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Abstract 

The sea surface temperature (SST) of the Eastern Equatorial Pacific (EEP) can influence the 

global climate system through different modes of climate variability. Paleoclimate records 

allow us to study how these regions have changed over long timescales. Yet, there is a lack of 

paleoclimate record in the EEP, and the fidelity of the proxies commonly used have been 

questioned. In this study, we use an inductively coupled plasma – optical emission 

spectrometer (ICP-OES) to generate elemental records (Sr/Ca, Li/Mg, Ba/Ca) from two corals 

collected in the Galapagos Archipelago and analyze their fidelity to reconstruct past oceanic 

variations. We show that ICP-OES can measure all targeted elements, but with substantial 

uncertainty. Sr/Ca remains a robust SST proxy and is more precise and accurate than Li/Mg. 

Nevertheless, combining Sr/Ca and Li/Mg can help us better reconstruct SST. Although 

previous work has suggested a link between upwelling and Ba/Ca, we find no such 

relationship. Our results suggest that reducing analytical uncertainties in ICP-OES can 

potentially open the door to a rapid approach to carry out multiproxy reconstruction in corals. 

Our results also caution the use of Ba/Ca as an upwelling indicator. 
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1. Introduction 

The sea surface temperature (SST) of the Eastern Equatorial Pacific (EEP) exerts primary 

control on global surface temperature (e.g. Halpert and Ropelewski 1992; Wigley 2000) and 

regional climate (e.g. Ropelewski and Halpert 1987) through different modes of climate 

variability including the El Niño Southern Oscillation (ENSO) and the Pacific Decadal 

Oscillation (PDO). With such profound impacts, it is important to understand the evolution of 

SST in EEP, specifically the dynamics of these climate modes. Rigorous studies over the past 

decades have shed insights on these two climate modes. 

ENSO is known to affect regional and global climates on interannual timescales. During 

an El Niño event, a weakening of easterly trade wind stimulates propagation of Kelvin waves 

from the western equatorial Pacific to the EEP, which in turn reduces the slope of the 

thermocline and suppresses upwelling. The decrease in pressure gradient reinforces the 

weakening of the trade winds through the Bjerknes feedback and ultimately creates an El Niño 

condition (e.g. Collins et al. 2010). The reorganization of the ocean and the atmosphere due to 

El Niño raises the global mean surface temperature (e.g. Halpert and Ropelewski 1992; Wigley 

2000) and alters regional climate, for example causing drought in Australia (Cai et al. 2011), 

pluvial in Southwest United States (Ropelewski and Halpert 1987), and changing tropical 

cyclone frequencies in the Western North Pacific (Camargo and Sobel 2005; Chan 1985). The 

opposite spatial pattern and teleconnections happen during a La Niña event.  

The PDO can drive global and regional climate on decadal to interdecadal timescales. The 

mechanism of PDO is less well understood because of the short length of the instrumental data. 

Nevertheless, Newman et al. (2016) suggest that the PDO involves multiple processes, 

including atmospheric stochastic forcing, ocean memory, and Rossby wave propagation. In 
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addition, the low frequency component of ENSO can also drive PDO like variations (e.g. 

Newman et al. 2003; Newman et al. 2016). Some studies also highlight the importance of the 

subtropical overturning cells in the Western Pacific on PDO dynamics (Meehl et al. 2013; 

England et al. 2014). PDO has shown to affect the global hemispheric temperature (e.g. Kosaka 

and Xie 2013; England et al. 2014) and regional climate such as Southwest United States (e.g. 

McCabe et al. 2004; Coats et al. 2016). 

While analyses based on instrumental data and climate models have allowed us to better 

characterize ENSO and PDO, future changes of these modes of climate variability remain 

uncertain, with climate models producing contrasting response of ENSO towards external 

perturbations (e.g. Collins et al. 2010; Cai et al. 2015) and underestimating low frequency 

climate variability (e.g. Ault et al. 2012; Laepple and Huybers 2014; England et al. 2014). 

Disagreements also exist between climate models and instrumental records (e.g. Vecchi and 

Soden 2007). Part of these disagreements stem from our inability to fully characterize the 

internal variations of these modes of climate variability and their responses toward external 

forcings with instrumental records. For instance, Wittenberg (2009) used an unforced global 

climate model and showed a large variability in ENSO amplitude over a 2000 year period; 

Cobb et al. (2003; 2013) reconstructed ENSO of the past millennium and the Holocene and 

showed ENSO exhibited large variability on these two timescales. All these studies highlight 

the need for long paleoclimate records to further our understanding about these modes of 

climate variability.  

