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Bernard Banaigs6, Emilie Boissin6, Emmanuel Boss10, Chris Bowler12, Colomban de Vargas13, Michel 

Flores14, Didier Forcioli3,15,16, Paola Furla3,15,16, Eric Gilson3,15,16,17, Pierre E. Galand18, Stéphane 
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Villefranche, 06230 Villefranche-sur-Mer, France. 

10 School of Marine Sciences, University of Maine, Orono, Maine, United States of America. 

11 Shimoda Marine Research Center, University of Tsukuba, Shimoda, Shizuoka, Japan 

12 Institut de Biologie de l'Ecole Normale Supérieure (IBENS), Ecole normale supérieure, CNRS, 
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Abstract 

Massive reef-building Porites corals are commonly studied to obtain long-term reconstructions of past 

sea surface temperature (SST) using temperature-sensitive elemental proxies, such as Sr/Ca or Li/Mg 

ratios. Most recently, a multi-proxy approach combining these two ratios (e.g. D’Olivo et al., 2018) and 

the Sr-U method (DeCarlo et al., 2016) have proved to be more robust to reconstruct paleo-temperatures. 

To date, no study has been carried out on the application of these new approaches on the Diploastrea 

heliopora coral, another massive reef-building genus that can potentially provide longer temperature 

records. Moreover, only a few studies have assessed coral SST calibrations at the scale of the Indo-

Pacific basin and compared SST reconstructions obtained from two massive coral genera from the same 

site. 

In this study, we investigated the elemental composition of the topmost portion of 34 modern tropical 

Porites and 6 Diploastrea colonies collected during the Tara Pacific expedition (2016 - 2018) from 

various hydrological contexts in the Pacific Ocean. We derived and discussed annual Sr/Ca, Li/Mg, 

combined Sr/Ca-Li/Mg and Sr/Ca-Li/Ca-Mg/Ca and Sr-U vs. SST calibrations as well as potential intra-

colonial and genus specific effects and evaluated the use of these basin-wide calibration equations. 

Overall, multi-ratio and multi-genera SST calibrations perform better than single-ratio calibrations and 

seem to improve temperature reconstructions. 

These new SST calibrations were applied to two colonies of Porites and Diploastrea collected from the 

same site in the North-West of the Palau archipelago located in the western Pacific Ocean to evaluate 

the applicability of universal calibrations based on different proxies and their combination. Coral-based 

SST records spanning the last 141 years show decadal changes and recent warming episodes that are 

related to major El Niño Southern Oscillation events. However, differences in reconstruction remain 

between both genera in the long-term trends, amplitudes, and absolute temperatures, depending on 

which genus or temperature proxy is considered. 

Keywords 

Massive tropical corals, Sea Surface Temperature, Calibrations, Elemental proxies and SST 

reconstructions, Pacific Ocean 
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1. Introduction 

Since the beginning of the industrial era, the CO2 concentration in the atmosphere has increased from 

280 to more than 400 ppm (Friedlingstein et al., 2022). Model projections suggest that the rise in 

atmospheric CO2 concentration will likely contribute to a global surface temperature increase of 1.0 to 

5.7°C (compared to 1850-1900) by the end of the 21st century, depending on the greenhouse gas (GHGs) 

emission scenario considered (IPCC, 2021). The surface ocean absorbs about 90% of the excess heat 

attributed to GHGs and approximately one-third of the anthropogenic CO2 emissions (Stocker et al., 

2013), which increases the temperature and acidity of the ocean and, consequently, negatively impacts 

marine ecosystems over the long term. Calcifying organisms, such as tropical corals, are among the most 

threatened organisms by these global changes (Hoegh-Guldberg, 1999; Kleypas et al., 1999; Hoegh-

Guldberg et al., 2007; Kroeker et al., 2013; Dutra et al., 2021). In particular, seawater warming can alter 

the calcification processes and increase the frequency of bleaching events (Hughes et al., 2017). 

Assessing long-term coral responses to global warming or episodic high-temperature events is crucial 

to better understand their adaptability and resilience to climate changes over time. One way to evaluate 

those potential impacts is to reconstruct past environmental variations, such as Sea Surface Temperature 

(SST) or pH, using the growth parameters or the geochemistry of reef-building scleractinian coral 

skeletons (e.g. Gagan et al., 2000; Lough, 2010).  

The skeleton of the genus Porites grows at approximately 1 cm per year on average (from a few 

millimeters to up to 3 cm per year) (Lough et al., 2008; Goodkin et al., 2011) and typically shows well-

defined seasonal density bands. This reef-building coral is commonly used in paleoceanography to 

reconstruct decadal to centennial-scale records of key environmental parameters at annual to seasonal 

resolution in the tropical regions and study the ocean-atmosphere interaction processes (e.g. Tangri et 

al., 2018). The Diploastrea genus has been investigated as an archive for paleo SST and pH 

reconstructions (Watanabe et al., 2003; Damassa et al., 2006; Ramos et al., 2017; Wu et al., 2018). 

Diploastrea has a slower (few millimeters per year) growth rate than Porites, hence it can provide longer 

records for similar core length (e.g. Bagnato et al., 2004), spanning more than 700 years (Burr et al., 

1998; Corrège et al., 2004). However, the larger and more complex skeletal (micro-) structures of 

Diploastrea make the SST reconstructions more challenging as previously shown for oxygen isotopes 

(Watanabe et al., 2003; Bagnato et al., 2004; Damassa et al., 2006). Diploastrea’s geographic occurrence 

covers much of the Indo-Pacific Warm Pool, the western Indian Ocean, and the Great Barrier Reef 

(Veron, 2000; DeVantier and Turak, 2017), allowing studies on climate variability and its impact in 

regions with extensive coral reefs, as well as on the hydrodynamical connections between the Indian 

and western Pacific Ocean. 

Reconstructions of paleo-SST from coral samples have commonly relied on the ratios of isotopes and 

elements such as 18O, Sr/Ca, and to a lesser extend U/Ca and Mg/Ca (e.g. Weber and Woodhead, 1972; 

Beck et al., 1992; Min et al., 1995; Mitsuguchi et al., 1996; Wei et al., 2000; Fallon et al., 2003; 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



Montagna et al., 2007). Among these geochemical proxies, the most commonly used in tropical corals 

is the Sr/Ca ratio (Beck et al., 1992; Quinn and Sampson, 2002; DeLong et al., 2007; Pfeiffer et al., 

2009; Zinke et al., 2014). However, biases on SST estimates from coral Sr/Ca have been reported due 

to the activity of the coral-associated algal symbionts (Cohen et al., 2002), skeletal heterogeneity (e.g. 

Cohen et al., 2001), diagenetic modifications (e.g. Hendy et al., 2007) and biomineralization processes 

(Corrège, 2006; DeLong et al., 2013). The U/Ca ratio in corals is a complex geochemical proxy, being 

influenced by multiple environmental factors such as temperature, salinity, meteoric precipitation, pH, 

carbonate ion concentration and saturation state (Shen and Dunbar, 1995; Wei et al., 2000; Inoue et al., 

2011; Wu et al., 2021).  

There is growing evidence that physiological processes and/or growth-related kinetic effects, commonly 

known as “vital effects”, can influence Sr/Ca, as well as Mg/Ca, U/Ca, and 18O in shallow and deep-

water corals and consequently the temperature reconstructions (e.g. Finch and Allison, 2008; Meibom 

et al., 2004; Montagna et al., 2005; Sinclair and Risk, 2006; López-Correa et al., 2010; Montagna et al., 

2014; Cuny-Guirriec et al., 2019), especially the varying growth rates at different spatial scales, from 

the colony to the coral microstructures (D’Olivo et al., 2018). The extent to which these biological and 

kinetic factors can bias past SST reconstructions is still poorly known and is an ongoing research topic 

in coral geochemistry (e.g. Flannery et al., 2018; Cuny-Guirriec et al., 2019). In addition, early 

diagenesis, secondary aragonite, calcite precipitation, and/or the presence of organic matter may impact 

the accuracy and precision of SST reconstructions, and such effects need to be precisely evaluated 

(Allison et al., 2007; Lazareth et al., 2016; Cuny-Guirriec et al., 2019). 

Alternative approaches to reconstruct paleo-SST include the use of a Rayleigh-based, multi-element 

approach (Gaetani et al., 2011; Sinclair, 2015), coral core replications (DeLong et al., 2013), and growth-

dependent calibrations of Sr/Ca (Goodkin et al., 2007; Saenger et al., 2008). Recently, the development 

of new paleo-thermometers such as Li/Ca (Marriott et al., 2004; Hathorne et al., 2013), Li/Mg (Case et 

al., 2010; Montagna et al., 2014; Marchitto et al., 2018; Cuny-Guirriec et al., 2019) and Sr-U (DeCarlo 

et al., 2016) contributed to improve the reliability of the coral-based SST reconstructions. Several trace 

elements, including Li, Mg, U and Sr, might be affected by the Rayleigh fractionation or by active and 

passive transport of ions into the calcifying fluid (e.g., via diffusion, paracellular pathways, and Ca2+-

ATPase pump) during their incorporation into the coral skeleton (Gaetani and Cohen, 2006; Gagnon et 

al., 2007; Gaetani et al., 2011; Ram and Erez, 2021; 2023). The normalization of Li to Mg (or Mg to Li) 

is thought to eliminate the influence of these processes, such that temperature remains the main 

environmental parameter controlling the coral Li/Mg (or Mg/Li) ratio (Case et al., 2010; Montagna et 

al., 2014; Marchitto et al., 2018). Unlike Sr/Ca, the Li/Mg-SST calibration can be extended to a large 

range of zooxanthellate and azooxanthellate coral species covering a wide temperature range (from sub-

freezing to tropical temperatures) (Montagna et al., 2014; Cuny-Guirriec et al., 2019). However, the 

uncertainty of the Li/Mg exponential equation is rather high (± 2.6°C at 25°C) for tropical corals (e.g. 
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Siderastrea, Porites, or Diploastrea) compared to cold-water corals (± 0.9°C at 1 °C), due to the 

asymptotic behavior of the equation at higher temperatures (Cuny-Guirriec et al., 2019).  

The Sr-U thermometry was developed by DeCarlo et al. (2016) and it is based on the combined 

measurements of Sr/Ca and U/Ca that minimize “vital effects”. In particular, U/Ca is used to correct for 

effects related to Rayleigh fractionation on Sr/Ca, which improves the accuracy of SST reconstructions.  

