotopic variations in a set of coral cores with different growth rates.
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Methods
Initially, we collected 82 coral core samples from 12 sites on Sekisei Reef in the Ryukyu Islands, Japan, between October 8 and November 8, 2000 (study area, 25 × 20 km; approx. latitude 24°20′N, longitude 124°00′E; Fig. 1). The cores, 2.4 cm in diameter, were collected from eight different Porites colonies (Table 1) by drilling vertically into the top of each colony with a custom-made underwater microboring machine (Okamoto et al., 2001). Then, we selected eight core samples with different
Results
Oxygen isotope measurements along major growth axes of the coral skeletons showed that cyclic fluctuations corresponded to seasonal changes in SST (Fig. 3a) with seasonally higher SSTs associated with more depleted δ18O. The mean of all regressions between δ18O and SST is expressed as follows: 
The value of the slope (0.15‰/°C) is between that obtained by Suzuki et al. (1999) (0.165‰/°C) and that reported by Mitsuguchi et al. (1996) (0.134‰/°C), who
Kinetic and Metabolic Isotope Effect in Coral Skeleton
The data imply another controlling factor in addition to metabolic processes. McConnaughey (1989a,b) pointed out the importance of kinetic isotope effects, which accompany calcification, in controlling δ13C and δ18O in coral. He showed that strong kinetic isotope effects lead to simultaneous depletion of both δ13C and δ18O, in a proportion of ∼3:1, from isotopic equilibrium in the δ13C–δ18O plane (Fig. 4). On the other hand, metabolic isotope effects cause δ13C variation only; photosynthesis
Conclusion
Carbon and oxygen isotopes in biogenic carbonate are depleted relative to isotopic equilibrium as a result of equilibrium processes such as temperature and disequilibrium processes of kinetic and metabolic isotope effects. This separate estimation of metabolic and kinetic isotope effects, the complexities of which confuse the interpretation of carbon and oxygen isotope data from biogenic carbonates, is important for reconstructing biologic and environmental history. In our study, the carbon
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