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Abstract 26	

Barium incorporated in coral skeletons has been widely used as paleo proxies 27	

to study terrestrial inputs, upwelling and anthropogenic activities in marine 28	

environments. However, these applications often face the challenges of poor replication 29	

in the coral skeletal Ba/Ca records from multiple coral colonies and complex Ba sources 30	

in coastal environments. Recent studies of Ba isotopes in seawater and deep-sea corals 31	

have demonstrated the potential to trace Ba sources and water mixing in the ocean, but 32	

there is still a lack of calibrations for Ba isotopes in shallow-water corals. In this study, 33	

we present the first multi-colony Ba isotope calibration from three shallow-water 34	

Porites lutea corals with the contemporaneous in-situ seawater data from the Singapore 35	

Strait. We also report the Ba isotope data in the regional water masses around the study 36	

area (e.g. South China Sea, Malacca Strait and Johor River estuary). Singapore water 37	

Ba concentrations and isotope compositions show a strong influence of terrestrial 38	

inputs, following seasonal salinity and monsoon-driven water-mass mixing between the 39	

Malacca Strait and the South China Sea. The coral skeletal δ138/134Ba results are 40	

generally consistent between the three coral colonies and time-series data closely 41	

follow the seasonal δ138/134Ba variations in seawater. Despite the partition coefficient 42	

of Ba having a large uncertainty (DBa = 0.91 ± 0.29), the Ba isotope fractionation 43	

between the coral skeletons and seawater is relatively constant (D138/134Bacoral-sw = -0.28 44	

± 0.06 ‰) and shows no significant difference between these corals. The mechanism 45	

controlling Ba incorporation and isotope fractionation in coral skeletons remains 46	

unclear, but the evidence clearly indicates that the coral skeletal Ba is originated from 47	

dissolved Ba in seawater. The constant offset of Ba isotopes between coral skeletons 48	

and seawater allows for reliable records of seawater δ138/134Ba values. Ba isotopes in 49	
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coral skeletons could be used to reconstruct surface water salinity variability in the 50	

Singapore Strait, reflecting monsoon driven changes in regional water mass mixing. 51	

  52	

1. Introduction 53	

Barium incorporated in coral skeletons (Ba/Ca ratio) has been widely used as 54	

paleo proxies in marine environments to indicate freshwater runoff (e.g. McCulloch et 55	

al., 2003; Saha et al., 2016; Brenner et al., 2017; Lewis et al., 2018), sediment load (e.g. 56	

McCulloch et al., 2003; Fleitmann et al., 2007; Ito et al., 2020) and upwelling (e.g. Lea 57	

et al., 1989; Fallon et al., 1999; Reuer et al., 2003; Montaggioni et al., 2006; Walther 58	

et al., 2013). These proxies are based on the assumptions that the variation in coral 59	

skeletal Ba/Ca ratios is mainly driven by the seawater Ba composition and that the 60	

controls of Ba incorporation in coral skeletons are known and correctable. However, 61	

several studies have shown that coral Ba/Ca ratios do not always correlate with flooding 62	

or upwelling events and show poor reproducibility between multi-colonies (Tudhope 63	

et al., 1996; Sinclair, 2005; Lewis et al., 2018; Tanzil et al., 2019). In addition to 64	

seawater Ba concentration, culturing experiments and multi-colony calibrations have 65	

found that Ba incorporation in coral skeletons can vary with temperature (Dietzel et al., 66	

2004; Gaetani and Cohen, 2006; Gonneea et al., 2017), light (Yamazaki et al., 2021), 67	

coral species (LaVigne et al., 2016) and genotypes (Allison et al., 2018). 68	

Barium isotopes in coral skeletons have recently been explored as a new tracer 69	

to understand the oceanic Ba cycle, but such applications require the calibration of Ba 70	

isotopes between corals and seawater. Hemsing et al. (2018) and Geyman et al. (2019) 71	

have established the deep-sea coral Ba isotope calibrations, and their results show 72	

constant offsets between the coral skeletal and ambient seawater Ba isotopes. However, 73	

calibrations of Ba isotopes between the skeletons of shallow water corals and seawater 74	
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are still lacking. Pretet et al. (2016) have shown a wide range of Ba isotope 75	

compositions (δ138/134Ba from +0.2 to +1.0 ‰) between different coral species 76	

(shallow-water and deep-sea corals) and locations. Liu et al. (2019) report a relatively 77	

narrow range of Ba isotope compositions (δ138/134Ba from +0.10 to +0.38 ‰) in a 78	

shallow-water coral species Porites from several locations in the South China Sea. 79	

Neither of these latter studies reported in-situ seawater data, making δ138/134Ba 80	

calibrations between shallow-water coral skeletons and seawater ambiguous. 81	

The constant offsets between deep-sea coral skeletons and ambient seawater Ba 82	

isotopes demonstrate the potential for using coral skeletons to reconstruct seawater Ba 83	

isotope compositions, but also highlight the need for better understanding of the 84	

biological and mineralogical controls on the Ba isotope fractionation between coral 85	

skeletons and seawater. Although a recent study of inorganic calcite and aragonite 86	

precipitation experiments has shown that Ba isotope fractionation in both calcite and 87	

aragonite is a function of carbonate precipitation rates (Mavromatis et al., 2020), the 88	

isotope fractionation factors are noticeably different between the inorganic 89	

precipitation and the measured values in deep-sea corals (Hemsing et al., 2018; Geyman 90	

et al., 2019). The assessment of Ba isotope fractionation in shallow-water corals is still 91	

limited by the lack of direct calibration between shallow-water corals and in-situ 92	

seawater in natural environments. 93	

In this study we present the first multi-colony Ba isotope calibration in three 94	

shallow-water Porites lutea corals from a turbid reef in Singapore with 95	

contemporaneous in-situ seawater data. Two of the coral colonies and seawater samples 96	

in this study have been previously studied by Tanzil et al. (2019) to understand the 97	

controls of coral skeletal Ba/Ca ratios in this region, which provides a great opportunity 98	

for us to apply Ba isotopes as a new tracer to explore the mechanism of Ba incorporation 99	
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in coral skeletons. Furthermore, we investigate Ba isotope compositions in the regional 100	

water masses (South China Sea and Malacca Strait) and the local river (Johor River 101	

estuary, Bridgestock et al., 2021) to understand the seasonal controls of seawater Ba 102	

isotopes in the Singapore Strait. This study provides a comprehensive dataset to 103	

establish the relationship between the coral skeletal and seawater Ba isotopes, and 104	

explores the implications and limitations of using Ba isotopes in coral skeletons as 105	

paleo proxies. 106	

2. Samples and methods 107	

2.1. Study area background 108	

Corals and the time-series seawater samples analyzed in this study were 109	

collected from the reef of the Kusu Island (KU: 1.22549ºN, 103.74054ºE) (~5 km from 110	

the main island of Singapore) in the Singapore Strait (Fig. 1). The Singapore Strait links 111	

the Pacific Ocean (South China Sea) and the Indian Ocean (Andaman Sea) through the 112	