Finally, few studies have developed and applied a multi-proxy approach, which combines different 

temperature-sensitive elements (e.g. Li, Mg, Sr, U) into a multi-regression model that reduces the 

temperature uncertainty (Quinn and Sampson, 2002; Solow and Huppert, 2004; Fowell et al., 2016; 

D’Olivo et al., 2018; Cuny-Guirriec et al., 2019; Zinke et al., 2019; Wu et al., 2021), yet further studies 

are required to properly evaluate their caveats and constraints.  

The present study reports the Sr/Ca, Li/Ca, Mg/Ca, U/Ca, and Li/Mg ratios obtained from the topmost 

portion of 40 modern colonies of Porites and Diploastrea collected from various locations in the Pacific 

Ocean with the aim to re-evaluate single and multi-ratio universal SST calibrations. The main purpose 

of applying universal calibrations is to generate SST data when direct calibration is not possible, such 

as with fossil coral samples. These calibrations were then applied to two Porites and Diploastrea long-

cores retrieved from the northern part of the Koror Island (Palau, western Pacific Ocean) to 1) 

reconstruct SST changes over the last century, 2) evaluate the genus-specific discrepancies, and 3) 

compare annual and decadal SST records based on different proxies and calibration equations. It is worth 

mentioning that the present study does not evaluate the fidelity of the different proxies to record SST 

but rather it examines the applicability of universal calibrations based on different proxies and their 

combinations. The different sources of uncertainties in the SST proxies and calibration equations were 

also investigated, which includes the impact of the growth parameters in modifying the geochemical 

signals, the intra-colonial or genus effects, and the different strategies of coral sub-sampling (e.g., bulk 

sampling or selected microstructures).  

2. Material and methods  

2.1. Sampling locations of coral cores 

Forty coral cores were collected from massive Porites and Diploastrea colonies during the Tara Pacific 

expedition (Planes et al., 2019) between May 2016 and October 2018 from different sites in the Pacific 

Ocean (Fig. 1). Porites colonies were found in all atolls and islands visited during the expedition, 

whereas Diploastrea colonies were mainly encountered in the western Pacific Ocean. The cores (40 – 

150 cm long) were collected from colonies living between 3 m (Moorea Island) and 20 m (Wallis 

Islands) depth using a hydraulic drill (Stanley®) with a 7-cm-diameter core barrel. They were rinsed 

with fresh water, air-dried, and stored for sclerochronological and geochemical analyses. The mean 

annual seawater temperature at the sampling sites ranged from 22.4°C (Easter Island, Chile) to 29.8°C 

(Kimbe Island, Papua New Guinea).  
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Two long cores of Porites and Diploastrea were collected in January 2018 at site I26S1 in the north-

western side of the Republic of Palau (7°17’N, 134°15’E) at 15 and 16 m water depth, respectively (Fig. 

2). The archipelago of Palau is located in Micronesia in the western Indo-Pacific Warm Pool (IPWP), 

which is a key region for the global distribution of heat and moisture to the atmosphere (Wang and 

Mehta, 2008). The mean SST in Palau for the period 1982 – 2016 (28.78  0.40°C, 1) was obtained 

from monthly data of the AVHRR-OISSTv2 dataset (Advanced Very High Resolution Reconstructed 

Optimum Interpolation Sea Surface Temperature version 2; Reynolds et al., 2007; Banzon et al., 2016). 

The annual temperatures ranged from 27.84 to 29.67 °C (T ~ 1.8 °C) over the same period and 

increased at a rate of 0.23  0.04 °C/decade. In 1998 and 2010, thermal-stress events occurred in Palau 

with temperatures 1 to 1.25 °C above the mean long-term value, relative to the period 1984 - 1993 

(exclusive of 1991/1992), during La Niña episodes (Bruno et al., 2001; Colin, 2018). These warming 

events caused severe bleaching and mortality of corals, particularly in the north-western lagoon of Palau 

where the cores were collected (van Woesik et al., 2012; Colin, 2018).  

2.2. Sclerochronology and coral age model 

2.2.1. X-ray radiography and computed tomography 

The X-ray radiography and 3D computed tomography allow visualizing the annual high- and low-

density band couplets. These reflect the seasonal variations in skeletal density and are used to derive 

coral age models for paleoclimate reconstructions and to investigate coral growth variability over time 

(Knutson et al., 1972; Lough and Barnes, 1992; DeCarlo and Cohen, 2017). The 40 coral cores were 

scanned using a DISCOVERY CT750 high-definition computed tomography (CT) scanner at the 

DOSEO Platform, CEA-Paris-Saclay. The spatial x resolution of the scans is 0.625 mm while y and z 

resolutions range from 0.59 to 0.79 mm. 3D CT scans were processed using 3D Slicer® software (version 

4.9.0) to visualize the 3D images. Linear extension rates (mm·yr-1) (upward linear growth) were obtained 

from each coral core by measuring the distance between successive low-density bands over the last 6 

years of growth (2010-2016) (Fig. 3). Mean linear extension rate values (mean ±1σ) were calculated for 

each coral core by averaging linear extension measurements along 3 parallel transects. 

The Porites and Diploastrea long cores from Palau were slabbed (8 mm) along the main growth axis 

with a circular saw at the Atelier Saint-Jacques (Saint-Rémy-lès-Chevreuse), rinsed with Milli-Q water, 

and dried at room temperate for 48 h. X-radiographs of both coral slabs were realized at the Centre de 

radiographie in Gif-sur-Yvette to visualize the maximal growth axis of both colonies and to optimize 

the sampling strategies.  

2.2.2. U-Th Dating 

The age model for the Porites and Diploastrea colonies from Palau obtained from the density banding 

was independently verified by 230Th/U dating at the Laboratoire des Sciences du Climat et de 

l’Environnement (LSCE, France). Three coral fragments were collected at the top, middle, and bottom 
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portions of each core. The samples were crushed into small chunks, and ultra-sonicated in Milli-Q water. 

Each sample (~ 300 to 600 mg) was transferred to a Teflon beaker in which a known amount of 229Th, 

233U, and 236U was previously added. Coral samples were dissolved in 3 - 4 mL of dilute HCl. After co-

precipitation with FeOH, U and Th separation and purification were performed using UTEVA resin 

(Eichrom Technologies, USA) in nitric solution, following a procedure modified from Douville et al. 

(2010). U and Th isotopes were measured using a ThermoScientific NeptunePlus MC-ICP-MS fitted with 

a jet pump interface following the analytical protocol reported in Pons-Branchu et al. (2014). The 

230Th/U ages were calculated from measured atomic ratios through iterative age estimation (Ludwig and 

Titterington, 1994), using the 230Th, 234U, and 238U decay constants of Cheng et al. (2013) and Jaffey et 

al. (1971). Our spike was calibrated against a Harwell Uraninite solution (HU-1) assumed to be at secular 

equilibrium. A correction was applied for the non-radiogenic (detrital) 230Th using a 230Th/232Th activity 

ratio of 10 ± 3 (as in Wu et al., 2018). 

2.3. Sampling strategy 

From each of the forty 7-cm-diameter coral cores, a portion of  1 g, corresponding to the last 6 years 

of growth (hereafter referred to as core-top), was collected along the major growth axis (Fig. 3) using a 

dental drill (Dremel®) with a 0.17 mm thick diamond-encrusted blade, finely crushed and thoroughly 

homogenized in an agate mortar. The uncertainty associated with the possible inclusion of skeleton from 

other years into coral samples (i.e., the effect from under-representing or over-representing a year) was 

quantified using the AVHRR-OISSTv2 dataset. For instance, adding either 6 warmer or colder months 

to the 6-year average (i.e., extending the 72 months by an additional 6 months) results in a temperature 

variation of up to 0.2°C across all the study locations (n = 40). This potential bias in coral sampling is 

lower than uncertainties from other sources (e.g., analytical errors and SST calibrations, see below) and 

supports our sampling strategy. In order to quantify the geochemical variability within core-top samples 

and assess intra-colonial reproducibility, the sub-sampling of the coral portion corresponding to the last 

6 years of growth was triplicated in 3 different Porites cores (I5S4, I21S2c16, I22S2c2) living between 

~ 22°C and ~ 30°C and a Diploastrea colony (I21S2c17), following the growth axis. 

Different sub-sampling strategies were applied to the Porites and Diploastrea long-cores from Palau, 

according to their skeletal structures and linear growth rates. The sub-annual sampling of the Porites 

colony was conducted with an automatic 3-axes positioning system and a drill at 5 mm increments (Fig. 

4). The Diploastrea colony was continuously sampled at 2.5 mm spatial resolution (sub-annual 

sampling) using a dental drill (Dremel®) with a 0.17 mm thick diamond-encrusted blade, following the 

growth axis identified on the X-radiographs (Fig. 4). During the sampling, particular attention was paid 

to possible traces of secondary alteration of the coral skeleton. The assessment of possible diagenetic 

overprint was done by careful observations of the skeletal surfaces (detection of possible secondary 

aragonite/calcite crystals) and delicate etching of broken surfaces (detection of the possible presence of 
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borings and their infillings with secondary minerals) using Scanning Electron Microscopy (SEM; Figs. 

5, 6). 

2.4. Geochemical analyses 

2.4.1. Chemical treatment 

The coral powders ( 200 mg) were all treated in acid-cleaned vials following the oxidative cleaning 

protocol developed by Cuny-Guirriec et al. (2019) to remove the potential effects of organic 

contaminations on the trace element compositions. Samples were first sonicated in Milli-Q water for 

30 s, cleaned with a mixture of 15% H2O2 buffered with 0.5 M NH4OH, placed in a water bath at 60°C 

for 20 min, rinsed three times with Milli-Q water, and dried at 50°C overnight. Between each step, vials 

were centrifuged for 3 min and the supernatant discarded.  

2.4.2. Quantitative multi-element analyses using ICP-QMS 

Dried samples were dissolved in 1 N HNO3 (Optima Fisher Ultra Trace Element Analysis, 67%) to 

obtain 100 ppm Ca solutions. Elemental (Li, B, Mg, Ca, Sr, U) concentrations were determined using a 

Quadrupole ICP-MS X-SeriesII at LSCE (Gif-sur-Yvette, France) using the protocol previously 

developed for carbonates (Bourdin et al., 2011; Montagna et al., 2014) and updated by Cuny-Guirriec 

et al. (2019). Blanks (0.5 N HNO3) and the carbonate standards M1P-p (Porites sp. coral from Mayotte, 

in-house standard) and JCp-1 (Porites) (Okai et al., 2002) were routinely analyzed to bracket samples 

and monitor ICP-MS drift over time. Typical mean values and external reproducibility (2RSD) 

obtained from repeated measurements (n = 20) of the in-house carbonate standard M1P-p were: Li/Ca 

= 6.03 ± 0.15 μmol·mol-1 (2.5 %), Mg/Ca = 4.37 ± 0.05 mmol·mol-1 (1.1 %), Sr/Ca = 8.93 ± 0.06 

mmol·mol-1 (0.7 %), U/Ca = 1.09 ± 0.02 μmol·mol-1 (1.8 %) and Li/Mg = 1.38 ± 0.02 mmol·mol-1 (1.4 

%). The mean values for JCp-1 were: Li/Ca = 6.23 ± 0.12 μmol·mol-1 (1.9 %), Mg/Ca = 4.19 ± 0.03 

mmol·mol-1 (0.7 %), Sr/Ca = 8.86 ± 0.05 mmol·mol-1 (0.6 %), U/Ca = 1.19 ± 0.02 μmol·mol-1 (1.7 %) 

and Li/Mg = 1.49 ± 0.03 mmol·mol-1 (2.0 %) (2RSD, n = 21), matching well mean values published 

by Hathorne et al. (2013) and Cuny-Guirriec et al. (2019). 