There are numerous coral paleoclimate records in the tropical Pacific (e.g. Shen et al. 1992; 

Dunbar et al. 1994; Urban et al. 2000; Quinn and Sampson 2002; Cobb et al. 2003; Nurhati et 

al. 2011; Cobb et al. 2013). However, only few records are located at the EEP (Cole and 
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Tudhope 2017), and the SST proxies applied in these studies – 18O/16O (δ18O) and Sr/Ca – have 

their own limitations. 

δ18O in corals is a function of ambient SST and δ18O seawater (δ18Osw). SST and δ18O are 

negatively related: corals are more depleted in 18O during warmer conditions and enriched in 

18O during cooler conditions (Epstein et al. 1953). δ18O in corals is also positively related to 

δ18Osw – a parameter usually associated with sea surface salinity (SSS) in seawater and the 

balance between evaporation and precipitation. Since δ18O is a function of both SST and the 

hydrological cycle, it can be difficult to isolate the effects of SST for paleoclimate 

reconstructions. For instance, the freshening in Central and Western Pacific during the late 20th 

century caused substantial decrease in δ18O in several coral records, while SST only played a 

minor role in it (e.g. Cobb et al. 2001; Urban et al. 2000; Nurhati et al. 2009). Some studies 

attempted to isolate the impacts of SST and SSS by regressing δ18O onto Sr/Ca and taking the 

residual as the δ18Osw component (e.g. Abram et al. 2007). However, this introduces additional 

error related to the Sr/Ca-SST relationship. δ18O in the ocean also exhibits large spatial 

variability. Stevenson et al. (2015) developed an isotope enabled regional ocean model system 

and showed that mesoscale oceanic processes could alter the δ18O-SSS relationship across the 

Line Islands, and thus could introduce additional error into δ18O-based paleoclimate 

reconstruction. 

 Sr/Ca offers an alternative for SST reconstruction because Sr/Ca is not affected by other 

environmental factors (e.g. SSS). Numerous studies have demonstrated the Sr/Ca-SST 

relationship in corals and used such relationship to reconstruct SST (e.g. Beck et al. 1992; 

Abram et al. 2007; Nurhati et al. 2011). However, other analyses suggest that Sr/Ca is subject 
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to vital effects (e.g. Cohen et al. 2002; Sinclair et al. 2006; Alpert et al. 2016), which can 

undermine our ability to accurately reconstruct SST. 

With limitations present in δ18O and Sr/Ca, developing other lines of evidence can help us 

better reconstruct SST. One potential candidate is Li/Ca, which is temperature dependent in 

corals (Marriott et al. 2004; Gabitov et al. 2011). However, precipitation rate can also drive 

Li/Ca changes (Gabitov et al. 2011; Rollion-Bard and Blamart 2015). To minimize vital effects 

in Li/Ca, several studies used Li/Mg instead as a SST proxy (e.g. Case et al. 2010; Hathorne 

et al. 2013a; Montagna et al. 2014; Fowell et al. 2016). Their results showed that Li/Mg in 

different corals could faithfully record SST in different regions.  

Coral-based paleoclimate reconstruction usually focuses on SST reconstruction. However, 

other tracers can offer insights about ocean circulation changes. For example, Ba/Ca is 

suggested to reflect upwelling, where an increase in upwelling brings more Ba rich deep 

seawater to the surface (Lea et al. 1989; Shen et al. 1992; Tudhope et al. 1996; Alibert and 

Kinsley 2008a; Alibert and Kinsley 2008b). Ba/Ca can also be related to terrestrial inputs in 

coastal regions, where an increase in runoff leads to higher Ba/Ca in corals (e.g. Sinclair 2005; 

MuCulloch et al. 2003; LaVigne et al. 2016). Analyzing Ba/Ca in parallel with other SST 

proxies can offer a dynamic perspective on how the ocean has changed. This is particularly 

useful in studying the EEP because it can reconcile disagreements on the long term change of 

the tropical Pacific circulation (e.g. Clement et al. 1996; Vecchi et al. 2006; Vecchi and Soden 

2007). 

In this study, we present two new Porites spp. coral records from the Galápagos 

Archipelago in the Eastern Equatorial Pacific. In contrast to previous studies (e.g. Hathorne et 

al. 2013a; Montagna et al. 2014; Alibert and Kinsley 2008a), we use an inductively coupled 
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plasma optical emission spectrometer (ICP-OES) to measure Sr, Ca, Ba, Mg, and Li. We 

specifically address these questions: 1) whether we can measure all these elements 

simultaneously with an ICP-OES, which is a more rapid and cheaper method than using 

inductively coupled plasma mass spectrometer (ICP-MS); 2) whether Li/Mg can be used to 

faithfully reconstruct SST and thus could be applied in SST reconstruction; 3) whether Ba/Ca 

in our sites can be used as an upwelling indicator in the EEP.   