Malacca Strait. The climate of this region is characterized by a wet NE monsoon season 113	

(average rainfall ~300 mm month-1) and a relatively dry SW monsoon season (average 114	

rainfall ~150 mm month-1) (Tanzil et al., 2016). The monsoon-driven currents dominate 115	

the seasonal hydrography in this region (Hasan et al., 2012; van Maren and Gerritsen, 116	

2012). During the northeast (NE) monsoon season (November - March), the water 117	

pressure gradient from the South China Sea to the Andaman Sea leads a net westward 118	

flow from the Singapore Strait to the Malacca Strait. During the southwest (SW) 119	

monsoon season (May - September), the reversed wind direction changes the water 120	

circulation and derives a net eastward flow from the Malacca Strait to the Singapore 121	

Strait. Surface waters in the Malacca Strait feature low salinities (< 31 psu), due to the 122	

input of freshwaters from rivers draining the surrounding land mass. Consequently 123	

these seasonal changes in water circulation are traced by salinity, with eastward flow 124	
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from the Malacca Strait during the SW monsoon resulting in a decrease in the salinity 125	

of Singapore Strait surface waters.  126	

The Johor River represents a potentially important local source of freshwater to 127	

the Singapore Strait, in addition to the seasonal advection of low salinity water from 128	

the Malacca Strait described above. It is located on the southern tip of Malaysia 129	

Peninsula and the largest river (annual average discharge of ~80 m3 s-1) supplying 130	

freshwater to the east Johor Strait that connects to the Singapore Strait (Hasan et al., 131	

2012). 132	

2.2. Coral and seawater sampling 133	

Three live massive Porties lutea colonies were sampled in April 2016 (KU-K 134	

and KU-L) and December 2017 (KU-S-A1) from the Kusu Island (KU). The colonies 135	

of KU-K and KU-L were within ~10 m of each other, and KU-S-A1 was about 300 m 136	

away from the other two colonies. All three colonies were about 2-3 m below the mid-137	

tide height (tidal range: ~3 m). Samples were cored from the main growth axis of the 138	

colony using a pneumatic drill (5 cm diameter and 50 cm long diamond bit core barrel). 139	

Sample slices (~7 mm thick) were taken from these cores for the measurements of 140	

skeletal luminescence, Ba/Ca and Ba isotopes (Fig. S1).  141	

Time-series seawater samples were collected monthly from the KU site between 142	

January 2012 and December 2015. Fourteen seawater samples from 2012 to 2014 and 143	

three from 2015 were selected for Ba concentration and isotope measurements in this 144	

study to match the periods in which coral subsamples (2012~2014) and the regional 145	

water masses (2015~2016) were analyzed. Water samples were filtered with 0.45-146	

micrometer filters and acidified to a pH of 1-2 with distilled HCl before the analyses of 147	

Ba concentrations and isotopes. In-situ seawater salinity and temperature (ºC) were 148	

monitored monthly from September 2008 to December 2015, using a YSI 6600 multi-149	
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parameter sonde at 1 m below sea surface. The corals (KU-K and KU-L) and seawater 150	

samples have been analyzed for long-term monthly-resolution skeletal luminescence 151	

and Ba/Ca records by Tanzil et al. (2019). In this study, we selected the coral 152	

subsamples from late 2011 to early 2014 with the matching water samples (between 153	

February 2012 and January 2014) for Ba concentration and isotope analyses. Discrete 154	

water samples collected from the Malacca Strait and the South China Sea between 2015 155	

and 2016 were measured to constrain the Ba compositions in different regional water 156	

masses before mixing in the Singapore Strait (Fig. 1). The data and sample locations 157	

from previous studies in the Johor River estuary (Bridgestock et al., 2021) and the South 158	

China Sea (corals: Liu et al., 2019, and seawater: Cao et al., 2020) are presented for 159	

comparison (Fig. 1). 160	

2.3. Coral and seawater Ba/Ca and Ba isotope methods 161	

Ba contamination in coral skeletons has been found to be associated with 162	

organic material (Swart et al., 1999). To eliminate this issue, we only selected the coral 163	

samples well below the surface tissue layer for this study (Fig. S1). In addition, we also 164	

tested the coral cleaning procedure, followed the methods described in Tanzil et al. 165	

(2019), to evaluate the impact of organic contamination on the Ba results. In brief, all 166	

coral slices were cleaned in a mixture of 1:4 bleach solution (NaOCl, 3-7 % reactive 167	

chlorine) and water for 48 hours to decompose organic matter (Nagtegaal et al., 2012), 168	

and then sonicated in deionized water (three times, 10 minutes each). As a test of this 169	

cleaning procedure, duplicates of certain samples were also subjected to a more 170	

rigorous oxidative cleaning method (NaOCl+HNO3+H2O2, modified by Shen and 171	

Boyle, 1988). Subsamples were milled along the growth axis in each coral slice at every 172	

2-3 mm (~ 30 mg powder, containing ~200 ng of Ba) to achieve a 3-month sample 173	

resolution between late 2011 and early 2014.    174	
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All the water and coral samples were prepared and analyzed for Ba 175	

concentrations and isotopes using the isotope dilution (ID) technique on a thermal 176	

ionization mass spectrometer (TIMS) at the University of Oxford, following the 177	

methods established by Hsieh and Henderson (2017) and Hemsing et al. (2018). In 178	

brief, for seawater samples, 50 mL water (~ 250ng Ba) was weighed and spiked with a 179	