2.5. Calcite characterization 

Reliable SST reconstructions using coral Sr/Ca or Li/Mg depend on the preservation of the coral skeletal 

aragonite, which can be transformed into calcite due to early or post-mortem diagenetic processes, or 

on the presence of calcite traces associated with microborers or of primary origin (Lazareth et al., 2016; 

Cuny-Guirriec et al., 2019; Stolarski et al., 2011, 2021). The coral powders ( 100 mg) of the 40 core-

tops and the recent and old parts of the Porites and Diploastrea colonies from Palau were analyzed using 

a Panalytical X’Pert Powder X-ray diffractometer (Ni-filtered CuK radiation) operating at 40 kV and 

40 mA with a counting time of 0.01°·sec-1. Quantitative measurements of aragonite and calcite 

abundance were done through a calibration curve established for low calcite levels using ten in-house 
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standards with known concentrations of aragonite and calcite (from 0.4 to 10 % of calcite). Each in-

house standard was prepared and analyzed in triplicate. Areas of the (104) peak of calcite (3.03 Å) and 

(111) peak of aragonite (3.49 Å) were measured by peak fitting using the HighScore software 

(Panalytical, v.3.0). A linear regression was used for the calcite quantification: 

Calcite (%) = 27.1 (Ac/Aa) – 0.1    R2 = 0.99 (Eq. A) 

where Ac and Aa are the areas under the calcite and aragonite peaks, respectively. A detection limit (DL) 

of 0.6 % of calcite and a mean error of 0.3 % (2) on the calcite percentage measurement were 

determined. XRD analyses were conducted on the same powdered samples analyzed for trace elements.  
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2.6. Instrumental temperature datasets 

The mean seawater temperature at the sampling sites was obtained by averaging monthly SST data 

between January 2010 and December 2016 from the AVHRR-OISSTv2 dataset (Fig. 1). In-situ 

temperature records are available at a daily resolution only for 7 out of 34 coral sampling locations (Fiji, 

Wallis & Futuna, Palau, Samoa, Niue, Tahiti, and Papua New Guinea), mainly through the ReefTEMPS 

sensor network operating in the South, West and South-West Pacific (Cocquempot et al., 2019; Varillon 

et al., 2019), and the Water Temperature Catalogue in Palau (wtc.coralreefpalau.org). Maximum annual 

differences between AVHRR-OISSTv2 and in-situ SST data range from 0.03 °C (Samoa) to 0.67 °C 

(Tahiti). The largest differences result from the peculiar environment of some coral reefs, including the 

inner and outer reef or the internal lagoon, which is smaller than the spatial resolution covered by the 

AVHRR-OISSTv2 dataset (1/4°). For instance, the comparison between monthly in-situ and dataset 

temperatures at Ebiil Channel (Palau) shows mean monthly differences of 0.25 ± 0.46°C and 0.38 ± 

0.42°C, for AVHRR-OISSTv2 and Extended Reconstructed Sea Surface Temperature (ERSSTv5) 

dataset (2°), respectively, with the largest offset being 0.95°C for both datasets. The difference is slightly 

larger when compared with ERSSTv5, which highlights the importance of using a high-resolution (1/4° 

vs. 2°) dataset. 

The AVHRR-OISSTv2 dataset at 1/4° spatial resolution was used to derive the proxy-SST calibration 

equations. The mean SST value for each site was calculated as the average of the monthly SST from 

January 2010 to December 2016. This dataset was also used for comparison with the coral trace element 

records from Palau over the period 1982-2016. The Diploastrea long-term records were compared to 

the ERSSTv5 dataset, in the grid 7-9°N, 133-135°E, covering the period 1874-2016. SST anomalies 

were calculated relative to the mean of the period 1961-1990. 

2.7. Calibrations and statistical analysis 

Geochemical values of the core-tops corresponding to the period 2010-2016 were used to calculate linear 

regressions between SST and coral proxies. Single and multiple weighted robust regressions for Sr/Ca, 

Li/Ca, Mg/Ca, Li/Mg, and Sr-U vs. SST were obtained using iteratively reweighted least-squares with 

a bisquare weighting function of the statistical R Studio® software (version 1.1.463). Following the 

approach of Ross et al. (2019), the Sr-U value of each sub-sample was determined using the mean Sr/Ca 

and U/Ca ratios, based on equation 4 from DeCarlo et al. (2016): 

Sr-U = Sr/Ca – (1.1107 U/Ca) 

Uncertainties in the temperature reconstruction for all calibration equations were calculated as the root-

mean-square error (RMSE) (Bevington and Robinson, 1993). The analysis of the variance (one-way 

ANOVA test) was performed on the Palau time-series dataset to determine whether there 

were significant differences between the variances of the reconstructed and instrumental SST. 

The Mann-Kendall trend test was used to determine whether the time series has a significant monotonic 

upward or downward trend. 
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3. Results 

3.1. Assessment of possible skeleton diagenetic alteration  

The surfaces of Porites and Diploastrea skeletal parts were not covered with any secondary deposits 

(Figs. 5, 6) such as aragonite needle cements, brucite, or calcite which are easily detectable by distinct 

morphology, different from pristine biogenic material (e.g., Nothdurft and Webb, 2009: figs. 5, 6). In 

addition, the original pores between septa and columella were not infilled with any secondary deposits. 

Moreover, delicate etching of the skeleton showed that the microstructural organization is 

indistinguishable from skeletons considered pristine: the hollowed-up regions that represented Rapid 

Accretion Deposits (RAD’s) were still composed of microcrystalline material, whereas the bulk of the 

skeleton consisted of Thickening Deposits (“fibers”) often showing regular growth increments, typical 

of pristine skeletons of zooxanthellate corals (Stolarski, 2003; Frankowiak et al., 2016). Only 

exceptionally some traces of borings were detected that could be infilled by some secondary material 

(Figs. 5-D, 5-L, 6-F, 6-I).    

The amount of calcite in the core-tops ranged from values below the detection limit (< 0.6 %) to 3.6 ± 

0.3 % (2) for the Porites colony I15S1c10 from Guam, USA (Table 1). Two Diploastrea colonies from 

Papua New Guinea (I23S2D) and Taiwan (I28S3) contained traces of calcite (1 % and 1.4 %, 

respectively). Overall, the XRD analyses indicated that most of the samples contain a very small amount 

of calcite (mostly under the DL), confirming the preservation of skeletal aragonite of modern colonies 

collected during the Tara Pacific expedition.  

The amount of calcite in the Diploastrea colony from Palau reached a maximum value of 2.8 ± 0.7 % 

in the sub-sample corresponding to the year 1874. Between 1895 and 2016, the amount of calcite was 

below the DL. The calcite percentage in the Porites long-core from Palau was systemically below the 

DL, except for the sub-sample corresponding to the year 2002, which showed a value slightly above the 

DL (0.8 %). 

3.2. Coral core-tops 

3.2.1. Linear extension rates  

The linear extension rate of the studied core-tops varied among sites from 6.6  0.6 mm·yr-1 in 

Ogasawara (Japan) to 16.7  2.2 mm·yr-1 in Vangunu (Salomon) for Porites, and from 3.0  0.7            

mm·yr-1 in Noumea lagoon (New Caledonia) to 6.3  1.4 mm·yr-1 in Green Island (Taiwan) for 

Diploastrea (Table 1). Extension rates measured in the 40 coral colonies were coherent with those 

reported in the literature for both genera, ranging from a few millimeters up to 30 mm·year-1 for Porites 

(Goodkin et al., 2011; Lough, 2008) and 2 to 5 mm·year-1 for Diploastrea (Bagnato et al., 2004; Corrège 

et al., 2004). 
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3.2.2. Coral elemental ratios 

The mean molar ratios measured in the 34 Porites core-tops varied from 8.71 to 9.38 mmol·mol-1 for 

Sr/Ca, 5.37 to 7.21 mol·mol-1 for Li/Ca, 3.55 to 5.29 mmol·mol-1 for Mg/Ca, 0.92 to 1.33 mol·mol-1 

for U/Ca, 1.18 to 2.00 mmol·mol-1 for Li/Mg and 7.55 to 7.92 for Sr-U (Table 1). The ratios for the 6 

Diploastrea core-tops ranged from 8.76 to 9.04 mmol·mol-1 for Sr/Ca, 5.62 to 6.56 mol·mol-1 for Li/Ca, 

3.53 to 4.68 mmol·mol-1 for Mg/Ca, 0.96 to 1.13 mol·mol-1 for U/Ca, 1.28 to 1.70 mmol·mol-1 for 

Li/Mg and 7.61 to 7.88 for Sr-U (Table 1).
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Table 1 

Coral sampling locations, elemental ratios, linear extension rates, and percentage of calcite for Porites and Diploastrea core-tops from the Pacific Ocean. The annual mean SST 

value for each site was sourced from the AVHRR-OISSTv2 dataset. Mean extension rates were calculated over the period 2010-2016. PNG = Papua New Guinea. 