2. Materials and Methods 

2.1. Coral samples and preparation 

We present elemental records of 2 modern Porites spp. corals (GW10-10; GD15-3-1) that 

were collected in the Northern part of the Galápagos Archipelago. GW10-10 was live-cored 

from Shark Bay, Wolf Island (1.39º N, 91.83º W) in May 2010 at 12m depth; GD15-3-1 was 

live-cored from Wellington Reef, on the eastern side of Darwin Island (1.7º N, 92º W), in 

January 2015 at 15m depth (Figure 1). A parallel record of Sr/Ca from GW10-10 was presented 

in Jimenez et al. (in prep.). For both cores, we first halved, slabbed, and cleaned the slabs by 

sonication in deionized water. Then, we x-rayed each coral slab to establish sampling transects 

along the coral’s primary growth axis (Figure 2). Afterwards, we milled each coral slab at 1 

mm increments using a Sherline Computer Numerical control automated benchtop mill with 

each transect 3 mm wide and 2.5 mm deep. Jimenez et al. (in prep.) analyzed several sections 

of the GW10-10 slab with a scanning electron microscope at the University of Arizona to 

determine whether the aragonite has been diagenetically altered. SEM images of GW10-10 

display pristine, primary material that has not been affected by diagenesis or alteration (Figure 

3). 
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2.2. ICP-OES analysis 

We weighed out 500 – 700 µg of powder and acidified each coral sample powder with 3.5 

mL of 5% trace metal grade HNO3 so that each coral powder had approximately 80 ppm Ca. 

We measured Sr (422 nm), Mg (280 nm), Ca (315 nm) content in coral powders with a radial 

torch view and Ba (455 nm), Li (670 nm), Mg (279 nm), and Ca (370 nm) content in coral 

powders with an axial torch view on a Thermo Electron Corporation iCap 7400 ICP-OES at 

the University of Arizona. The ability to measure elemental contents in axial torch view 

enables us to analyze low-concentration elements in corals. 

Based on the output of the ICP-OES, we calculated the target elemental ratios (Sr (422 

nm)/Ca (315 nm), Ba (455 nm)/Ca (370 nm), Li (670 nm)/Ca (370 nm), Mg (279 nm)/Ca (370 

nm)). We then followed the procedure in Schrag (1999) to correct each elemental ratio dataset. 

We first corrected plasma drift by measuring a reference solution between samples and then 

readjusting the sample value to remove the drift. Then, we corrected matrix effects by 

measuring four matrix standards with same Me/Ca (Me = metal element) but with stepped Ca 

concentrations and applying a linear regression that adjusts sample Me/Ca values based on the 

Me/Ca values in the matrix standards. Lastly, we accounted for the offset between the value 

determined by interlaboratory comparison (Hathorne et al. 2013b) and measured value by 

normalizing Sr/Ca and Mg/Ca with JCp-1, JCt-1, and an in-house reference MCP (from a 

western Indian Ocean coral). For Ba/Ca and Li/Ca, we corrected them by applying an offset 

factor (Ba/Ca: 1.27; Li/Ca: 1.73) calculated from compiled replicate analyses of JCp-1 over all 

the runs (Cantarero et al. 2017). 
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2.3. Age model, uncertainty calculation and elemental ratio-SST relationship 

To construct age models and calibrate our elemental records, we used the 1° x 1° monthly 

optimally interpolated sea surface temperature product version 2 (OISST; Reynolds et al. 

2002).  

We determined the age model for GW10-10 and GD15-3-1 based on seasonal cycles in the 

Sr/Ca time series. We first identified each year’s Sr/Ca minima and tied them to the 

corresponding SST maxima (March). We then used MATLAB to linearly interpolate the series 

to monthly time series. Afterwards, we refined the age model by maximizing the correlation 

between the Sr/Ca monthly series and the SST series. 

We calculated the analytic uncertainty for each Me/Ca in each run by taking 2 standard 

deviation (2σ) of the measured JCp-1 values. To calculate the analytical uncertainty for Li/Mg, 

we propagated uncertainty associated with Li/Ca and Mg/Ca by Equation (1): 

𝐴𝐴
𝐵𝐵

= 𝐴𝐴
𝐵𝐵
��𝜎𝜎𝐴𝐴

𝐴𝐴
�
2

+ �𝜎𝜎𝐵𝐵
𝐵𝐵
�
2
  (1) 

Where A= Li/Ca, B=Mg/Ca, σA=standard deviation in Li/Ca, σB = standard deviation in 

Mg/Ca. We assessed Sr/Ca-SST and Li/Mg-SST relationships by using the weighted least 

square (WLS) method. We estimated the weight by taking the inverse of the analytical 

uncertainty variance (1/σ2). WLS is a better method than the ordinary least square method 

because it takes the uncertainty in y-axis (Sr/Ca and Li/Mg) into account when minimizing 

sum of squared errors.   