137Ba-135Ba double spike to allow correction for mass fractionation during chemical 180	

purification and instrument analysis. Three mL of a 0.9M Na2CO3 solution was added 181	

to each spiked sample to co-precipitate Ba with CaCO3. The precipitates were 182	

centrifuged, cleaned with H2O and separated from the remaining seawater. For coral 183	

samples, cleaned subsample powder was weighed and dissolved in 5 mL 7.5M distilled 184	

HNO3 before adding a 137Ba-135Ba double spike. All the spiked water and coral samples 185	

were dried and re-dissolved in 1 mL 3M HCl before purification by cation exchange 186	

chromatography (AG50-X8, 200-400 mesh). The overall procedure blank is < 1 ng of 187	

Ba (n = 2) for the seawater method and < 0.2 ng of Ba (n = 3) for the coral method. 188	

2.4. Coral chronology 189	

The chronology of the coral cores was based on the seasonal cycles of skeletal 190	

luminescence, which has been previously established for the corals collected at the KU 191	

site in the Singapore Strait (Tanzil et al., 2016; 2019). The linear relationship between 192	

luminescence intensity (green/blue G/B spectral ratio) and seawater salinity was 193	

applied to refine the chronology alignment, using AnalySeries 2.0. Although the refined 194	

alignment can provide a monthly resolution chronology, the large subsample size for 195	

Ba isotope analysis (2-3 mm, ~ 30 mg powder) compromised the resolution to ~3 196	

months. The drilled sample positions between 2013 and 2014 were labelled along the 197	

growth axis of each coral slice for references (Fig. S1). 198	

 199	
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3. Results 200	

In this study, Ba isotopic compositions are reported as the δ-notation δ138/134Ba 201	

(‰) relative to the National Institute of Standards and Technology (NIST) 3104a 202	

standard: 203	

δ138/134Ba (‰) = (138Ba/134Basample/138Ba/134BaNIST3104a − 1) × 1000             (1) 204	

For comparison, data reported in δ137/134Ba in some previous studies have been 205	

converted to δ138/134Ba by multiplying by 1.33.  206	

As Ba concentrations are collected by the method of isotope dilution without 207	

measuring Ca concentrations, coral Ba concentrations are converted to Ba/Ca 208	

(µmol/mol) by assuming a Ca concentration of 40% per mass of the coral (Hemsing et 209	

al., 2018). Seawater Ba concentrations are presented in nM. For comparison with coral 210	

Ba/Ca ratios, seawater Ba concentrations are normalized by a seawater Ca 211	

concentration ([Ca] = 10.3 mM) (Culkin and Cox, 1966). Although the Ca content may 212	

vary slightly in coral skeletons (associated with the incorporation of other elements) or 213	

seawater (associated with salinity), when compared to the large uncertainty observed 214	

between the coral and seawater Ba/Ca ratios (23 ~ 38%, Section 4.2.1), the uncertainty 215	

from Ca contents is insignificant. 216	

Some of the Singapore seawater Ba concentrations and coral Ba/Ca ratios have 217	

also been previously analyzed by Tanzil et al. (2019) using a quadrupole ICP-MS 218	

technique (and laser ablation LA-ICP-MS for coral Ba/Ca). In general, the ICP-MS 219	

data correlate with the TIMS results (Fig. S2). However, the ICP-MS water [Ba] data 220	

are noticeably lower than the TIMS data, and the LA-ICP-MS coral Ba/Ca data show a 221	

much wider range of variation than the TIMS data. Considering that the water δ138/134Ba 222	

results show a much better correlation with the TIMS [Ba] data (R2 = 0.71) than the 223	

ICP-MS [Ba] (R2 = 0.45) and that the coral sample resolutions are different between 224	
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the TIMS and LA-ICP-MS techniques, we only use the TIMS results for direct 225	

comparison and discussion. 226	

3.1. Standard reference material results 227	

Standards and samples generally show an internal precision of δ138/134Ba 228	

between 0.01 and 0.02 ‰ (± 2SE, n = 540) during each isotope analysis. The long-term 229	

precision and accuracy were monitored with a secondary Ba standard NBS-127 over 230	

two years, δ138/134Ba = -0.29 ± 0.02 ‰ (2SD, n = 14), which is in agreement with 231	

published values in previous studies (δ138/134Ba = -0.27 ± 0.02 ‰; Horner et al., 2017; 232	

and -0.29 ± 0.01 ‰; Crockford et al., 2019). Accuracy is also monitored by processing 233	

a coral powder standard JCp-1 alongside samples, δ138/134Ba = +0.29 ± 0.03 ‰ and 234	

Ba/Ca = 7.1 ± 0.3 µmol/mol (2SD, n = 4), which agree with published values in 235	

previous studies (δ138/134Ba = +0.29 ± 0.03 ‰; Horner et al., 2015; +0.21 ± 0.01 ‰; 236	

Pretet et al., 2015; +0.25 ± 0.03 ‰; Hemsing et al., 2018; +0.30 ± 0.03; Liu et al., 2019; 237	

+0.28 ± 0.03 ‰; Geyman et al., 2019). In this study, two simulated carbonate standard 238	

solutions, NIST RM 8301 Coral and Foram, have been analysed and reported for 239	

δ138/134Ba values for the first time (Coral δ138/134Ba = +0.10 ± 0.02 ‰; Foram δ138/134Ba 240	

= +0.05 ± 0.02 ‰). Their Ba/Ca ratios (Coral Ba/Ca = 6.1 ± 0.2 µmol/mol; Foram 241	

Ba/Ca = 4.0 ± 0.1 µmol/mol) also agree with the inter-laboratory results (Stewart et al., 242	

2020). 243	

3.2. Water results 244	

Singapore surface seawater Ba concentrations and δ138/134Ba values vary from 245	

43.0 to 60.2 nM and from +0.32 to +0.49 ‰ respectively in the KU site (Table S1). The 246	

seasonal variations correspond to the annual salinity cycles, ranging from 29.3 to 32.1 247	

psu between January 2012 and January 2014 (Fig. 2; Section 4.1 and 4.3). During the 248	