Location  Core  Location 
Depth  Sr/Ca   Li/Ca   Mg/Ca   Li/Mg   U/Ca   Sr-U  Gridded-SST Extension rate  Calcite  

(m)  mmol.mol-1   μmol.mol-1    mmol.mol-1     mmol.mol-1    μmol.mol-1    Mean (°C) mm.yr-1   %  

Porites spp.              
Coiba (Panama) I2S3c21 07°12'N 81°47'W 8 9.01 5.85 4.26 1.37 1.13 7.75 28.59 9.80 1.0 
Anakena, Isla de Pascua (Chile) I4S1 27°04'S 109°19'W 14 9.30 7.21 3.86 1.87 1.23 7.92 22.45 11.4 < DL 

Motu Taka Rua, Isla de Pascua (Chile) I5S4 27°04'S 109°19'W 14 9.38 7.09 3.55 2,00 1.33 7.90 22.44 12.2 < DL 

Tekava, Gambier (French Polynesia) I6S2 23°09'S 134°50'W 9 8.98 7.21 4.86 1.48 0.98 7.89 25.17 9.6 < DL 
Moorea (French Polynesia) I7S1c1 17°28'S 149°48'W 3 8.91 6.31 4.66 1.36 1.09 7.69 27.77 11.6 < DL 

Moorea (French Polynesia) I7S3c2 17°29'S 149°45'W 13 8.93 5.66 3.76 1.50 1.19 7.61 27.77 11.8 < DL 

Aitutaki, Cook (New Zeland) I8S1c3 18°50'S 159°48'W 14 8.88 6.64 4.80 1.38 1.01 7.75 27.09 10.4 < DL 

S Niue (New Zeland) I9S1c4 19°06'S 169°54'W 12 8.80 6.27 4.54 1.38 0.98 7.72 27,00 12.3 < DL 

W Niue (New Zeland) I9S2c5 18°59'S 169°54'W 15 8.90 6.38 4.30 1.48 1.11 7.66 27.14 8.9 < DL 

Upolu (Samoa)  I10S0c6 13°50'S 172°04'W 9 8.83 5.76 4.19 1.38 1.03 7.69 28.81 10.9 < DL 
CSR 11, Wallis (France) I11S1c7 13°18'S 176°12'W 20 8.84 6.85 5.29 1.29 0.92 7.81 28.97 8.8 < DL 

Abaiang (Kiribati) I13S3c8 01°43'N 172°58'E 7 8.80 6.12 5.01 1.22 0.97 7.73 28.97 13.8 < DL 

Pisinun, Chuuk (Micronesia) I14S2c9 07°08'N 151°53'E 8 8.76 5.73 4.49 1.27 1.03 7.62 29.23 10.9 < DL 
Guam (USA) I15S1c10 13°14'N 144°38'E 9 8.76 5.83 4.89 1.19 0.94 7.71 28.92 9.9 3.6 

Ogasawara (Japan)  I16S2c11 27°05'N 142°13'E 5 9.23 6.75 3.75 1.80 1.31 7.77 24.30 6.6 < DL 

Sesoko, Okinawa (Japan) I17 26°38'N 127°51'E 6 9.05 6.60 4.17 1.58 1.20 7.72 24.88 11.4 < DL 
NW Fiji I18S1 17°22'S 177°07'E 7 8.84 6.07 4.47 1.36 1.03 7.69 28.03 12.0 < DL 

Heron, S GBR (Australia) I19S1c13 23°26'S 151°54'E 7 9.09 6.98 4.17 1.67 1.18 7.77 24.43 8.9 < DL 

SW Cockatoo Reef, GBR (Australia) I19S3c14 20°46'S 150°53'E 7 9.05 6.63 4.31 1.54 1.14 7.78 25.49 15.7 < DL 
Noumea Lagoon (New Caledonia) I21S2c16 22°32'S 166°26'E 12 8.94 6.70 4.20 1.59 1.05 7.77 24.49 10.6 < DL 

E Vangunu (Salomon) I22S2c1 08°36'S 158° 11'E 4 8.79 6.40 4.83 1.33 0.96 7.72 29.43 16.7 < DL 

E Vangunu (Salomon) I22S2c2 08°36'S 158° 11'E 4 8.75 6.06 5.14 1.18 0.97 7.67 29.43 12.5 < DL 
Losuia, Tabungora Island (PNG) I23S2 09°21'S 152°02'E 13 8.78 5.94 4.82 1.23 1.02 7.64 28.69 9.9 < DL 

Kimbe, Hoskins District (PNG) I24S2c2 05°05'S 150°12'E 17 8.71 5.65 4.45 1.27 1.05 7.55 29.75 11.7 < DL 
N Hoskins District (PNG) I24S3c22 05°12'S 150°23'E 6 8.73 5.66 4.64 1.22 1.05 7.56 29.76 16.3 < DL 

Helen Reef (Palau) I25S1c1 02°57'N 131°48'E 3 8.83 5.84 4.48 1.30 1.07 7.63 29.32 10.6 < DL 

Helen Reef (Palau) I25S1c2 02°57'N 131°45'E 9 8.78 5.70 4.30 1.33 1.09 7.57 29.32 11.6 < DL 
North Palau I26S1c26 07°47'N 134°35'E 16 8.80 5.61 4.44 1.26 1.00 7.70 29.16 9.4 0.8 

Koror (Palau) I26S2 cont 1 07°17'N 134°21'E 4 8.73 5.54 4.44 1.25 1.02 7.60 29.20 13.8 < DL 

Koror (Palau) I26S2 cont 2 07°17'N 134°21'E 4 8.71 5.51 4.42 1.25 1.02 7.57 29.20 8.3 < DL 
Acidic site, Koror (Palau) I26S2 acid 07°19'N 134°29'E 4 8.79 5.37 4.25 1.26 1.07 7.60 29.19 14.1 < DL 

Green Island (Taiwan) I28S3 22°39'N 121°29'E 3 8.86 5.59 4.01 1.39 1.07 7.67 26.82 8.1 < DL 

Clipperton (France) I31S3 10°18'N 109°12'W 10 8.98 5.65 4.06 1.39 1.16 7.69 28.36 14.2 < DL 
Secas islands (Panama) I32S1 07°57'N 82°03'W 3 8.83 5.60 4.86 1.15 1.01 7.71 28.96 11.8 0.8 

Diploastrea spp.              
Noumea Lagoon (New Caledonia) I21S2c17 22°33'S 166°26'E 15 9.04 6.56 3.87 1.70 1.04 7.88 24.49 3.0 < DL 

Losuia, Tabungora Island (PNG) I23S2 09°21'S 152°02'E 13 8.87 5.62 3.79 1.48 1.05 7.70 28.69 4.1 1.0 
Kimbe, Hoskins District (PNG) I24S2c3 05°05'S 150°12'E 8 9,00  5.88 4.15 1.42 1.13 7.74 29.77 5.4 < DL 

W Garua, N Hoskins District (PNG) I24S3c23 05°19'S 150°07'E 7 8.80 5.66 4.28 1.32 1.06 7.61 29.74 5,0 < DL 

North Palau I26S1 07°47'N 134°35'E 16 8.76 6.00 4.68 1.28 0.96 7.70 29.16 5.1 < DL 
Green Island (Taiwan) I28S3 22°39'N 121°29'E 13 8.95 5.75 3.53 1.63 1.11 7.73 26.82 6.3 1.4 
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3.2.3. SST and elemental proxy calibrations 

All SST calibrations span ~ 7°C, from 22.4 ± 0.2°C to 29.8 ± 0.2°C. Fig. 7 shows linear regressions 

between ambient seawater temperature and coral Sr/Ca, Li/Mg, and Sr-U for the Porites and Diploastrea 

core-tops. The three temperature proxies were inversely correlated to the seawater temperature in the 

range between 22.4 ± 0.2°C and 29.8 ± 0.2°C for Porites, and 24.5 ± 0.2°C to 29.8 ± 0.2°C for 

Diploastrea. Regressions using different combinations of Sr/Ca, Li/Ca, Mg/Ca and Li/Mg were also 

tested to generate multi-ratio SST calibrations for both genera. The regression parameters and calibration 

equations are reported in Table 2. The RMSE values were calculated from the full 40 core-tops. 

The Sr/Ca-SST regressions showed higher uncertainties (RMSE ranging from 0.99 to 1.90°C) than 

Li/Mg (RMSE ranging from 0.82 to 0.98°C) regardless of the genus considered. Overall, the variability 

of the prediction accuracy of the calculated SST was better when using the combination of Sr/Ca and 

Li/Mg (RMSE < 0.87 °C for Porites, Diploastrea, and multi-genera calibrations) compared to single 

Sr/Ca or Li/Mg calibrations (Table 2). For multi-species calibrations, the combination of Sr/Ca and 

Li/Mg or Sr/Ca, Li/Ca and Mg/Ca strengthened the relationship between the coral geochemical 

composition and SST (RMSE = 0.87 and 0.72 °C, respectively). This is particularly evident for 

Diploastrea that showed the lowest RMSE (0.19 °C) for Sr/Ca-Li/Ca-Mg/Ca proxy. Overall, multi-

proxy calibrations revealed greater confidence in the SST reconstructions compared to single-ratio 

calibrations. These results are in line with recent studies that investigated the Sr/Ca-Li/Mg proxy, which 

improved the reliability of the SST reconstructions based on Siderastrea (Fowell et al., 2016) and 

Porites (D’Olivo et al., 2018; Zinke et al., 2019). The RMSE for the Sr-U vs. SST linear regressions 

(equation F, L, Q), which consider the Sr-U values derived from equation 4 in DeCarlo et al. (2016) 

(i.e., without using the correlation between Sr/Ca and U/Ca), ranged from 1.25 to 1.83 °C, and was 

higher than the uncertainty obtained by Ross et al. (2019) (0.92 °C) using a quadratic model in the 

temperature range ~ 18-30 °C. The general multi-species Sr-U calibration (equation G), which compiles 

data from this study with those from DeCarlo et al. (2016), Alpert et al. (2017), and Ross et al. (2019), 

showed an RMSE of 1.66 °C. The slope of the Sr/Ca calibration equation for Diploastrea (-0.045 ± 

0.005) is significantly different from that of Porites (-0.073 ± 0.006) and multi-genera (-0.069 ± 0.005). 

This can be mainly explained by the low number of points available for Diploastrea (n = 6) compared 

to Porites (n = 34) and the narrower temperature range (5.3 °C vs. 7.4 °C for Diploastrea and Porites 

specific calibrations, respectively). Corrège et al. (2006) calculated a mean equation for Porites (Sr/Ca 

= -0.0607 SST + 10.553) based on a compilation of published calibrations obtained at sub-annual 

resolution from different sites, SST range, and SST sources (black dotted line, Fig. 7A). Despite the 

temporal scale (yearly vs. sub-annual), the slopes obtained in the present study (Eq. B and H) were 

similar, within error, to the general equation by Corrège et al. (2006). However, the slopes of equations 

B and H were partly controlled by the limited number of points at low temperatures (22-24 °C; n = 2) 

compared to warm temperatures (28-30 °C; n = 20), which slightly increased the slope values. 
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The Sr/Ca, Li/Mg, and Sr-U vs. SST regressions for Diploastrea (red line, Fig. 7) suffered from the 

limited number of samples and temperature range (from 24.5 to 29.8 °C). This could explain the 

difference in slope and intercept between our Sr/Ca vs. SST regression and that reported by Corrège et 

al. (2004) (Sr/Ca = - 0.060 SST + 10.57) for the same genus collected in Indonesia and New Caledonia, 

spanning a ~ 8 °C range (from 22 to 30 °C). However, this mismatch is also partly the result of the 

different regression models applied, ordinary least squares (Corrège et al., 2004) vs. weighted robust 

regression (this study). Indeed, the calibration equation calculated using the ordinary least squares is 

Sr/Ca = - 0.033 SST + 9.85. 