3. Results 

The mean and standard deviation values for JCp-1 are shown in table 1. Mg/Ca is slightly 

outside the 1σ of the published value while other values are in general agreement with previous 

studies (Hathorne et al. 2013a; Hathorne et a. 2013b). GW10-10 spans from August 1986 – 
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February 2010; GD15-3-1 spans from May 1987 – November 2014. Visual inspection on 

GW10-10 and GD15-3-1 elemental records reveal relationships that are consistent with current 

knowledge about each elemental ratio (Figures 4 – 6). Sr/Ca, Li/Mg, and Li/Ca in both cores 

covary; Mg/Ca exhibits an inverse relationship with other elemental ratios. There is no clear 

relationship between Ba/Ca and other elemental ratios. Sr/Ca to SST and Li/Mg to SST 

calibration equations are shown in table 2. The slope of GW10-10 Sr/Ca-SST calibration lies 

well within the range of published calibration values whereas the slope of GD15-3-1 Sr/Ca-

SST calibration lies in the lower range of the published calibration values (Corrège 2006). The 

slopes of both Li/Mg-SST calibrations are slightly lower than values obtained from Japan and 

Tahiti corals (Hathorne et al. 2013a). 

Comparison between the Sr/Ca (Sr/Ca-SST) and Li/Mg (Li/Mg-SST) based modeled SST 

values from each coral with OISST show that all modeled SST values exhibit certain 

covariation with OISST (Figure 7). Among the 4 elemental records, Wolf Sr/Ca-SST exhibits 

the highest correlation (r=0.7673) with OISST. Analytical uncertainty in Sr/Ca-SST is small 

in both records (maximum GW10-10 2σ: 0.39 °C; maximum GD15-3-1 2σ: 0.51 °C). On the 

other hand, the analytical uncertainty in Li/Mg-SST varies within the record where it ranges 

from 1.5 °C to 7.8 °C (2σ) in GW10-10 and 2.0°C to 10.5°C (2σ) in GD15-3-1.  

Ba/Ca in both cores show random spikes that do not correspond well with other elemental 

ratios (Figures 4 – 5). The mean values obtained in this study (GW10-10: 2.15 µmol/mol; 

GD15-3-1: 2.62 µmol/mol) are lower than the mean value obtained in another Galapagos study 

from Punta Pitt, where upwelling is stronger (mean value: ~4.4 µmol/mol; Lea et al. 1989; 

Shen et al. 1992). 

 



 
 

10 
 

4. Discussion 

4.1. SST proxies 

4.1.1. Fidelity of Sr/Ca and Li/Mg as SST proxies 

Despite controversies in applying Sr/Ca as a SST proxy (e.g. Cohen et al. 2002; Alpert et 

al. 2016), our results indicate a clear relationship between Sr/Ca and SST within this period 

(Figure 7). Recent studies suggested that Li/Mg may also be applied as a SST proxy (Hathorne 

et al. 2013a; Montagna et al. 2014). Our results show that Li/Mg covaries with SST (Figures 

7); However, the relationship between Li/Mg and SST is weaker than the relationship between 

Sr/Ca and SST. To understand the underlying causes of the subtle relationship between Li/Mg 

and SST, we compare Li/Ca and Mg/Ca from both cores with SST (Figure 8). In GW10-10, 

Li/Ca corresponds well with SST despite the presence of a low frequency cycle that spans the 

whole record. Mg/Ca tracks the SST seasonal cycle in the earlier part of the record (~1986 – 

1998). The relationship, however, breaks down after the 1997 – 1998 El Niño and the mean 

Mg/Ca values are offset to more positive after the 97 – 98 El Niño. Li/Ca and Mg/Ca behave 

differently in GD15-3-1 compared to GW10-10. The Mg/Ca in GD15-3-1 closely tracks the 

SST seasonal cycle; the Li/Ca exhibits strong high frequency variability and a comparatively 

weak relationship with SST. The variable relationship between Li/Ca, Mg/Ca, and SST can be 

partially explained by the influence of environmental and biological factors. 

The Li/Ca behavior in GW10-10 aligns with previous studies where they suggested a 

temperature control of Li/Ca in Porites corals (Marriott et al. 2004; Hathorne et al. 2013a; 

Montagna et al. 2014). The secular trend in GW10-10’s Li/Ca and the high frequency 

variability in GD15-3-1’s Li/Ca might be driven by biology, since some studies suggested a 

relationship between precipitation rate and Li/Ca (Gabitov et al. 2011; Rollion-Bard and 
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Blamart 2015). Our results support such hypothesis, where the mean Li/Ca value is higher in 

GW10-10 (6.63 µmol/mol; higher growth rate) than GD15-3-1 (5.93 µmol/mol; lower growth 

rate). Other studies argue that using Li/Mg instead of Li/Ca as a SST proxy can avoid possible 

vital effects which would impact both elements comparably (Hathorne et al. 2013a; Montagna 

et al. 2014). In short, the different behavior in Li/Ca in our records do not contradict previous 

studies. 