SW monsoon season (May - September), Singapore seawater Ba concentrations are 249	
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generally high (> 53 nM) and the δ138/134Ba values are low (< +0.40 ‰), which 250	

coincides with the periods of low salinity (< 31 psu). At the beginning of the NE 251	

monsoon season (~November), Singapore seawater shows the lowest [Ba] (< 46 nM) 252	

and the highest δ138/134Ba values (> +0.48 ‰), which coincides with the maximum 253	

salinity (> 32 psu) of each year. 254	

The surface seawater samples collected from the southern-end of the South 255	

China Sea (around the Malaysian east coast) show the lowest [Ba] (< 43 nM), the 256	

highest δ138/134Ba value (> +0.5 ‰) and the highest salinity (33 psu) in this study (Table 257	

S1). In contrast, water samples collected from the Malacca Strait show relatively high 258	

[Ba] (55.0 ~ 71.9 nM), low δ138/134Ba values (+0.30 ~ +0.41 ‰) and low salinity (29 ~ 259	

30 psu) compared to the South China Sea waters. Samples spanning the estuarine 260	

mixing zone of the Johor River data from Bridgestock et al. (2021) show high [Ba] 261	

(79.2 ~ 837.9 nM), low δ138/134Ba values (+0.34 ~ -0.02 ‰) and lower salinity (0 ~ 27 262	

psu), with an estimated endmember composition of net river inputs of [Ba] = 1039 ± 263	

318 nM and δ138/134Ba = 0.06 ± 0.12 ‰. Seawater samples from the Malacca Strait, 264	

South China Sea and Johor River estuary were collected during a different period 265	

(2015-2017) to the KU seawater contemporaneous to the sampled coral growth period 266	

(2012-2013). However, additional KU seawater samples collected in 2015 show 267	

comparable results to those collected in 2012 and 2013 (Table S1). 268	

3.3. Coral skeletal results 269	

Coral skeletal Ba/Ca ratios vary between 3.1 and 6.9 µmol/mol in these three 270	

coral colonies (KU-K, KU-L and KU-S-A1) from late 2011 to early 2014 (Table S2), 271	

while the Singapore seawater Ba/Ca ratios vary between 4.4 and 6.9 µmol/mol at the 272	

KU site over the similar period (Fig. 2). Although the values of coral and seawater 273	

Ba/Ca ratios overlap, temporal trends in the coral Ba/Ca ratios are inconsistent between 274	
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the three colonies. In contrast, coral δ138/134Ba values vary between +0.07 and +0.22 ‰ 275	

and show a similar temporal trend between each colony (Fig. 2b). The trends of coral 276	

δ138/134Ba in all three colonies follow the seawater δ138/134Ba annual cycle reasonably 277	

well (see Section 4.2). Direct comparisons for δ138/134Ba and Ba/Ca data between the 278	

corals and seawater are summarized in Fig. S3. 279	

In the organic cleaning test results, Tanzil et al. (2019) have shown that the 280	

cleaning procedures result in no significant difference in coral Ba/Ca ratios between the 281	

NaOCl-only method and the NaOCl+HNO3+H2O2 method in these Singapore corals. 282	

The set of the samples measured for Ba isotopes in this study shows no detectable 283	

difference in δ138/134Ba between the cleaning methods either (NaOCl only: +0.15 ± 0.03 284	

‰; NaOCl+HNO3+H2O2: +0.14 ± 0.03 ‰), which suggests that the coral skeletal Ba 285	

signals are unlikely to be the result of organic matter. Geyman et al. (2019) have also 286	

found no detectable difference with or without additional oxidizing treatment (H2O2) 287	

in the deep-sea bamboo coral cleaning experiments. Although organic contamination is 288	

not a major issue in this study, assessments of organic Ba isotope compositions can 289	

help us to investigate this issue in future studies. Furthermore, organic Ba isotope 290	

compositions can improve our understanding of Ba isotope cycling along different Ba 291	

incorporation pathways in corals. 292	

 293	

4. Discussion 294	

4.1. Regional water mass mixing controls salinity, Ba concentrations and δ138/134Ba 295	

of Singapore Strait waters 296	

Comparing with the global seawater δ138/134Ba and 1/[Ba] data, Singapore 297	

waters are isotopically lighter than other open ocean seawaters at any given Ba 298	

concentration (Fig. 3), which reflects the strong influence of terrestrial inputs in this 299	
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region. For example, Singapore waters show a maximum offset of δ138/134Ba ~ 0.15 ‰ 300	

lower than the global seawater at [Ba] ~ 60 nM (1/[Ba] ~ 0.017 nM-1). Previous studies 301	

have shown that the effective riverine inputs, accounting for the desorption of Ba from 302	

suspended river sediments in estuaries, contributes isotopically light Ba, featuring 303	

δ138/134Ba = -0.01 to +0.11 ‰, to the surface ocean (Hsieh and Henderson, 2017; 304	

Bridgestock et al., 2021). 305	

Singapore surface seawater Ba concentrations and isotope compositions closely 306	

follow the seasonal sea surface salinity cycle (Fig. 2). The link between Ba contents 307	

and salinity in the coastal surface seawater are typically associated with local riverine 308	

freshwater inputs (Coffey et al., 1997; Joung and Shiller, 2014) or upwelling 309	

(Montaggioni et al., 2006). At a larger scale, relationships between salinity and Ba can 310	

trace the mixing of water masses that have received different magnitudes of freshwater 311	

inputs, from different riverine sources with distinct Ba concentrations (e.g. Taylor et 312	

al., 2003). Sea surface salinity and Ba concentrations show no correlation with the local 313	

rainfall in Singapore, suggesting riverine freshwater inputs from local rivers are not the 314	

key driver of these relationships (Fig. S4). Furthermore, upwelling is not an important 315	

source supplying Ba to the Singapore waters either, given that the Singapore Strait is 316	

located on the inner continental Sunda shelf with an average shallow water depth < 30 317	

m (Bird et al., 2006). Instead, the relationships between salinity, Ba concentration and 318	

δ138/134Ba likely result from the mixing of surface seawaters that have received different 319	

magnitudes of freshwater input at a regional scale. 320	

The δ138/134Ba and 1/[Ba] data in the regional water masses (South China Sea, 321	

Malacca Strait and Johor River estuary from this study; Cao et al., 2020; Bridgestock 322	

et al., 2021) generally follow the mixing trend through the Singapore water data (Fig. 323	

3). The South China Sea and Malacca Strait waters seasonally circulate through the 324	
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Singapore Strait, driven by the monsoon currents, and hence play an important role in 325	

the Ba and salinity cycles in this region (Tanzil et al., 2019). For instance, during the 326	