The slopes of the Sr-U regressions were similar, within error, for Porites (-0.034 ± 0.005), Diploastrea 

(-0.036 ± 0.013), and multi-genera (-0.033 ± 0.005) but differed from the general Sr-U calibration (-

0.058 ± 0.002, Eq. G) obtained by combining results from this study and literature values.  

Overall, our geochemical analyses at yearly resolution using core-tops of Porites and Diploastrea 

collected from spatially distant sites in the Pacific Ocean indicate a strong sensitivity of Sr/Ca, Li/Mg, 

and Sr-U to temperature, especially for the combined Sr/Ca-Li/Mg.  
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Table 2 

Regression parameters of the SST calibrations developed in this study. (*) calibration G was obtained 

by combining Sr-U values from the present study and from DeCarlo et al. (2016), Alpert et al. (2017) 

and Ross et al. (2019).  

Calibration Proxy  Calibration equation RMSE (°C) 

Multi-genera 

Sr/Ca (B) Sr/Ca = -0.069 SST + 10.78 1.19 

Li/Mg (C) Li/Mg = -0.084 SST + 3.74 0.98 

Sr/Ca-Li/Mg (D) SST = 68.50 - 3.47 Sr/Ca - 7.09 Li/Mg 0.87 

Sr/Ca-Li/Ca-Mg/Ca (E) SST = 50.82 - 1.63 Sr/Ca - 2.87 Li/Ca + 2.03 Mg/Ca 0.72 

Sr-U (F) Sr-U = -0.033 SST + 8.63 1.83 

Sr-U (*) (G) Sr-U = -0.058 SST + 9.39 1.66 

Porites spp. specific 

Sr/Ca (H) Sr/Ca = -0.073 SST + 10.91 0.99 

Li/Mg (I) Li/Mg = -0.087 SST + 3.79 0.82 

Sr/Ca-Li/Mg (J) SST = 60.80 - 2.48 Sr/Ca - 7.94 Li/Mg 0.74 

Sr/Ca-Li/Ca-Mg/Ca (K) SST = 50.66 - 1.65 Sr/Ca - 2.79 Li/Ca + 1.98 Mg/Ca 1.08 

Sr-U (L) Sr-U = -0.034 SST + 8.63 1.77 

Diploastrea spp. specific 

Sr/Ca (M) Sr/Ca = -0.045 SST + 10.14 1.90 

Li/Mg (N) Li/Mg = -0.071 SST + 3.48 0.96 

Sr/Ca-Li/Mg (O) SST = -3.90 + 5.97 Sr/Ca - 14.34 Li/Mg 0.77 

Sr/Ca-Li/Ca-Mg/Ca (P) SST = -46.66 + 10.34 Sr/Ca - 6.33 Li/Ca + 4.96 Mg/Ca 0.19 

Sr-U (Q) Sr-U = -0.036 SST + 8.75 1.25 
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3.3. Porites and Diploastrea colonies of Palau 

3.3.1. Age model 

The X-ray radiography and the computed tomography (CT-scan) of both Porites and Diploastrea long-

cores from Palau (I26S1) showed a density-banding pattern (Fig. 4). The mean linear extension rates 

were 10.7  0.2 mm·yr-1 and 5.7  0.4 mm·yr-1 for Porites and Diploastrea colonies, respectively. The 

values for Porites were similar to those reported by van Woesik et al. (2015) and DeCarlo (2017) (7.3 

to 13.4 mm·yr-1), but lower than those reported by Osborne et al. 2013 (13.6 to 20.5 mm·yr-1) for the 

same genus at the same location. Along both colonies, skeletal banding was unclear in some coral 

portions, most likely as the result of the narrow seasonal amplitude (~ 1.5 °C, Osborne et al., 2013) in 

the sampling location that reduced the coral density contrast between summer and winter. For this 

reason, the U/Th dating method was applied to both colonies and confirmed the age model obtained by 

sclerochronology. The initial 234U ratio of the samples (234Ui) is within the expected value for seawater 

and modern corals (234U = 145 ± 1.5, Chutcharavan et al., 2018). Due to the low 232Th concentration 

(< 0.1 ng·g-1) and high 230Th/232Th ratio (> 19), the detrital correction had a negligible effect (Table 3). 

Corrected ages ranged between the years 2014 ± 3 and 1968 ± 4 for the Porites colony and between the 

years 2014 ± 3 and 1883 ± 12 for the Diploastrea colony. These ages were consistent, within error, with 

our sclerochronological model obtained by annual band counting (Table 3).  

 

Table 3 

Uranium and thorium concentrations, isotopic composition and ages of coral samples. The uranium 

isotopic ratio is expressed as δ234U = ([234U/238U] − 1) × 1000). Errors are given at 2absolute 

uncertainties. The initial 234U value (234Ui) was calculated based on 230Th age (T), i.e., 234Ui = 234Um 

e234 T, where 234Um is the measured δ234U. Ages are given as raw age (Age) and ages corrected for 

detrital fraction (Corrected Age) as ka before the analysis (year 2018). Corrected ages are also reported 

as calendar ages.  

Sample  [238U] ppm [232Th] ppb 234Um(‰) (230Th/238U) (230Th/232Th) 

I 26 P - Middle 2.338 ± 0.019 0.0299 ± 0.0002 146.6 ± 0.8 0.00032 ± 0.00002 75.8 ± 4.8 

I 26 P - Bottom 2.362 ± 0.019 0.0221 ± 0.0002 144.2 ± 0.6 0.00055 ± 0.00002 178.3 ± 8.0 

I 26 D - Top 2.174 ± 0.018 0.0256 ± 0.0002 145.8 ± 1.0 0.00008 ± 0.00002 19.4 ± 5.1 

I 26 D - Middle 2.223 ± 0.018 0.0186 ± 0.0002 145.5 ± 1.2 0.00093 ± 0.00005 338.3 ± 17.0 

I 26 D - Bottom 2.577 ± 0.021 0.0988 ± 0.0009 143.8 ± 1.5 0.00153 ± 0.00007 120.7 ± 6.0 

 

Sample  Age (ka) 234Ui(‰) Corrected Age (ka) Calendar Age (AD) 
Age from 

sclerochronology (AD)  

I 26 P - Middle 0.031 ± 0.002 146.6 ± 0.8 0.027 ± 0.004 1991 ±4 1989 

I 26 P - Bottom 0.053 ± 0.002 144.2 ± 0.6 0.051 ± 0.004 1968 ±4 1970 

I 26 D - Top 0.008 ± 0.002 145.8 ± 1.0 0.004 ± 0.003 2014 ±3 2016 

I 26 D - Middle 0.090 ± 0.005 145.5 ± 1.2 0.087 ± 0.006 1932 ±5 1928 

I 26 D - Bottom 0.147 ± 0.007 143.8 ± 1.5 0.135 ± 0.012 1883 ±12 1874 
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3.3.2. Elemental ratios 

Minima, maxima and mean values of the elemental ratios obtained from the Diploastrea (1874-2016) 

and the Porites (1970-2016) long cores are presented in table 4. Overall, Diploastrea showed slightly 

higher Li/Ca, Mg/Ca, and Li/Mg values than those of Porites (mean values: + 15.4 % for Li/Ca, + 5.3 

% for Mg/Ca, + 10.2 % for Li/Mg) and slightly lower Sr/Ca, U/Ca and Sr-U values (– 1 % for Sr/Ca, – 

4.2 % for U/Ca and – 0.5 % for Sr-U).  

Table 4 

Minima, maxima and mean ( 1 SD) values for Sr/Ca, Li/Ca, Mg/Ca, Li/Mg, U/Ca and Sr-U in Porites 

(n = 88) and Diploastrea (n = 323) cores from Palau (I26S1). 

  Porites spp. Diploastrea spp. 

  Min Max Mean  1SD Min Max Mean  1SD 
          

Sr/Ca mmol·mol-1 8.76 8.97 8.88 0.04 8.63 8.93 8.79 0.04 

Li/Ca mol·mol-1 4.71 5.42 5.06 0.16 5.57 6.38 5.98 0.14 

Mg/Ca mmol·mol-1 3.90 4.94 4.45 0.23 4.36 5.05 4.70 0.12 

Li/Mg mmol·mol-1 1.04 1.23 1.14 0.05 1.19 1.33 1.27 0.02 

U/Ca mol·mol-1 0.95 1.06 0.99 0.02 0.90 1.01 0.95 0.02 

Sr-U  7.68 7.85 7.78 0.03 7.62 7.84 7.74 0.04 
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4. Discussion 

4.1. Sources of uncertainties of SST calibrations 

The quality of the coral-based calibrations used to reconstruct past seawater temperatures depends on 

different factors, including the presence of calcite, organic matter, and other diagenetic products (e.g., 

secondary aragonite), the analytical uncertainty, and the choice of the SST database used for the 

calibrations. Regression uncertainty is usually calculated based on the discrepancy between 

reconstructed and measured SST. 

4.1.1. Impact of the analytical uncertainty on SST reconstructions 

The analytical precision of ICP-QMS calculated from repeated JCp-1 and M1P-p measurements (cf. 

2.5.2), without considering the regression errors, resulted in SST uncertainties ranging from 0.9 °C (Eq. 

H) to 1.4 °C (Eq. M) for the Sr/Ca proxy and from 0.3 °C (Eq. I) to 0.4 °C (Eq. N) for Li/Mg. SST 

uncertainties based on multi-ratios ranged from 0.4 °C (Eq. J) to 0.8 °C (Eq. O) for Sr/Ca-Li/Mg and 

from 0.6 °C (Eq. K) to 1.8 °C (Eq. P) for Sr/Ca-Li/Ca-Mg/Ca, and increased to 2.4 °C for all Sr-U 

equations, except for equation G (1.4 °C). In general, the impact of analytical uncertainties on the SST 

reconstruction is substantial, accounting for half of the total uncertainty. Although the analytical 

precision can contribute significantly to the overall SST uncertainty, depending on the instrument used 

and analytical protocol applied, other sources of uncertainty (e.g., the presence of calcite or organic 

matter) may have a larger impact and need to be carefully considered. 

