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Abstract

Despite being routinely measured with δ
18

O in corals, records of δ
13

C are seldom

presented in paleoceanographic studies. Numerous factors influence the biologically-

mediated fractionation of carbon isotopes during skeletogenesis, resulting in a complex

behaviour of this tracer. Here we present a long coral δ
13

C series, dating back to 1475,5

and showing the potential impact of solar activity. We note a significant decrease of

δ
13

C during the Spörer and Maunder minima. We argue for a change in metabolical

processes, from an autotrophical pattern to a more heterotrophical mode of feeding

guided by change in sun irradiation. In addition, nearby volcanic eruptions might also

have an impact and cause δ
13

C shifts, depending on the dust load associated with the10

eruption. Following previous work, we advocate the systematic presentation of δ
13

C

vs. δ
18

O plots in coral studies to identify whether isotopic fractionation might have

been affected by change in mode of feeding.

1 Introduction

Aragonite deposited by hermatypic corals is usually depleted in
13

C relative to ambient15

seawater as a result of kinetic and metabolic fractionation (Kieth and Weber 1965).

Despite numerous field and laboratory investigations over the years, variations of coral

δ
13

C is still difficult to interpret, chiefly because it is influenced by complex physiological

and environmental parameters. Photosynthetic activity of zooxanthellae and respira-

tion (Swart 1983; McConnaughey 1989), level of zooplankton availability (Reynaud-20

Vaganay et al., 2001; Grottoli 2002), insolation (Swart et al., 1996), cloud cover (Fair-

banks and Dodge, 1979), spawning (Gagan et al., 1994), plankton blooms (Felis et al.,

1998) or depth (Carriquiry et al., 1994) may be responsible for δ
13

C change in corals.

In addition the thermo-dependence of carbon isotopes partitioning between solution

and solid should also be taken into account (Fairbanks and Dodge, 1979).25

In theory, corals possess a capability for mixotrophy and can acquire carbon by two
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ways. δ
13

C is affected by the two principal feeding modes of the animal: capture of

zooplankton by polyps (heterotrophic process) and receipt of photosynthetic products

from the endosymbiotic algae, i.e. the zooxanthellae (autotrophic process).

Concerning heterotrophy, we will follow the hypothesis that ingestion of zooplankton

decrease δ
13

C values in coral skeleton because zooplankton has depleted δ
13

C values5

(typically −15 to −25‰ Rau et al., 1990; Grottoli, 2002).

Autotrophy is related to photosynthesis activity, a light-driven metabolic reaction that

causes isotopic fractionation via zooxanthellae. It has been shown that carbon isotopes

in corals were strongly influenced by solar irradiance levels (McConnaughey, 1989; Mc-

Connaughey et al., 1997; Boiseau et al., 1998; Reynaud-Vaganay et al., 2001). The10

more important the photosynthetic activity is the more
12

C will be used by zooxanthel-

lae. Consequently, the more
13

C (relative to
12

C) will be available for calcification and

the more positive the δ
13

C might be recorded in coral skeleton. The hypothesis de-

scribed above is widely accepted (Swart, 1983; McConnaughey, 1989; Grottoli, 2000),

but the complexity lies in the fact that numerous factors can affect light availability.15

Thus, on top of processes occurring in the atmosphere, water depth (Carriquiry et al.,

1994), turbidity (Anthony and Fabricius, 2000) or coral topography (Cohen and Hart,

1997) could influence carbon uptake.

Past studies on coral δ
13

C dealt with daily (Weber and Woodhead, 1971) to seasonal

variation (Swart et al., 1996) in light level, but no record was long enough to study the20

possible effect of long-term solar variations. We propose to test the relative influence

of past solar variability over a long continuous record of δ
13

C beginning circa 1475.

2 Study area, material and methods

The studied coral comes from Ile des Pins (22.3
◦

S, 167.2
◦

E), the southernmost island

of New-Caledonia, in the southwest Pacific Ocean. Large coral heads and relatively25

long series of instrumental data such as temperature and salinity have contributed to

the success of New Caledonia as a coral sampling site (Beck et al., 1992; Quinn et al.,
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1998; Corrège et al., 2001; Ourbak et al., 2006).

A 7 m high massive Porites coral was sampled in August 1999 and February 2003 on

Ile des Pins reef. The core recovered in 2003 was primarily used to sample the years

necessary to calibrate coral data against local environmental parameters. Chronol-

ogy of the longest core was established by growth bands counting on X-radiographs,5

which also helped to choose the optimal sampling transects. Coral skeleton powder

was recovered at quasi-monthly resolution for calibration purpose over 6 years, then

2 samples per year were extracted for the whole core. Analyses were conducted on a

Micromass Optima isotope ratio mass spectrometer at UMR 5805 EPOC (Université

Bordeaux 1). All values are reported in standard delta notation relative to the VPDB10

isotopic standard using the conventional notation. Precision calculated for 373 repli-

cates of NBS 19 international standard was better than 0.05‰ for δ
13

C and 0.07‰ for

δ
18

O (1σ).