While the aim of incorporating Mg into the Li/Mg-SST proxy is to minimize the vital 

effects, Mg/Ca has been suggested to be related to SST (Mitsuguchi et al. 1997). However, 

subsequent studies showed that the Mg/Ca-SST relationship could be affected by how Mg was 

attached to the coral skeleton (Meibom et al. 2004; Allison and Finch 2007; Finch and Allison 

2008). For example, Allison and Finch (2007) used Secondary Ion Mass Spectrometry (SIMS) 

to show that Mg was more abundant in centers of calcification (COC). They further suggested 

that there was no significant relationship between Mg/Ca and SST even after applying a ~77 

day running mean to smooth out the high frequency variability. Our data highlight the 

disagreements seen in earlier work: Mg/Ca appears correlated with SST in the GD-15-3-1 core, 

but other factors appear to dominate the Mg/SST record from GW10-10. (Figure 5).  

By combining Li/Ca and Mg/Ca, it is expected that the vital effects can be minimized 

(Hathorne et al. 2013a; Montagna et al. 2014). In our case, SST seems to be unable to explain 

most of the variance in Li/Mg. We suggest that this might be partly due to analytical 

uncertainty, as the 2σ uncertainty for Li/Ca in our record is up to ~1.38 µmol/mol. Other 

unknown biological factors, for instance different incorporation mechanisms, can also reduce 

the coherence between Li/Mg and SST. Finally, the dependence between Li/Mg and SST 

weakens at higher temperatures, reducing the signal to noise ratio relative to studies that 
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include non-tropical corals (Montagna et al. 2014). These factors together can contribute to the 

weak correspondence between Li/Mg and SST in our cores.   

4.1.2. Proxy accuracy, precision, and reconstruction 

Paleoclimate reconstruction aims for accuracy and precision. Therefore, it is important for 

a proxy to attain both accuracy and precision. In our study, the analytical uncertainty for Li/Mg 

is large (Figures 4 – 5). Hence, this suggests that measuring Li and other elements 

simultaneously by an ICP-OES with accuracy might not be achievable at this stage. Yet, further 

analysis on the reproducibility in each run suggests that JCp-1 is highly reproducible in some 

runs (i.e. 2σ = 0.06 mmol/mol; c.f. Hathorne et al. 2013a: 0.04 mmol/mol). Therefore, if we 

could achieve stability in reproducing the values of the reference material, it would be possible 

to measure Li simultaneously with other elements in the future. This could be accomplished 

potentially by increasing sample size, replication, and multi-standard calibration.  

Regardless of the analytical precision, if we assume a perfect precision in Sr/Ca and Li/Mg 

measurements, we can determine the accuracy of each proxy as an SST recorder and draw 

inference. To estimate the accuracy of each SST proxy, we regress OISST onto each proxy, 

and calculate the standard error of prediction (SE) by applying Equation (2) (Wilks 2011): 

𝑆𝑆𝑆𝑆�𝑇𝑇�� = 𝜎𝜎𝑇𝑇�1 + 1
𝑁𝑁

+ (x−𝑥̅𝑥)2

Σi=1(𝑥𝑥𝑖𝑖−𝑥̅𝑥)2  (2) 

Where N is the sample size, 𝜎𝜎𝑇𝑇 is the standard error of predicted temperature, 𝑥̅𝑥 is the mean of 

the elemental record, and x is the sample value. Our results indicate that Sr/Ca has a higher 

accuracy compared to Li/Mg in both cores (Table 2). Although Li/Mg is a less accurate 

predictor of SST, the difference between Li/Mg SE and Sr/Ca is subtle. This suggests that 

Li/Mg can still provide some useful information about the SST.  
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 Single paleoclimate records can be used to reconstruct local climatic conditions; a 

compilation of multiple proxy records, on the other hand, can be used to reconstruct averaged 

past temperature variations in the tropical oceans (Wilson et al. 2006; Ault et al. 2009; Tierney 

et al. 2015), regional continental temperature (e.g. Pages 2k Consortium 2013) or hemispheric 

temperature (e.g. Mann et al. 2009). These reconstructions can be used to infer dynamics of 

the past (Pages 2k Consortium 2013; Mann et al. 2009, Abram et al. 2016). One simple and 

commonly used method for such type of reconstruction is the weighted composite plus scaling 

(CPS) method. In the weighted CPS method, each proxy record is first z-scored. Then, the 

weight of each record is determined by the correlation between the proxy record and the target 

index over the calibration period. Finally, the records are weighted, averaged and regressed 

onto the target index over the calibration period. Based on different statistics, we can evaluate 

how well the composite record can reconstruct the target index (e.g. averaged tropical Eastern 

Equatorial Pacific SST).  