4.1.2. Presence of calcite and organic matter 

The geochemical signature of the aragonite skeleton of modern corals can be altered by different early 

and post-depositional diagenetic processes, including bioerosion, dissolution, secondary aragonite and 

calcite precipitation, replacement of aragonite by calcite, or the presence of organic matter, as in the 

green bands often observed in tropical corals (Macintyre and Towe, 1976; McGregor and Gagan, 2003; 

Hendy et al., 2007; Nothdurft and Webb, 2009; Lazareth et al., 2016; Cuny-Guirriec et al., 2019). In 

particular, early diagenetic intra-skeletal calcite has a lower Sr/Ca and Li/Mg composition than that of 

skeletal aragonite (Sayani et al., 2011; Lazareth et al., 2016), significantly impacting the temperature 

reconstructions, and could explain part of the uncertainties associated to our calibrations. A previous 

study has shown that diagenetic calcite in fossil tropical corals can bias Sr/Ca-based reconstructions by 

1.1 to 1.5 °C per percent calcite (McGregor and Gagan, 2003). In modern tropical corals, Lazareth et al. 

(2016) showed that 1 % of calcite in coral skeleton equals a temperature bias varying from + 0.08 °C to 

+ 0.26 °C, based on Sr/Ca and Li/Mg proxies, respectively. However, Lazareth et al. (2016) concluded 

that the presence of less than 5 % of intra-skeletal calcite does not significantly impact SST 

reconstructions based on Sr/Ca. Considering the higher sensitivity of Li/Mg proxy to the amount of 

calcite (0.26°C·%-1) (Lazareth et al., 2016), we estimate a 4 % of calcite as a reasonable upper limit for 

reliable (± 1°C) SST reconstructions using the Li/Mg proxy. Our samples do not display a significant 
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correlation between the level of calcite and T (Tcoral-TOiSST). In particular, the highest percentage of 

calcite (3.6 %) measured in the Porites colony from Guam does not correspond to the largest T (-3.9 

°C and 4.4 °C for Sr/Ca and Li/Mg, respectively), which is observed for the Diploastrea colony from 

PNG (I24S2), showing calcite level below the detection limits.   

Except for the Porites from Guam, only 5 core-top samples have a calcite percentage between the DL 

(0.6 %) and 1.4 %. This means that 85 % of our samples are characterized by calcite values lower than 

DL, which highlights the aragonite quality of the core-top samples used to derive the calibrations. 

Figure 7 shows that samples with calcite levels above the DL mostly plot along the regression lines and 

their Sr/Ca, Li/Mg and Sr-U values are not distinguishable from samples with calcite level < DL. These 

results demonstrate that the influence of small amounts of calcite within the skeleton on the overall 

uncertainty of our calibration equations is minimal. In addition, the core-tops of the Porites and 

Diploastrea colonies did not show any visible bands related to the presence of endolithic green algae, 

which may lead to temperature overestimation when using the Li/Mg proxy (Cuny-Guirriec et al., 2019). 

Moreover, the application of a specific oxidative cleaning protocol (Cuny-Guirriec et al., 2019) to all 

coral samples prior to the geochemical analysis ensured the complete removal of any organic material 

residues.  

4.1.3. Reproducibility of coral skeleton geochemical data 

Intra-colony geochemical variability  

Like all proxy calibrations, those involving corals necessitate a precise alignment of the timing of coral 

skeletal growth with the corresponding environmental parameter (e.g., SST). Our calibrations were 

performed by comparing the mean SST value for the period 2010-2016 with the mean Sr/Ca, Li/Ca, 

Mg/Ca, Li/Mg, and Sr-U values of the corresponding period of skeletal growth, as determined by the 

banding pattern. The primary uncertainty of this approach stems from the sampling and analysis of the 

coral portion, along with the concern that it precisely reflects the mean geochemical composition over 

the more recent six years of growth. In order to assess this uncertainty, we collected 3 sub-samples 

representing the final 6 years of growth from 3 distinct Porites cores (I5S4, I21S2c16, I22S2c2) living 

at SST between ~ 22 °C and ~ 30 °C, and a Diploastrea colony (I21S2c17) living at ~ 24 °C. The 

reconstructed SST for the four selected sites based on single- and multi-proxy and multi-genera 

calibrations are plotted in figure 8. In general, the reproducibility between the triplicates for each core 

and each proxy is high, with the relative standard deviations (RSD) ranging from 0.2 % to 2.8 %. In 

particular, the Sr-U and the Li/Mg proxy showed the lowest (~ 0.9 %, blue dots) and the highest (~ 2 %, 

yellow dots) mean RSD, respectively. For Porites, the RSD is generally larger when applying the Li/Mg 

calibration (~ 2.3 %) and lower when using Sr/Ca (~ 1%, purple dots). Overall, the intra-colony 

reproducibility is high for both genera and for all proxies. This provides further evidence that both 

genera can serve as reliable archives for SST reconstructions. Additionally, it suggests that bulk 
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sampling of Diploastrea is a reproducible method and can help reduce the geochemical variability 

associated with various skeletal microstructures (Watanabe et al., 2003; Bagnato et al., 2004). 

The mean reconstructed SST values (average of the triplicates) match well with the ambient 

temperatures obtained from the AVHRR-OISSTv2 database, with differences (T) being generally 

lower than 0.5°C, except for the Sr-U proxy (T = 2.1 ± 1.6 °C). Overall, multi-ratios Sr/Ca-Li/Mg 

(green dots) and Sr/Ca-Li/Ca-Mg/Ca (orange dots) calibrations yield the most accurate SST estimates, 

whether using genus-specific or multi-genera calibrations. These results confirm recent studies that 

highlighted the benefit of multi-ratio proxies in SST reconstructions (Fowell et al., 2016; D’Olivo et al., 

2018; Zinke et al., 2019). 

 

Genus-specific effect 

The limited number of Diploastrea samples available for the present study may partly explain the 

difference in the individual-specific Sr/Ca calibration slopes between Diploastrea (-0.045 ± 0.005) and 

Porites (-0.073 ± 0.006) (Fig. 7A; Table 2). Once the regression model combines the Sr/Ca values from 

both genera, the resulting multi-genera slope (-0.069 ± 0.005) is similar to those reported in Corrège et 

al. (2004) for Diploastrea (-0.060) and Porites (-0.062). However, to properly assess individual-specific 

calibrations and potential inter-genus effects, it would be necessary to include additional Diploastrea 

specimens.  

The regression slopes for the Li/Mg-SST calibrations are similar, within error, for Diploastrea (-0.071 

± 0.019) and Porites (-0.087 ± 0.006) (Fig. 7B, Table 2), supporting previous findings showing the 

species independent character of the Li/Mg temperature proxy (e.g. Hathorne et al., 2013; Montagna et 

al., 2014; Marchitto et al., 2018; Cuny-Guirriec et al., 2019). However, small differences exist between 

Diploastrea and Porites in the Li/Mg values, especially for warmer temperatures (Fig. 7B).  

The Sr-U vs. SST relationships exhibit some variations across the different datasets, as evidenced in 

figure 7-C.  This underscores an existing knowledge gap in the Sr-U thermometry that can be addressed 

by expanding the analysis of Sr/Ca and U/Ca in more shallow-water coral specimens from other regions 

and eventually exploring the application of this method in azooxanthellate corals in future studies. 

For the multi-ratio proxies (Sr/Ca-Li/Mg and Sr/Ca-Li/Ca-Mg/Ca), the comparison of calibration 

equations (Table 2) clearly indicates that regression parameters of Porites and multi-genera calibrations 

are very similar.  On the contrary, the low number of samples (6 vs. 34) and the narrower temperature 

range covered by the Diploastrea specimens (22.4-29.8°C vs. 24.5-29.8°C) represent a limitation when 

building the regression models. Additional Diploastrea samples would be required to confirm potential 

species/genus effects on the geochemical proxies. 

4.1.4 Gridded and in-situ temperature data: spatial resolution and depth gradient 

SST data for proxy calibrations are typically derived from a combination of observations by satellites, 

ships, and buoys (e.g. HadlSST, ERSST, AVHRR-OISST), which provide data at a spatial resolution of 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



1/4° to 2°, or from direct in situ measurements by temperature sensors (Corrège, 2006; Pfeiffer et al., 

2017; D’Olivo et al., 2018). 

A potential source of error in proxy calibration arises from the discrepancy between the actual 

temperature experienced by the coral throughout its lifespan and the temperature selected for the 

calibration. In-situ temperatures are usually the best approach because the temperature sensor is close 

to the coral colony and reflects the ambient temperature of the reef. Unfortunately, few sparse in-situ 

SST measurements are available for most of the coral sites explored by the Tara Pacific expedition, 

which prevents a complete assessment of the quality of the AVHRR-OISSTv2 dataset for the study sites. 

In addition, satellite-based data represent the surface temperature (10-20 m to 1 mm below the surface), 

while zooxanthellate corals can live from the surface to ~ 100-150 m water depth (e.g., Englebert et al., 

2014). Coral samples from the Tara Pacific expedition were collected from 3 to 20 m depth (Table 1). 

To quantify the seawater temperature variability with depth, we calculated the mean difference in 

monthly in-situ temperature at 2 m and 15 m over the period 2000-2018 at the Short Drop Off site in 

Palau, which is ~ 55 km from the Ebiil Channel site (Palau, Fig. 2). Unfortunately, depth profiles of 

temperature in the Ebiil Channel are not available. On average, the upper layer is 0.1 °C warmer than 

the 15 m deep layer. We also calculated the temperature-depth gradient (0-10 m) for the different Tara 

Pacific sampling locations using the World Ocean Atlas 2018 (Locarnini et al., 2018). The mean value 

(-0.11 ± 0.04 °C / 10 m) is consistent with the in-situ value in Palau. Applying this gradient to our 

sampling sites results in a maximum difference of 0.22 °C between the AVHRR-OISSTv2 value and 

the temperature of the deepest coral colony (CSR 11, Wallis). Although the difference between the in-

situ temperature and the temperature of the dataset may contribute to the overall uncertainty of the proxy 

calibration, this seems to play a minor role compared to the analytical uncertainty, intra-colony 

geochemical variability, and the presence of calcite or organic matter.  
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4.2 SST reconstructions in Palau 

4.2.1 Porites and Diploastrea records over the period 1982-2016 

The SST reconstructions based on the Porites and Diploastrea long cores from Palau were compared to 

the AVHRR-OISSTv2 dataset for the period 1982-2016 to evaluate the performance of the basin-wide 

general calibration equations and assess the potential of both genera in reliably reconstructing the SST 

variations.  