SW monsoon season (May – September), the eastward current brings the low salinity, 327	

high [Ba] and low δ138/134Ba water from the Malacca Strait into the Singapore Strait, 328	

although it is usually a dry season in Singapore (Fig. 2a and d). 329	

To assess the regional riverine freshwater Ba end-member compositions, the 330	

linear regressions through the Singapore seawater [Ba] and salinity data and the 331	

δ138/134Ba and 1/[Ba] data show an interception of [Ba] and δ138/134Ba at salinity zero of 332	

192 ± 30 nM and 0.08 ± 0.03 ‰ respectively (Fig. 4). These values represent the 333	

effective regional freshwater Ba end-member, accounting for the average freshwater 334	

input to the Malacca Strait, seasonality and the net effects of estuarine processes (Ba 335	

desorption from suspended river sediments) in this region. Although the regional 336	

freshwater end-member [Ba] is about 5 times smaller than the value reported for the 337	

Johor River (1039 ± 318 nM; Bridgestock et al., 2021), their δ138/134Ba values are not 338	

significantly different (Johor end-member δ138/134Ba = 0.06 ± 0.12 ‰) and the mixing 339	

trends of δ138/134Ba and 1/[Ba] are not separable between the Johor River and other 340	

freshwater inputs in this region (Fig. 5). This implies that the riverine end-member [Ba] 341	

values may differ hugely between rivers due to various bedrock Ba contents, 342	

weathering processes or rainwater dilution. However, the agreement in end-member 343	

δ138/134Ba values may reflect a narrower range of the bedrock Ba isotope compositions 344	

in this region and a consistent isotope fractionation associated with the weathering 345	

processes. 346	

Overall, the correlations between seawater salinity, [Ba] and δ138/134Ba values 347	

suggest that seawater [Ba] and δ138/134Ba values may potentially be used as proxies for 348	

tracing salinity changes in the Singapore Strait (Fig. 4). The main cause of these salinity 349	
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(and hence [Ba] and δ138/134Ba values) variations are changes in the mixing of low 350	

salinity Malacca Strait surface waters, with higher salinity South China Sea surface 351	

waters, driven by monsoon currents. Thus, the interpretation of salinity and Ba records 352	

in Singapore seawater should reflect the climate variability in the Asian monsoon. 353	

However, freshwater inputs from local rivers, mainly the Johor River, and rainfall could 354	

act as a secondary control on Singapore Strait surface water salinity, [Ba] and δ138/134Ba 355	

values. In the following sections, we access the utility of Ba/Ca and δ138/134Ba values 356	

of shallow-water corals for reconstructing pass seawater Ba concentrations and 357	

δ138/134Ba values, and hence potential past climate variability in the Asian monsoon. 358	

 359	

4.2. Barium in coral skeletons 360	

4.2.1. Barium partition coefficient DBa 361	

Singapore coral skeletal and seawater Ba/Ca ratios generally lie within a similar 362	

range, but sometimes the ratios vary widely between the three Porites lutea coral 363	

colonies and deviate significantly from the seawater values (Fig. 6b). Detailed 364	

comparisons of coral skeletal Ba/Ca and environmental conditions in the Singapore 365	

coral reefs have been conducted by Tanzil et al. (2019). As for the high turbidity and 366	

complex setting in the Singapore water, no simple conclusion has yet been drawn to 367	

explain whether the incorporation of Ba in the Singapore coral skeletons is from 368	

dissolved or particulate Ba. The new data from this study provide an opportunity to 369	

improve our understanding of the incorporation of Ba in coral skeletons by directly 370	

comparing the coral skeletal Ba/Ca and δ138/134Ba results. 371	

To understand the controls of Ba incorporation from seawater into coral 372	

skeletons, the relationship between the coral skeleton and in-situ seawater Ba/Ca ratios 373	

is expressed as the partition coefficient (DBa):  374	
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DBa = (Ba/Ca)coral/(Ba/Ca)sw         (2) 375	

As the coral sample resolution (~3 months) and the period of the seawater Ba data are 376	

not always aligned, the unsampled seawater data are linearly interpolated between the 377	

measured data points (Fig. 2a) and a 3-month average seawater Ba/Ca trend (Fig. 6b) 378	

was reconstructed using the measured and interpolated data (Table S3). The 3-month 379	

average seawater Ba/Casw data are used for the DBa calculation. 380	

 The DBa values range from 0.64 to 1.31 between the three coral colonies in this 381	

study (Table S4) with a mean value of DBa = 0.91 ± 0.29 (2SD, n = 20), which is in 382	

reasonable agreement with the reported values for Porites in previous studies (e.g. 0.5 383	

~ 1.5, LaVigne et al., 2016; Allison et al., 2018). Although the mean values of DBa 384	

between the three coral colonies are consistent, the relative uncertainty (± 2RSD 23 ~ 385	

38 %, Table S4) is large and hence unable to precisely distinguish the maximum 386	

difference in the Singapore Strait seawater [Ba] (i.e. (the maximum [Ba] – the minimum 387	

[Ba])/(the average [Ba]); (60.2 nM – 43.0 nM)/52.8 nM = 33%). Culturing and 388	

inorganic experiment studies have both shown that Ba partitioning in aragonite is 389	

controlled by temperature, light and the aragonite growth rates (Gaetani and Cohen, 390	

2006; Gonneea et al., 2017; Mavromatis et al., 2018; Yamazaki et al., 2021). However, 391	

considering that the three coral colonies in this study were mostly growing under 392	

similar environmental conditions (e.g. annual SST: 29.4 ± 0.8 ºC) and that the DBa 393	

values show no correlation with the skeletal linear extension rates (0.99 ~ 1.74 cm/y, 394	