To evaluate whether Li/Mg is useful in climate field reconstruction, we select Niño 3 index 

as the target index, and evaluate the reconstruction skill of 14 different combinations of our 

elemental records from GW10-10 and GD15-3-1 (Table 3). Since the records from GW10-10 

and GD15-3-1 cover slightly different periods, we first choose the common period of these 

two records (May 1987 – February 2010). We then apply the weighted CPS method to 

reconstruct Niño 3 index by using 14 different combinations of datasets. For simplicity, we 

choose the second half of the record (October 1998 – February 2010) as the calibration period 

and the first half of the record (May 1987 – September 1998) as the validation period. We 

evaluate the reconstruction skill of each composite record by evaluating the coefficient of 

determination (r2) and the root mean squared error (RMSE) during the validation period, the 
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reduction of error (RE), and the cost of efficiency (CE). r2 reflects the percent of variance 

explained by the reconstructed index; RMSE is used to determine the accuracy of the 

reconstructed index; RE and CE are used to evaluate whether there are skills greater than the 

calibration and validation period climatology respectively. RE and CE are calculated in 

equations (3) and (4): 

𝑅𝑅𝑅𝑅 = 1.0 − [Σ(𝑥𝑥𝑖𝑖−𝑥𝑥𝚤𝚤� )2

Σ(𝑥𝑥𝑖𝑖−𝑥𝑥𝑐𝑐���)2
]  (3) 

𝐶𝐶𝐶𝐶 = 1.0 − [Σ(𝑥𝑥𝑖𝑖−𝑥𝑥𝚤𝚤� )2

Σ(𝑥𝑥𝑖𝑖−𝑥𝑥𝑣𝑣����)2
]  (4) 

The 𝑥𝑥𝑖𝑖 and 𝑥𝑥𝚤𝚤�  are the actual and estimated data in year i of the validation period; 𝑥𝑥𝑐𝑐�  and  𝑥𝑥𝑣𝑣��� are 

mean of the actual data in the calibration period and validation period respectively. RE and CE 

ranges from -∞ to 1; RE and CE>0 indicate useful reconstruction skills (Cook et al. 1999; 

Tierney et al. 2015). Our results show highest reconstruction skill when combining all 4 

records together, followed by using GW10-10 Li/Mg, Sr/Ca and GD15-3-1 Sr/Ca (Table 2). 

Using single elemental records, on the other hand, only yield weak reconstruction skills (Table 

2). This suggests that analyzing Li/Mg along with Sr/Ca can potentially help us better constrain 

SST reconstruction on large spatial scales. 

4.2. Upwelling proxy  

Comparison between our Ba/Ca records with other elemental ratios show no apparent 

covariation (Figures 4 – 5). Instead, Ba/Ca occurs in random spikes and are modulated by low 

frequency variations. We compare our two Ba/Ca records with OISST records, Niño 1+2 and 

Niño 3 indices, and GODAS temperature at 15m depth on seasonal timescales and show that 

there are no apparent relationships between these climate variables and Ba/Ca records (Figures 

9 – 10). Assuming that these temperature data are reasonable proxies for upwelling, the lack 
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of relationship indicates that Ba/Ca records from these two corals do not reflect large-scale 

upwelling conditions in this region. Our results contrast with the conclusions of Lea (1989) 

and Shen et al (1992), where they found strong relationships between Ba/Ca records in 

Galapagos coral cores and upwelling as reflected in SST.  

Multiple environmental factors can drive Ba/Ca variability in corals. While several studies 

suggested upwelling variability can drive Ba/Ca variations in corals (e.g. Lea et al. 1989; Shen 

et al. 1992; Alibert and Kinsley 2008a), terrestrial inputs (e.g. MuCulloch et al. 2003; Sinclair 

2006) and temperature (e.g. Lea et al. 1989) can also influence Ba/Ca variability. However, a 

linear regression between Sr/Ca and Ba/Ca shows that the Ba/Ca records presented in this study 

do not correlate with temperature (Figure 6). It is also unlikely that terrestrial inputs can pose 

major influence on our coral records because there is no major river nearby. Interestingly, our 

mean Ba/Ca values for both records are lower than studies done nearby (Lea et al. 1989; Shen 

et al. 1992). To evaluate whether upwelling waters can reach the two sites in this study, we can 

estimate the Ba seawater (Basw) in these sites by using the distribution coefficient (DBa) for Ba 

in corals, which is approximately ~1.3 (Lea et al. 1989; LaVigne et al. 2016), and compare the 

Basw values with other estimated values nearby. DBa is calculated by equation (5): 

𝐷𝐷𝐵𝐵𝐵𝐵 = �𝐵𝐵𝐵𝐵
𝐶𝐶𝐶𝐶
�
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

/ �𝐵𝐵𝐵𝐵
𝐶𝐶𝐶𝐶
�
𝑆𝑆𝑆𝑆

  (5) 

Where Ba/Cacorals is the Ba/Ca content in corals, and Ba/Casw is the Ba/Ca content in seawater. 