Figure 9 shows the reconstructed SST based on the different single- and multi-ratio calibrations for 

Porites and Diploastrea. Mean values for the 1982-2016 period obtained from the Porites colony range 

from 27.7 ± 0.6 to 31.0 ± 0.5 °C and are significantly different (one-way ANOVA) from AVHRR-

OISSTv2 (28.78 ± 0.4 °C). In particular, the Sr/Ca proxy in Porites underestimates the ambient 

temperature by 1.09 and 0.98 °C when using the multi-genera and the Porites-specific calibrations, while 

Li/Mg and multi-ratio calibrations tend to overestimate the temperature by 0.98 to 2.36 °C (Fig. 9). For 

the Diploastrea colony, temperatures derived from the multi-genera calibrations are more accurate, 

especially when applying the multi-ratio approach (Eq. D, E, G, green boxplots in figure 9). On the other 

hand, all Diploastrea-specific calibrations overestimate the mean SST, reinforcing the argument that the 

limited dataset for Diploastrea necessarily compromises the performance of the calibrations. Overall, 

these results show that the multi-genera equations applied to Diploastrea provide the most accurate and 

precise reconstruction of the mean SST value. 

SST variability reconstructed at sub-annual resolution in Palau over the 1982-2016 period from Porites 

(Fig. 10A, C) and Diploastrea (Fig. 10B, D) is shown together with the AVHRR-OISSTv2 time series 

(black lines). Porites-based reconstructions spread over an amplitude range of ~ 3-4 °C when applying 

both genus-specific and multi-genera calibrations. The derived time-series show some coherence among 

SST reconstructions regardless of the proxy considered, but absolute SST values are quite different. The 

Diploastrea-derived records (Fig. 10B) are consistent with the OISST time-series in terms of absolute 

temperature and SST variations, whereas Porites shows a larger SST range (Fig. 10A). The SST 

variability obtained from the Sr/Ca (Eq. B) and Sr-U (Eq. G) equations in Diploastrea exceeds that 

derived from other proxies and OISST. 

According to the AVHRR-OISSTv2 and ERSSTv5 datasets, sea surface temperature in Palau warmed 

by 0.23 ± 0.04 °C and 0.18 ± 0.04 °C per decade respectively, during the 1982-2016 period. Over the 

same period, sub-annual SST derived from Porites showed warming trends between 0.07 ± 0.06 and 

0.09 ± 0.07 °C per decade, for Sr/Ca-Li/Ca-Mg/Ca and Li/Mg-derived SST, respectively (Table 6). 

Although these trends are similar within error, they are not significant (p-value > 0.05, Mann-Kendall 

test).  

On the contrary, sub-annual SST records derived from Diploastrea display varied trends, ranging from 

– 0.08 ± 0.04 to 0.22 ± 0.12 °C per decade for Li/Mg and Sr/Ca proxy, respectively (Table 6). Significant 

SST trends (p-value < 0.001, Mann-Kendall test) were calculated using multi-genera Sr/Ca (0.15 ± 0.08 
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°C per decade) and Sr-U (0.14 ± 0.08 °C per decade) equations. A significant warming trend was also 

obtained using the genus-specific Sr/Ca equation (0.22 ± 0.12 °C per decade). These trends are similar 

within error to those calculated from OISST (0.23 ± 0.04 °C per decade) or ERSSTv5 (0.18 ± 0.04 °C 

per decade) datasets (Table 6). All the other SST reconstructions derived from Diploastrea did not reveal 

significant trends. When applying the multi-genera calibrations to Diploastrea, all proxies, with the 

exception of Li/Mg, show positive trends, as high as 0.15 ± 0.08 °C per decade for Sr/Ca (p-value < 

0.001, Mann-Kendall test). On the other hand, SST trends derived from Diploastrea-specific 

calibrations are negative (except for Sr/Ca). These results highlight the limitations of the specific 

equations for Diploastrea and underscore the necessity for a more extensive sample collection to 

improve the quality of the SST calibrations for this genus. Overall, comparison of the Porites results 

reveals that most of the trends reconstructed from single- or multi-ratio calibrations are consistent, 

though not statistically significant and much weaker than those derived from OISSTv2 and ERSSTv5. 

On the other hand, the Sr/Ca-derived SST from Diploastrea shows surface warming in Palau similar to 

previous observations for the western Pacific Ocean (Tierney et al., 2015). 

 

Table 6 

Reconstructed SST trends (°C per decade) from 1982 to 2016 in Palau based on the Porites and 

Diploastrea SST calibrations developed in this study (Table 2). Uncertainties (1 SE) are reported in 

parenthesis. “*” represents significant trends (p-value < 0.001, Mann-Kendall trend test). 

  1982 - 2016 

Calibration Proxy Porites sp. Diploastrea sp. 

Multi-genera 

Sr/Ca + 0.082 (73) + 0.146 (81) * 

Li/Mg + 0.094 (74) - 0.016 (28) 

Sr/Ca-Li/Mg + 0.076 (50) + 0.025 (28) 

Sr/Ca-Li/Ca-Mg/Ca + 0.069 (63) + 0.035 (31) 

Sr-U (*) + 0.072 (67) + 0.136 (84) * 

Genus-specific 

Sr/Ca + 0.078 (69) + 0.224 (124) * 

Li/Mg + 0.090 (71) - 0.019 (33) 

Sr/Ca-Li/Mg + 0.076 (53) - 0.080 (41) 

Sr/Ca-Li/Ca-Mg/Ca + 0.067 (62) - 0.074 (87) 

AVHRR-OISSTv2  + 0.227 (39) * 

ERSSTv5   + 0.181 (40) * 
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The large variation in the reconstructed SST based on the different proxies/equations used in the Porites 

colony (Fig. 10A) suggests biases possibly related to the influence of calcification processes in the 

incorporation of minor and trace elements in the coral skeleton. We tentatively explored the possibility 

that coral heterogenous growth dynamics at microscale (reflected as differences in two main 

microstructural units; see Stolarski, 2003; Brahmi et al., 2012) is partly driving the difference in 

elemental composition between Porites and Diploastrea. The hypothesis was tested through the 

quantification of skeletal regions composed of Rapid Accretion Deposits (RAD’s, referred also as 

centers of calcification) vs. Thickening Deposits (TD's, referred also as fibers) in two specimens of both 

genera. In well-developed skeletal portions, Porites showed higher RAD’s/TD's ratio compared to 

Diploastrea (Figs 11 and 12), with percentage of RAD’s varying between 6 and 11 % of the bulk 

skeleton. Instead, the skeleton of Diploastrea is mainly composed of TD's, with less than 2 % of RAD’s 

(Figs 11 and 12). A higher proportion of RAD’s vs TD's could lead to higher concentrations of elements 

such as Mg, Li, and Ba (and to a lesser degree Sr) and lower concentrations of B and U, given that these 

elements are enriched and depleted, respectively, in RAD’s (Allison, 1996; Meibom et al., 2006; Sinclair 

et al., 2006; Case et al., 2010; Montagna et al., 2014). However, a difference in Li/Ca and Mg/Ca exists 

between the fast-growing RAD’s and TD's, with Mg/Ca being relatively more enriched than Li/Ca in 

RAD’s due to a higher growth rate dependence of the partition coefficient of Mg/Ca (Montagna et al., 

2014). This results in a slightly lower Li/Mg (or higher Mg/Li) ratio in RAD’s (Case et al., 2010; 

Montagna et al., 2014). The lower Li/Mg observed in our Porites samples compared to Diploastrea 

collected from the same environmental conditions (Fig. 7) is likely linked to microscale growth 

dynamics differences between the two genera. The higher RAD’s/TD's ratio in Porites could also 

explain the larger scatter of SST reconstructed from different proxies (Fig. 10).  

Other physiochemical parameters, including the different mechanisms through which seawater and ions 

are transported into the calcifying fluid of corals (e.g. active and passive transport of ions via diffusion, 

paracellular pathways, and Ca2+-ATPase pump) or the distinct species-specific mechanisms used by 

corals to regulate their calcifying fluid chemistry can have an impact on the elemental incorporation 

(Gaetani and Cohen, 2006; Gagnon et al., 2007; Gaetani et al., 2011; Ross et al., 2019; Ram and Erez, 

2021, 2023). However, these aspects are outside the scope of our study and, as such, will not discuss 

further.   
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4.2.2 Long-term SST variations from 1874 to 2016 

Long-term records, such as the one derived from the Diploastrea colony of Palau, offer additional 

information to test the applicability of the universal calibrations developed in this study to capture 

decadal changes. Figure 13 shows the SST records spanning from 1874 to 2016, based on the 

Diploastrea colony of Palau and expressed as the deviation from the baseline period 1961-1990 period 

(Rayner et al., 2003). These reconstructions are derived from the multi-genera calibrations (e.g. Eq. B, 

C, D, E, G), as previously demonstrated to be the most reliable equations. 

The Sr/Ca and Sr-U proxies provide similar patterns and both show a significant SST increase since 

1874 (p-value < 0.001, Mann-Kendall trend test). However, the Sr-U thermometry exhibits greater 

amplitude variations and a slightly higher warming trend than Sr/Ca (0.08 ± 0.01 vs. 0.06 ± 0.01 °C per 

decade). Both proxies reveal negative anomalies from 1880 to 1900 and positive anomalies in the more 

recent years (1996-2016). In contrast, the ERSSTv5 dataset indicates positive anomalies in both periods 

and a moderate warming trend of 0.03 ± 0.01 °C per decade since 1874. The Li/Mg record shows a 

distinct warming phase around 1895, yet it also reveals a negative long-term trend (p-value = 0.005, 

Mann-Kendall trend test), which does not align with that derived from the ERSSTv5 dataset. However, 

considering the uncertainties and potential biases associated with historical changes in the ERSSTv5 

data, especially at local grid scale and before 1900 (Huang et al., 2019), the warming event around 1895 

should be regarded with caution and comparison with our pre-1900 Diploastrea records should be 

minimized.  

Unlike the Sr/Ca-Li/Ca-Mg/Ca record, which predominantly shows positive SST anomalies throughout 

the entire period, the Sr/Ca-Li/Mg record aligns more closely with the long-term variability of ERSSTv5 

at interannual to decadal scales, displaying similar amplitudes and warming-cooling phases (Fig. 13).  