3 Results and discussion

3.1 Modern behaviour15

Figure 1 shows six years of δ
18

O and δ
13

C record, together with daily solar irradiance

measured since 1996 at Moué, less than 10 kilometres from the coring site. Chronol-

ogy was established using δ
18

O record for which clear annual variations mainly driven

by change in sea surface temperature and salinity are visible. Both solar radiation and

δ
13

C reveal the same seasonal-shaped pattern, although some discrepancies are vis-20

ible (Fig. 1). Table 1 presents correlation coefficients (r) between the data, including

SST. For example, regression between δ
13

C and solar irradiation yields a correlation

coefficient (r) of 0.54 (n=74; p<0.001), denoting a significant relationship between so-

lar activity and carbon isotope signal in coral skeleton. One has to keep in mind that

the annual cycle inflates the correlation between the two series (computed anomalies25

decrease r to 0.36) and other parameters vary over the same timescale and could influ-
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ence C incorporation. Nevertheless, this result confirms previous studies (Boiseau et

al., 1998, among others) and indicates that this New Caledonia coral has the potential

to bring information on past solar activity.

3.2 Paleoclimatic interpretations

3.2.1 Long trend5

Raw δ
13

C measurements ranged from −3.43‰ to 0.67‰ with a mean of −1.17‰.

Figure 2 presents δ
13

C variations along the core together with reconstructed solar

irradiance from Bard et al. (2000) and Lean et al. (1995) together with a δ
13

C record

form Amedee Island (Quinn et al., 1998).

The first striking feature is the relationship between centennial increase of solar ir-10

radiance (∼1.13 W.m
2
/century) and long term δ

13
C increase between 1475 and about

1860 (∼0.18‰ /century). Then, one can see a ∼0.7‰ decrease of the δ
13

C signal

which could be a coral response to the isotopically light carbon from CO2 added to

the atmosphere from fossil fuel burning (oceanic Suess effect). This decrease is ex-

pected from the Suess effect in the subtropical surface ocean (∼0.8‰ Gruber et al.,15

1999). Similar decreases are reported in New Caledonia after the pre industrial period,

∼0.9‰ is recorded in a nearby Porites coral from Amedee lighthouse (22.3
◦

S, 166.3
◦

E

(Quinn et al., 1998), Fig. 2 and discussion below) and in a demosponge at Touho, on

the other side of New Caledonia main island (20.4
◦

S, 165.1
◦

E, Bohm et al., 1996). In

addition, the Suess effect has also been recorded in Australian coral (17.5
◦

S, 148.3
◦

E,20

Pelejero et al., 2005) and in a coralline sponge from Vanuatu (13.8
◦

S, 167.5
◦

E, Fallon

et al., 2003) arguing for a regional δ
13

C signal.

Early marine diagenesis could complicate the interpretation of the δ
13

C record in

corals, especially when dealing with Suess effect (Müller et al., 2004) but SEM images

and XRD (not shown here), together with geochemical cross-plot of δ
13

C vs. δ
18

O25

(Fig. 3, see also Quinn and Taylor, 2006) avoid this hypothesis.
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3.2.2 Centennial event.

We find on Fig. 2 a first broad negative δ
13

C peak near 1515 (0.78‰ from the mean)

and a second one (0.94‰ from the mean) at the beginning of the 1650’s. These

peaks are situated at changeover from solar maxima to solar minima. The low δ
13

C

values in the coral skeleton might have been driven by low solar activity periods such5

as the Spörer minimum (which lasted from about 1420 to 1570 AD) and the Maunder

minimum (1645–1715), knowing that insolation is one of the main factors controlling

photosynthesis.

We propose that, because of insufficient light availability, metabolic processes

changed from an autotrophical driven pattern into a more heterotrophical driven pat-10

tern, decreasing δ
13

C value. However, we note that the Dalton minimum (1800–1820),

which was a shorter and less significant period of lower solar activity, has a less marked

δ
13

C signature in our coral record. In theory, δ
13

C values might have stayed low dur-

ing the entire Spörer and Maunder minima, if metabolic processes had remained the

same. Instead, in Fig. 2, δ
13

C signature shows a gradual change to more positive15

values, arguing for a recovery to more classical conditions of feeding for our coral.

To differentiate the preferential metabolic processes, one can plot δ
13

C against δ
18

O

(Fig. 3). According to McConnaughey’s model (McConnaughey 1989) metabolic pro-

cesses shift values along the carbon axis, independent of oxygen. Therefore, quasi-

systematic shifts toward more negative values of δ
13

C corresponding to solar minima20

denote increase of heterotrophy (Fig. 3). Following this method, Risk et al. (2003)

showed a specific δ
13

C vs. δ
18

O signature of ‘haze’ events on Indonesian corals pro-

duced by wildfires during an intense El Niño event. Figure 3 confirms that minima in

solar activity had an impact on coral mode of feeding. Quantitatively, the mean value

for Spörer and Maunder minima (as presented on Fig. 3) are 0.66 and 0.72‰ far from25

the δ
13

C mean while they are only 0.06 and 0.12‰ far from the δ
18

O mean.