Fig. 7c), the variation of DBa cannot be easily explained by these factors. Apart from 395	

the environmental controls, culturing experiments have also shown that coral genotypes 396	

may have significant impacts on the variation of DBa (Allison et al., 2018). 397	

4.2.2. Barium isotope fractionation D138/134Bacoral-sw  398	
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The coral skeletal δ138/134Ba values are reasonably consistent between the three 399	

coral colonies and follow the seawater δ138/134Ba seasonal cycle (Fig. 6a). However, 400	

there is no correlation between coral δ138/134Ba values and Ba/Ca ratios (Fig. 7a). To 401	

understand the relationship of δ138/134Ba values between coral skeletons and in-situ 402	

seawater during the incorporation of Ba, the offset between the coral skeletal and 403	

seawater δ138/134Ba values is expressed as the isotope fractionation factor (D138/134Bacoral-404	

sw):  405	

D138/134Bacoral-sw = δ138/134Bacoral - δ138/134Basw       (3) 406	

As mentioned above, seawater δ138/134Basw values are also taken from a 3-month 407	

average to match the sample resolution between waters and corals. The 3-month 408	

average seawater δ138/134Ba data (Table S3, Fig. 6a) trend was reconstructed using the 409	

linearly interpolated δ138/134Ba data and the measured data points in the Singapore 410	

seawater (Fig. 2a).  411	

The D138/134Bacoral-sw values (-0.23 to -0.33 ‰) show more consistent results than 412	

the DBa values between the three Porites colonies (Table S4). The mean value 413	

(D138/134Bacoral-sw = -0.28 ± 0.06 ‰, 2SD, n = 20) is within the range (-0.01 ~ -0.37 ‰) 414	

observed in previous studies (Pretet et al., 2016; Hemsing et al., 2018; Geyman et al., 415	

2019; Liu et al., 2019), confirming that coral skeletons preferentially incorporate light 416	

Ba isotopes from seawater. For comparisons of the Porites results only, a much smaller 417	

value (D138/134Bacoral-sw = -0.01 ‰) has been reported by Pretet et al. (2016) from one 418	

cultured coral, but this has a relatively large uncertainty (± 0.16 ‰, 2SD). A similar 419	

estimate (D138/134Bacoral-sw ≈ -0.3 ‰) has been reported by Liu et al. (2019) from natural 420	

corals but without the support of ambient seawater data.  421	

A recent experimental study has shown that Ba isotope fractionation in 422	

inorganic aragonite precipitation is a function of the aragonite growth rate, and the 423	
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aragonite Ba isotope fractionation D138/134Baaragonite-fluid is correlated with the DBa values 424	

(Mavromatis et al., 2020). However, the D138/134Bacoral-sw values in the aragonitic corals 425	

in this study show no correlation with the DBa values or the linear extension rates (Fig. 426	

7b and d). Similar observations have also been found in deep-sea corals (Hemsing et 427	

al., 2018; Geyman et al., 2019). The inorganic experiment and the transition state theory 428	

model have shown that Ba isotope fractionation (D138/134Baaragnoite-fluid) decreases from 429	

+0.33 to -0.13 ‰ when the aragonite growth rate increases from 10-8.7 to 10-7.6 mol/m2/s 430	

(Mavromatis et al., 2020). If we apply a typical range of the growth rates for Porites 431	

(10-5.7 to 10-5.2 mol/m2/s, Mollica et al., 2018) to the same transition state theory model, 432	

coral aragonite should result in an extremely negative isotope fractionation (e.g. 433	

D138/134Baaragnoite-fluid » -2.6 ‰), However, the observed values in aragonitic corals from 434	

this study (D138/134Bacoral-sw = -0.28 ‰) and previous studies (-0.01 ~ -0.3 ‰; Pretet et 435	

al., 2016; Hemsing et al., 2018; Liu et al., 2019) are nowhere close to this model 436	

prediction. These results imply that growth rates may not be the only control of Ba 437	

isotope fractionation in coral skeletons. 438	

Several hypotheses of the Ba incorporation in coral skeletons have been 439	

discussed in Tanzil et al. (2019), which mainly involve (1) incorporating dissolved Ba 440	

from seawater and (2) ingesting Ba-rich particles. The co-varying δ138/134Ba values 441	

between the coral skeletons and seawater strongly suggest that the skeletal Ba originates 442	

from seawater, which is either the dissolved Ba or the Ba particles formed in seawater 443	

(e.g. barite). The typical offset in δ138/134Ba values between marine barite and seawater 444	

(D138/134Babarite-sw) is around -0.5 ‰ (Horner et al., 2017; Bridgestock et al., 2018), 445	

which is too large to explain the offset observed in corals (D138/134Bacoral-sw = -0.28 ‰). 446	

Therefore, barite is unlikely to be the major phase in the incorporation of Ba in coral 447	

skeletons. Barium may exist as witherite (BaCO3) or associate with organic matter in 448	
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coral skeletons. However, witherite has a much smaller isotope fractionation factor 449	

(D138/134Bawitherite-fluid » -0.09 ‰, Mavromatis et al., 2016) than the coral value. 450	

Regarding the organic matter, as discussed above, the cleaning tests suggest that the 451	

skeletal Ba is unlikely to be associated with organic matter (Section 3.3). 452	

Although there is no direct evidence to support the presence of BaCO3 in 453	

aragonite precipitates or corals, especially when the experiment solution and seawater 454	

are undersaturated with respect to BaCO3, the formation of BaCO3 cannot be 455	

completely excluded in microenvironments (Mavromatis et al., 2018). Therefore, can a 456	

combined effect of (1) BaCO3 precipitation and (2) the exchange reaction (replacing 457	

Ca2+ with Ba2+ in CaCO3) be the main control of Ba incorporation in aragonitic corals? 458	

If we assume that a certain fraction of the coral skeletal Ba is incorporated as BaCO3 459	

precipitation (D138/134Bawitherite-fluid » -0.09 ‰) and the rest is through the exchange 460	

reaction (D138/134Baaragnoite-fluid » -2.6 ‰), to get a combined D138/134Bacoral-sw of -0.28 ‰ 461	

in corals, it would require at least 92% of the Ba incorporation to be BaCO3 462	

precipitation and only 8% by the exchange reaction. This is unlikely to be the case, 463	

given the difficulty to find evidence of BaCO3 in aragonite precipitates and corals. 464	

Pretet et al. (2016) have suggested that biological effects may control the 465	

variation in D138/134Bacoral-sw values. In this study, however, the relatively constant 466	

D138/134Bacoral-sw values suggest that no measurable biological effect has been observed 467	

between the multiple Porites colonies. Similarly, the D138/134Bacoral-sw values in deep-468	

sea corals are insensitive to different species, locations and depths (Hemsing et al., 469	