Based on these findings, it is clear that the long-term SST anomaly records from corals are influenced 

by the choice of proxies and calibrations, particularly in relation to linear trends and amplitude 

variations. The observed discrepancies between the coral records and the dataset might also stem from 

the mesoscale variability in the Palau archipelago, as opposed to the broader regional scale encompassed 

by the ERSSTv5 dataset. Nonetheless, our results suggest that Diploastrea-based reconstructions in 

Palau are well suited for exploring questions on the multi-decadal climate variability across the broad 

region of the Western Pacific Warm Pool (WPWP). Our study highlights the complexity of using trace 

elements in corals as absolute temperature proxies and indicates that relying on a single tracer might 

preferentially favor one biomineralization-related process over others. This reflects the significance of 

selecting appropriate chemical proxies for reconstructing past SST, thereby emphasizing the need to 

deepen our understanding of the mechanisms involved in the incorporation of these chemical elements 

into the coral skeleton and to accurately quantify their impact on temperature reconstructions.  
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5. Conclusions 

Annual SST calibrations developed in this study using a unique dataset of 40 massive coral cores of 

Porites and Diploastrea collected during the Tara Pacific expedition across the Pacific Ocean show a 

notable reduction in uncertainties when applying a multi-element approach (e.g., Sr/Ca-Li/Mg), in line 

with recent works on Siderastrea in the Caribbean Sea (Fowell et al., 2016) and Porites in the Great 

Barrier Reef and Indian Ocean (D’Olivo et al., 2018; Zinke et al., 2019). Calibrations obtained through 

the Sr-U thermometry method (using equation 4 in DeCarlo et al., 2016) show a strong correlation with 

temperature (Eq. G, L and Q) but uncertainties are still higher (RMSE = 1.25-1.77 °C) than those 

calculated from the other multi-element calibrations. These results indicate that the combined 

systematics of Sr/Ca, Li/Ca, Mg/Ca, and/or Li/Mg significantly improve the reliability of the 

reconstructed mean annual temperature. However, additional studies are needed to employ Sr-U as a 

thermometer in corals, especially when using the approach that does not consider the interaction term 

(equation 4 in DeCarlo et al., 2016). The Sr-U thermometer holds potential as an alternative method to 

reconstruct SST, as the combined use of Sr/Ca and U/Ca measurements effectively reduces the impact 

of “vital effects”. Advancements in analytical techniques, particularly in the measurement of Sr/Ca, 

Li/Ca and U/Ca ratios, could greatly improve the application of these novel multi-element SST proxies. 

The calibrations were then applied to two long cores of Porites and Diploastrea to reconstruct the SST 

variability in Palau over the last decades. This study highlights the complexity and limitations in using 

coral geochemical proxies, revealing that the reliability of these proxies varies between different coral 

colonies. In particular, the Porites colony in Palau exhibits significant deviations in temperature 

reconstructions, suggesting that factors other than temperature alter the geochemistry of the coral 

skeleton. These discrepancies observed in the Porites records could be attributed to biological influences 

during biomineralization, such as the high ratio between the Rapid Accretion Deposits (RAD’s) and the 

Thickening Deposits (TD's) in the skeleton, which impacts the incorporation of trace elements.  

Conversely, the Diploastrea colony provides more accurate SST records in terms of absolute 

temperature, amplitude variations and short-term trends when applying multi-genera and multi-element 

calibrations (Eq. O, P, Q). 

Collectively, the robustness of the calibration equations (Table 2) and the evaluation of the long-term 

SST reconstructions in Palau corroborate two key points: (1) the effectiveness of a multi-element 

approach (such as Sr/Ca-Li/Mg, Sr/Ca-Li/Ca-Mg/Ca-Li/Mg, and Sr-U), particularly for Diploastrea, 

which was used for the first time in this study, and (2) the relevance of using universal multi-genera 

calibrations to obtain robust temperature reconstructions at sub-annual resolution. This approach tends 

to minimize species-specific effects and reduces potential biases of single-ratio calibration, improving 

reconstructions from fossil tropical corals for which no current calibrations exist, like Diploastrea. 
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Data Availability 

Raw data are available on the journal website in electronic annexes. 
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Figure captions 

 

Fig. 1. Map of the Pacific Ocean showing the sampling locations of coral cores collected during the 

TARA-Pacific expedition and used to generate SST-calibrations (light blue dots). The mean SST (°C) 

was obtained from AVHRR-OISSTv2 for the period 2010-2016. 

 

Fig. 2. Map of the Palau archipelago showing the location of the I26S1 site (red circle) where Porites 

and Diploastrea colonies were drilled, and Ebiil Channel site (red diamond) where in-situ SST were 

collected. 

 

Fig. 3. Image and X-ray computed tomography scan of Porites core-top coral collected in Fiji in June 

2017. Light (dark) bands indicate relatively high (low) skeletal density. Timescale is derived from 

annual density banding counting. Black and white lines represent the sampling transect for geochemical 

analyses along the main growth axis, corresponding to the last six years of growth (2010-2016). 

 

Fig. 4. X-ray negative radiographs of 8 mm slices of Porites (top) and Diploastrea (bottom) cores 

collected in Palau, showing the annual density banding pattern. White lines mark the sampling transects 

for geochemical analyses along the main growth axes. White dots and diamonds mark the samples 

analyzed for U/Th dating and XRD characterization, respectively. 

 

Fig. 5. Preservation of examined specimens of Porites sp. (A-C, G-I) SEM images of broken 

longitudinal sections of corallites showing thin dissepiments (examples with black arrow) and pores 

between septa and columella which are not covered or infilled with any secondary deposits. (D-F, J-L) 

SEM images of transverse delicately etched sections of septa with hollowed-up regions of 

microcrystalline Rapid Accretion Deposits (RAD’s) (white arrows) and Thickening Deposits often with 

regular growth increments, typical of zooxanthellate corals (e.g., J, K). Only exceptionally some 

microboring traces are detectable (dashed red circles, D, L). Specimens:  (A,D) I5S4-P_core top (R-

SCL-1147); (B, E) I31S3-P_core top (R-SCL-1148); (C, F) I26S1_075_076_077 (R-SCL-1149); (G, J) 

I253c21-P_core top (R-SCL-1150); (H, K) I32S1-P (R-SCL-1151); (I, L) I26S1_068_067_066 (R-SCL-

1152).  

 

Fig. 6. Pristine preservation of examined specimens of Diploastrea heliopora. (A-E) SEM images of 

broken longitudinal sections of corallites showing thin dissepiments (example with arrow) and pores 

between septa and columella which are not covered or infilled with secondary deposits. (F-J) SEM 

images of transverse delicately etched sections of septa to show hollowed-up regions of microcrystalline 

Rapid Accretion Deposits (RAD’s) (arrows) and Thickening Deposits often with regular growth 

increments, typical of zooxanthellate corals (e.g. F, G). Only exceptionally some microboring traces are 
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detectable (dashed red circles, F, I).  Specimens: (A, F) I26S1_322-324 (R-SCL-1153); (B, G) 

I26S1_208-210 (R-SCL-1154); (C, H) I26S1_004-006 (R-SCL-1155); (D, I) I24S2_c3-D (R-SCL-

1156); (E, J) I26S1D_293-295 (R-SCL-1157). 

 

Fig. 7. Robust regressions of (A) Sr/Ca, (B) Li/Mg, and (C) Sr-U for Porites (n=34, blue circle) and 

Diploastrea (n=6, red circle) using AVHRR-OISSTv2. In figures 7A and 7B, the dotted and solid lines 

represent regression lines from the literature and this study, respectively. The Y-errors account for the 

analytical and the intra-colonial uncertainties and were calculated by adding the errors in quadrature. In 

Fig. 7C, Sr-U values from this study are combined with those from the literature (DeCarlo et al., 2016; 

Alpert et al., 2017; Ross et al., 2019). Coloured circles with black dots denote samples with percentage 

of calcite higher than the detection limit (DL = 0.6 %). 

 

Fig. 8. Reconstructed SST (°C) from Porites (I5S4, I21S2c16, I22S2c2) and Diploastrea (I21S2c17) 

core-tops sampled in triplicate. The derived-SST are calculated using the multi-genera SST-calibrations 

(Eq. B, C, D, E, G for both genera). For the Porites colonies, the SST values derived from Porites-

specific and multi-genera SST calibrations are indistinguishable. As the Diploastrea-specific 

calibrations are less robust, the data are not shown. Grey bands denote the seawater temperature at the 

sampling location based on AVHRR-OISSTv2 dataset. 

 

Fig. 9. Comparison of mean reconstructed SST in Palau from Porites and Diploastrea colonies based 

on single- and multi-ratio calibration equations developed in this study and SST from the AVHRR-

OISSTv2 dataset (Reynolds et al., 2007) over the 1982-2016 period. Green boxplots (Eq. D, E, and G) 

indicate that coral-based mean SST values are not significantly different from OISST (one-way ANOVA 

test). 

 

Fig. 10. Sub-annual SST changes from 1982 to 2016 in Palau based on Porites (A, C) and Diploastrea 

(B, D) colonies compared to OiSSTv2 changes (black line). Coral-based SST records are calculated 

using (A, B) multi-genera, (C) Porites-specific, Diploastrea-specific calibration equations developed in 

this study. 

 

Fig. 11. Relative share (ratio) of two main microstructural components i.e., Rapid Accretion Deposits 

(RAD’s) vs. Thickening Deposits (TD's) in skeleton of Porites. Left column shows etched skeletal 

sections with hollow-out regions representing RAD's surrounded by TD's; middle column shows 

outlines of RAD's that correspond to hollowed-out regions in the let column; right column shows 

relationship between RAD's and TD's. RAD’s/TD's ratio in Porites varies between 6 and 11 % of the 

bulk skeleton. Relative enrichment of the skeleton of this taxon in elements such as Mg, Li and Ba can 

be linked with higher growth dynamics at microscale (and higher relative abundance of RAD's vs. TD's).  
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Fig. 12. Relative share (ratio) of two main microstructural components i.e., Rapid Accretion Deposits 

(RAD’s) vs. Thickening Deposits (TD's) in skeleton of Diploastrea. Left column shows etched skeletal 

sections with hollow-out regions representing RAD's surrounded by TD's; middle column shows 

outlines of RAD's that correspond to hollowed-out regions in the let column; right column shows 

relationship between RAD's and TD's. RAD’s/TD's ratio in Diploastrea varies between 1.2 and 1.8 % 

of the bulk skeleton. Lower proportion of RAD's vs TD's in the skeleton of this taxon in comparison to 

Porites suggests relative depletion of elements such as Mg, Li and Ba whose higher concentrations are 

linked with faster growing skeletal regions.   

 

Fig. 13. SST records in Palau reconstructed from the Diploastrea colony over the period 1874-2016, 

expressed as anomalies relative to the 1961-1990 period. Coral-based records are calculated using multi-

genera SST-calibrations of this study and compared to the ERSSTv5 time series. (A) ERSST, (B) Sr/Ca 

(Eq. B), (C) Sr-U (Eq. G), (D) Li/Mg (Eq. C), (E) Sr/Ca-Li/Mg (Eq. D) and (F) Sr/Ca-Li/Ca-Mg/Ca-

SST (Eq. E). Black dotted lines correspond to SST trends over the 1874-2016 period. Black curves 

correspond to the 5-year average SST. 
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