The maximum and minimum Ba/Casw values calculated from GW10-10 are 30.2 nmol kg-1 

and 10.2 nmol kg-1 respectively; the maximum and minimum Ba/Casw values calculated from 

GD15-3-1 are 28.4 nmol kg-1 and 13.9 nmol kg-1. Since Basw from GW10-10 and GD15-3-1 

are lower than the range suggested by Lea et al. (1989): 33 nmol kg-1 and 40 nmol kg-1, we 
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argue that our records are less impacted by upwelling waters, and thus cannot track upwelling 

variations accurately. Results from Palacios (2004) support this hypothesis as the SST and a-

chlorophyll content in Wolf Island and Darwin Island are different from Punta Pitt, the study 

site of Lea et al. (1989) and Shen et al. (1992), where upwelling is stronger and average 

temperatures cooler by ~2°C on average (Figure 11). Wolf and Darwin islands seem to be more 

influenced by the Panama Bight Influence instead of the upwelling waters from Peruvian coast 

and the Equatorial Undercurrent (Palacios 2004). Apart from large scale upwelling, regional 

upwelling might also affect the Ba/Ca ratios in corals. Wolf island experiences periodic 

thermocline shoaling, which might increase coral’s Ba/Ca ratio. Unfortunately, we currently 

cannot evaluate the relationship between local thermocline shoaling and Ba/Ca in GW10-10 

because our incomplete Ba/Ca record does not overlap with the short local temperature logger 

data. 

 Several different biological factors can affect the Ba/Ca variability in corals. Tudhope et 

al. (1996) showed an anomalous Ba/Ca peak at the top of their record and they argued that 

such peak could be due to the presence of barite or incorporation of Ba in the organic layer. 

Our record suggests the latter because both coral records have very large spikes at the top of 

the record (not shown). However, this cannot explain the lack of covariance between Ba/Ca 

and other environmental factors because below the top 25 mm (GW10-10) and 13 mm (GD15-

3-1), our Ba/Ca records have a small range whereas these anomalies generally drive large 

spikes (at least 1 order of magnitude change). Sinclair (2005) suggested that phytoplankton 

blooms, the senescence of the cyanobacterium Trichodesmium and Ba/Ca in corals could be 

related. Shen et al. (1992) argued that the long residence time for Ba would allow upwelled 

waters to retain their Ba signature and advect away from source despite influence from 
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phytoplankton blooms. However, analysis of these relationships requires a more thorough 

understanding about the dynamics of phytoplankton in this region, which is outside the scope 

of this study. Sinclair (2005) further hypothesized that coral mass spawning could cause 

anomalous Ba behavior in some corals because different sex of corals could influence 

geochemical signals in corals differently. However, we lack information about the gender of 

our corals. 

 Apart from the abiotic and biotic sources, the analytical uncertainty can contribute to the 

lack of relationship between Ba/Ca and upwelling. The analytical uncertainty in GW10-10 and 

GD15-3-1 are high (Figures 4 – 5). A tighter constraint of Ba/Ca might improve the 

relationship between Ba/Ca and upwelling. However, even if we only analyze the period with 

least analytical uncertainty (GD15-3-1 ~2005 – 2011), there is no direct relationship between 

Ba/Ca and upwelling (Figure 10). In fact, during this period, the Ba/Ca seemed to spike a year 

after La Niña events in 2007 and 2010 (2008 and 2011). Although age model offsets might be 

suspected in this case, the age model is well constrained by other tracers and by banding.  

5. Conclusion and Future Work      

This study aims to investigate 1) the possibility of using ICP-OES to measure lithium, 

barium, and other elements simultaneously, 2) the fidelity of Li/Mg in corals as a SST proxy, 

and 3) whether Ba/Ca in our corals can record upwelling variations. Our results indicate a 

possibility to measure these targeted elements with an ICP-OES. Li/Mg in our records seem to 

be temperature dependent. However, Sr/Ca remains as the most reliable SST proxy. Our 

calibration and validation exercise shows that utilizing multiple elements in a reconstruction 

model improves SST reconstruction over what is possible with a single tracer. could help us 

better constrain SST reconstructions. In both cores, Ba/Ca records do not appear to track 
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upwelling in the EEP, highlighting the importance of understanding mesoscale ocean dynamics 

and better understanding about the biological impacts on Ba/Ca.  