2018; Geyman et al., 2019). In fact, aragonitic corals share a similar range of 470	

D138/134Bacoral-sw values (-0.28 ± 0.06 ‰, this study; -0.21 ± 0.08 ‰, Hemsing et al., 471	

2018), regardless of deep-sea or shallow water corals, which cover a wide range of 472	

temperature, light and food conditions.  In contrast, calcitic corals show a consistently 473	
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different D138/134Bacoral-sw value (-0.37 ± 0.03 ‰; Geyman et al., 2019) from aragonitic 474	

corals. These results suggest that the mineralogical controls may play a more important 475	

role than biological effects in the Ba isotope fractionation in coral skeletons. 476	

Although the exact mechanism of coral calcification remains an interesting 477	

question, there is growing evidence to support the idea that trace elements, including 478	

Ba, are provided from seawater and incorporated into amorphous calcium carbonate 479	

(ACC) particles as a precursor phase prior to aragonite precipitation (Mass et al., 2017; 480	

Evans et al., 2020). The Ba isotope results of this study also suggest that the coral 481	

skeletal Ba is originated from dissolved Ba in seawater. More detailed studies are still 482	

required to improve our understanding of the controls of Ba incorporation and isotope 483	

fractionation in coral skeletons (e.g. Ba isotopes in ACC and different coral genotypes). 484	

Nevertheless, the uncertainty in D138/134Bacoral-sw between the three Porites lutea corals 485	

in Singapore is relatively small (±0.06 ‰), compared to the maximum variation of the 486	

seawater δ138/134Ba values seen in the Singapore Strait (i.e. 0.17 ‰; 0.32 vs. 0.49 ‰). 487	

In comparison, the difference between the uncertainty in D138/134Bacoral-sw and seawater 488	

δ138/134Ba is much larger than the difference between the uncertainty in DBa and 489	

seawater [Ba] (Section 4.2.1), which implies that the coral skeletons could be used to 490	

reconstruct a more reliable history of seawater δ138/134Ba values than Ba concentrations 491	

in the Singapore Strait in the past. 492	

  493	

4.3. Implications for coral δ138/134Ba as paleo proxies in the coastal ocean 494	

The coral skeletal δ138/134Ba and Ba/Ca records may be used as a paired paleo 495	

proxy to reconstruct the history of water mixing and local freshwater inputs in the 496	

Singapore Strait, as shown in Fig. 3. We applied the partition coefficient (DBa = 0.91 ± 497	

0.29) and isotope fractionation factor (D138/134Bacoral-sw = -0.28 ± 0.06 ‰) to the coral 498	
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Ba data to estimate the seawater [Ba] and δ138/134Ba values during 2012 and 2013 in the 499	

Singapore Strait. In Fig. 8, the coral reconstructed seawater results show a poor 500	

relationship between the δ138/134Ba and 1/[Ba] data (R2 = 0.03), which is due to the large 501	

uncertainty in DBa. This observation highlights the difficulty of using both Ba/Ca and 502	

δ138/134Ba values as a paired proxy in the shallow-water corals to reconstruct the history 503	

of seawater Ba cycle.  504	

Since seawater δ138/134Ba values follow the seasonal sea surface salinity in the 505	

Singapore Strait (Fig. 2), can the coral skeletal δ138/134Ba values be used alone as a paleo 506	

salinity proxy? This application requires a key assumption that the mixing relationship 507	

between δ138/134Ba and salinity stays constant over the time periods of interest. 508	

However, this relationship is not only set by the freshwater and seawater end-member 509	

δ138/134Ba compositions but also their Ba concentrations, according to the end-member 510	

mixing model. 511	

In the open ocean, seawater δ138/134Ba and [Ba] compositions are likely to 512	

remain constant from decadal to century time scales due to the relatively long oceanic 513	

residence time of Ba (≈10 kyr, Chan et al., 1976). Liu et al. (2019) have reported Porites 514	

coral δ138/134Ba values ranging from 0.33 to 0.36‰ between 1987 and 1991 in the South 515	

China Sea (YSR 9.6ºN/112.8ºE) (Fig. 1). Applying a D138/134Bacoral-sw value of -0.28 ‰ 516	

and the coral data in Eqn. (3), the estimated seawater δ138/134Ba values become +0.61 ~ 517	

+0.64 ‰, which agrees with the measured values (+0.60 ~ +0.64 ‰, A10 518	

19.2ºN/115.5ºE and S504 19.7ºN/117.6ºE) in the water samples collected in 2010 (Cao 519	

et al., 2020). These results suggest that the annual average δ138/134Ba values stay 520	

constant over at least 20 years in the South China Sea surface water. 521	

In contrast, the freshwater end-member δ138/134Ba and [Ba] values are likely to 522	

be more variable. Bridgestock et al. (2021) have shown that Ba desorption from 523	
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suspended particles can significantly alter the estuarine [Ba] and δ138/134Ba 524	

compositions. To do a sensitivity test with different degrees of Ba desorption, we apply 525	

two freshwater effective end-members: (1) the Johor River ([Ba] = 1039 ± 319 nM, 526	

d138/134Ba = 0.06 ± 0.12 ‰; Bridgestock et al., 2021) and (2) the regional average ([Ba] 527	

= 192 ± 30 nM, d138/134Ba = 0.08 ± 0.03 ‰; Section 4.1) with the South China Sea 528	

values ([Ba]sw = 42 ± 1 nM, d138/134Ba = 0.54 ± 0.02 ‰; Section 4.1) in the two end-529	

members mixing model (Hsieh and Henderson, 2017). In Fig. 9, the mixing gradient of 530	

δ138/134Ba over salinity is not linear and flattens out when salinity is below 25 psu. 531	

Moreover, depending on the freshwater end-member Ba concentrations, the mixing 532	

trends between water δ138/134Ba values and salinity vary widely. For example, when 533	

δ138/134Ba value is at +0.1 ‰, the corresponding salinity can be anywhere between ~ 6 534	

and ~ 24 psu.  535	

Although the relationship between seawater δ138/134Ba and salinity values in the 536	

low salinity range (< 25 psu) is very sensitive to the freshwater end-member Ba 537	

concentrations, Singapore seawater δ138/134Ba and salinity data maintain a consistent 538	

relationship in the high salinity range (> 29 psu) over the sampling period (2012-2015), 539	

following the regional water mass mixing (Fig. 9b). This suggests that the regional 540	

freshwater end-member Ba compositions are relatively stable. Thus, Singapore 541	

seawater δ138/134Ba values can potentially be used as a tracer to reflect salinity changes 542	

within the range of this calibration (29 – 33 psu). Using the relationship established in 543	