Comparison of Ile des Pins vs Amedee core shows periods of agreements (the long

term trend for example) as well as some discrepancies (e.g. around 1720).
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MTM cross spectrum (Ghil et al., 2002) conducted over detrended, normalised (re-

move the mean and divided by standard deviation over the common 1658–1992 pe-

riod) Amedee and Ile des Pins δ
13

C series have been conducted. Analyses show

that the two series share common periodicities centred on 32, 21 and 15 years (at

the 90% interval confidence). In addition, Ile des Pins serie shows 11.6 and a broad5

60–100 year peaks. This exercise confirms the potentiality for this core to record the

Schwabe (11 years), Hale (22 years), and Gleissberg (70–100 years) solar cycles, in

addition to other frequencies. The reason why the two coral records do not show the

same exact answer to common forcing is not clear. Difference in chronology could be

part of the answer. Moreover, it has been shown that over two δ
13

C corals records from10

Nauru, western tropical Pacific, only one could reflect light level variability (Guilderson

and Schrag, 1999). δ
13

C signals in corals have also shown less reproducible pat-

terns than oxygen isotopes or elemental ratios (Guilderson and Schrag, 1999; DeLong

et al. 2007). Nevertheless, on a same colony mean δ
13

C value is not significantly

changed by sampling resolution (forthnightly to seasonal sampling) or the site of the15

slice chosen (DeLong et al., 2007). Moreover, the date of settlement of the Amedee

coral in 1657 is just after the lowest δ
13

C value of our record for the Maunder minima

and one could argue that the nubbin settlement has been facilitated after a period of

relative low light availability and a return to more classical conditions.

3.2.3 Rapid events20

In addition to the low frequency changes in δ
13

C at Ile des Pins, short-term events

are visible (Fig. 2). We note particularly light δ
13

C values in 1590, 1815, 1895, 1925

and 1949. A comparison with Volcanic Eruption Index of tropical events (Smithsonian

Catalogue (Simkin and Sibert 1994)) shows a nice fit with these periods. Eruptions in

Vanuatu and Indonesia in the years preceding 1590, the Tambora (1815 Indonesia) and25

finally several eruptions in Papua New Guinea, Indonesia, New Zealand and Vanuatu in

1894–1895, 1925 and 1949 all seem to have a δ
13

C signature in the Ile des Pins coral.

Volcanic dust-load to the atmosphere can affect the radiative balance, thus providing a

1027
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mechanism to alter photosynthesis and δ
13

C in corals. Our result confirms the work of

Crowley et al for volcanic impact in isotopes contained in corals (Crowley et al., 1997)

even if all the eruptions present in the δ
18

O record in their studies do not have a direct

impact on our core.

4 Conclusions5

This study presents the potential impact of long-term solar radiation variations over

metabolic processes in a coral from the southwest Pacific Ocean. The δ
13

C results

show a long term increase following solar radiation increase from 1475 until about

1860. Since 1860, δ
13

C decreased probably due to the Suess effect. During two

periods of low solar activity (namely the Spörer and Maunder minima), a rapid change10

in coral metabolic activity from autotrophy towards heterotrophy happened, when light

availability became insufficient. Biological recovery lasted few years. Some other δ
13

C

negative peaks can be correlated with tropical volcanic eruptions, confirming the link

between light levels and mode of feeding in corals. We also support the idea that

systematic presentation of δ
13

C vs. δ
18

O plots would give relevant information on15

heterotrophical versus autotrophical patterns.
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Corrège, T., Quinn, T., Delcroix, T., Le Cornec, F., Récy, J., and Cabioch, G.: Little Ice Age sea
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Table 1. Correlation coefficient (r) between stable isotopes in Ile des Pins coral (δ
18

O and

δ
13

C) and environmental variables (solar radiation and SST) n=74, p<0.001 for the 1996–

2002 period. One can note the weak r value between SST and solar radiation which is due to

≈2 months lag (thermal inertia of ocean waters).

δ
13

C δ
18

O Solar radiation SST

δ
13

C 1

δ
18

O 0.28 1

Solar radiation 0.54 −0.33 1

SST 0.07 −0.79 0.49 1
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Fig. 1. Monthly δ
18

O, δ
13

C, IGOSS SST and daily insolation time series from Ile des Pins.

Note that δ
18

O is inversely correlated to SST (see Table 1), note also the lag between insolation

peaks and SST.
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Fig. 2. δ
13

C time series of the Ile des Pins (red) and Amedee cores (blue). Bold lines represent

29 points Hanning filters to emphasize periodicities higher than 7 years. Bottom: reconstructed

solar irradiance derived from South Pole ice core (Bard et al., 2000), in yellow, and from (Lean et

al. 1995), in orange with Spörer, Maunder and Dalton minima. Arrows denote timing of tropical

volcanic eruptions (Simkin and Sibert, 1994) potentially affecting δ
13

C signal. Horizontal black

bar represents chronological uncertainty range at the bottom of the core.
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Fig. 3. Cross-plot of δ
13

C vs. δ
18

O for the Ile des Pins coral. Whole data (crosses) together

with data corresponding to peaks attributed to Spörer (triangles) and Maunder minima (circles)

are shown in anomaly with respect to the mean.
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