The information of Li/Mg added to SST reconstruction suggests Li/Mg should be analyzed 

in parallel with other commonly analyzed elemental ratio. This could be achieved by 

measuring these elements with an ICP-OES. However, current analytical uncertainty 

associated with Li hinders our ability to further constrain Li/Mg. Therefore, further work is 

needed in developing a method where the analytical uncertainty could converge. Once this 

method achieves stability, this method could potentially help us better reconstruct SST in the 

past and infer past climate dynamics.  
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 Sr/Ca 
(mmol/mol) 

Ba/Ca 
(µmol/mol) 

Li/Ca 
(µmol/mol) 

Mg/Ca 
(mmol/mol) 

Li/Mg 
(mmol/mol) 

mean 8.885 4.228 7.489 6.202 4.120 

1σ 0.055 0.0312 0.622 0.623 0.079 

Table 1. external precision (JCp-1) value for each elemental ratio (Sr/Ca, Li/Ca, Mg/Ca, Ba/Ca, 

Li/Mg) 

 

 

 

Table 2. each elemental record’s correlation, calibrated slope and intercept with SST. This is 

calculated by regressing elemental data onto SST (see methods). The standard error of prediction 

value is calculated by equation (2).  

 

 

 

 

 

 

 

 

 correlation slope intercept Standard prediction of 
error (°C±2σ) 

GW10-10 Sr/Ca 0.77 -0.055 10.586 3.31±0.01 °C 
GW10-10 Li/Mg 0.48 -0.045 2.622 4.49±0.03 °C  
GD15-3-1 Sr/Ca 0.72 -0.043 10.238 3.48±0.01 °C 
GD15-3-1 Li/Mg 0.44 -0.032 2.111 4.59±0.02 °C 
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 R2 RMSE RE CE 

1+2+3+4 0.673 0.931 0.635 0.617 
1+2+3 0.588 1.011 0.570 0.548 
1+2+4 0.661 0.934 0.627 0.608 
1+3+4 0.597 0.984 0.592 0.572 
2+3+4 0.675 0.982 0.594 0.573 
1+2 0.581 1.013 0.554 0.531 
1+3 0.342 1.219 0.374 0.342 
1+4 0.586 0.978 0.591 0.570 
2+3 0.564 1.091 0.499 0.473 
2+4 0.658 0.993 0.578 0.557 
3+4 0.574 1.033 0.518 0.494 
1 0.290 1.268 0.302 0.266 
2 0.574 1.118 0.457 0.429 
3 0.145 1.373 0.149 0.106 
4 0.577 1.022 0.521 0.497 

Table 3. 1 = Wolf Li/Mg, 2 = Wolf Sr/Ca, 3 = Darwin Li/Mg, 4 = Darwin Sr/Ca. Statistic used (r2, 

RMSE, RE, and CE) to measure the skill of 14 different combinations of data used to reconstruct 

Niño 3 index 
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Figure 1a) December – March mean sea surface temperature anomaly during 2015 – 2016 El Niño 

event from OISST v2 (0.25°x0.25°). b) Bathymetry of the Galápagos Archipelago from National 

Geophysical Data Center 2-minute Gridded Global Relief Data (ETOPO1), with two stars 

indicating the two sites where the corals were collected (Darwin Island and Wolf Island).  
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Figure 2. X-ray images of GW10-10 and GD15-3-1. GW10-10 spans from 1986 – 2010 (above) 

and GD15-3-1 spans from 1987 – 2015 (below). White lines indicate sampling paths, which were 

taken parallel to the coral’s primary growth axis when possible. 
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Figure 3. SEM images of Wolf coral core (GW10-10). (a) sample 5 is from the 1997-1998 El 

Niño cycle, showing primary aragonite. (b) sample 7 is from a sequence in GW10-10 with a 

strong seasonal cycle, showing primary aragonite (Adapted from Jimenez et al. in prep.).   
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Figure 4. Elemental ratios from GW10-10. The shaded error represents 2σ uncertainty associated 

with reference material JCp-1.  
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Figure 5. As in figure 4, but from GD15-3-1 instead. 
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Figure 6. a) Scatter plots of Sr/Ca vs different elemental ratios from GW10-10. b) Scatter plots of 

Sr/Ca vs different element ratios from GD15-3-1. 
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Figure 7. comparison of Sr/Ca and Li/Mg calibrated SST with OISST from Wolf Island and 

Darwin Island. R indicates the correlation between the calibrated SST and OISST.  
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Figure 8. Comparison between OISST and Li/Mg, Li/Ca, and Mg/ Ca from GW10-10 (left panel) 

and GD15-3-1 (right panel).  
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Figure 9. Wolf (GW10-10) seasonal Ba/Ca record, OISST, Niño 1+2, Niño 3 indices, and GODAS 

reanalysis temperature at 15m depth. The yellow bar highlights the La Niña years (1988, 1999, 

2011). 
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Figure 10. As in figure 9, but with Darwin (GD15-3-1) data displayed instead. 
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Figure 11. SST mean and a-chlorophyll mean in the Galapagos Island (Adapted from Palacios 

2004). 
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