Fig. 9b, the coral reconstructed seawater δ138/134Ba values can be converted into salinity 544	

(Fig. 10). The coral δ138/134Ba reconstructed seawater salinity follows the measured 545	

salinity seasonal cycle in the Singapore Strait. The results highlight the potential to 546	

extend the records to understand the dynamics of water mixing between the Malacca 547	
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Strait and the South China Sea, and hence the interaction with the Asian monsoon in 548	

the past. 549	

 Through this work we have shown that shallow-water coral Porites can be used 550	

as a reliable archive to record seawater δ138/134Ba values in the Singapore Strait, and the 551	

potential of using it to trace salinity and water mass mixing in the past by demonstrating 552	

the importance of calibrating the regional relationship between seawater δ138/134Ba and 553	

salinity. The variation in freshwater end-member Ba compositions may hinder the use 554	

of Ba isotopes as a paleo proxy for global seawater salinity. Nevertheless, if the regional 555	

relationships between seawater δ138/134Ba values, water mass mixing and salinity can 556	

be established, Ba isotopes can provide additional information about local and regional 557	

water mixing and terrestrial runoffs in coastal oceans. A better constraint on the water 558	

end-member Ba compositions could improve the use of Ba isotopes as paleo proxies in 559	

shallow-water corals. Although every geochemical proxy or paleo-archive has its own 560	

advantages and disadvantages, future studies with multiple tracers (e.g. δ138/134Ba, δ18O 561	

and Sr/Ca) and marine archives (e.g. corals and bivalve) from a wide range of 562	

hydrological settings may provide more comprehensive detail to reconstruct the history 563	

of freshwater runoff, water mass mixing, and climate and anthropogenetic activities in 564	

coastal environments.    565	

 566	

5. Conclusions 567	

We present the first multi-colony Ba isotope calibration from three shallow-568	

water Porites lutea corals with the contemporaneous in-situ seawater data from the 569	

Singapore Strait. Singapore waters show seasonal variations in Ba concentration and 570	

isotope composition, which follow the seasonal salinity and monsoon-driven regional 571	

water mass mixing between the Malacca Strait and the South China Sea and reflect the 572	
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strong influence of terrestrial inputs. The coral skeletal Ba/Ca and δ138/134Ba results in 573	

the three coral colonies generally follow the seasonal Ba variations in seawater. Despite 574	

the fact that the partition coefficient of Ba has a large uncertainty (DBa = 0.91 ± 0.29), 575	

the Ba isotope fractionation (D138/134Bacoral-sw = -0.28 ± 0.06 ‰) is relatively constant 576	

and shows no significant difference between these corals. The constant offset of Ba 577	

isotopes between coral skeletons and seawater allows the use of corals to record reliable 578	

seawater δ138/134Ba values in the past. The applications of Ba isotopes in coral skeletons 579	

can help to reconstruct the changes in Singapore Strait surface water salinity, and hence 580	

water mass mixing and the monsoon climate variability in the past. 581	
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Figures 772	

 773	

 774	

Figure 1 Map of sampling locations and the distribution of annual mean sea surface 775	

salinity. The sample locations from previous studies are labeled for references: the 776	

South China Sea water (A10 and S504, Cao et al., 2020) and coral samples (YSR, Liu 777	

et al., 2019) and the Johor River estuary (Bridgestock et al., 2021). The annual mean 778	

sea surface salinity data are from the World Ocean Atlas 2018 (Zweng et al., 2018). 779	
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 780	

 781	

Figure 2 Time-series data of (a) seawater Ba concentrations isotope compositions, (b) 782	

coral skeletal Ba isotope compositions, (c) coral skeletal and seawater Ba/Ca ratios, and 783	

(d) in-situ surface seawater salinity data from November 2011 to January 2014 in the 784	

KU site in the Singapore Strait. The data from three coral colonies are labeled in green 785	

(KU-K), purple (KU-L) and orange (KU-S-A1). The error bars for the Ba data represent 786	

2 standard deviations (± 2SD), and are within the size of the symbols for [Ba] and 787	



	 34	

Ba/Ca. The coral skeletal Ba data are labeled with a 3-month time span (± 1 month) to 788	

reflect the sample resolution. 789	

 790	

 791	

Figure 3 Ba isotope compositions versus 1/[Ba] for all water samples from this study, 792	

the Johor River estuary (Bridgestock et al., 2021), the South China Sea (Cao et al., 793	

2020) and the global oceans (Horner et al., 2015; Bates et al., 2017; Hsieh and 794	

Henderson, 2017; Bridgestock et al., 2018; Hemsing et al., 2018; Geyman et al., 2019). 795	

The error bar (±2s) of δ138/134Ba from this study is shown. 796	

 797	
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 798	

Figure 4 Relationships between (a) seawater Ba concentration and salinity, and (b) 799	

seawater Ba isotope composition and 1/Ba concentration in the Singapore Strait. The 800	

red dashed lines denote linear regression with 95% confidence intervals in the grey 801	

dashed lines. The linear regressions are used to extrapolate the effective regional 802	

freshwater end-member [Ba] and δ138/134Ba compositions at salinity zero. 803	

 804	

 805	

Figure 5 Relationships between (a) water Ba concentration and salinity, and (b) water 806	

Ba isotope composition and 1/Ba concentration in the Singapore seawater and the 807	

regional water masses. The dashed lines denote the mixing lines between the average 808	

of the South China Sea water (purple tringles) and two effective riverine end-members 809	
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(the Johor River: blue diamonds, Bridgestock et al., 2021; the regional freshwater 810	

average: orange diamond, this study). The Malacca Strat data (yellow tringles) and the 811	

Singapore Strait data (red circles) generally lie on the mixing line between the South 812	

China Sea and the regional freshwater end-members. The error bar (±2s) of δ138/134Ba 813	

from this study is shown.  814	

 815	

 816	

Figure 6 Coral skeletal (a) Ba isotope compositions and (b) Ba/Ca ratios from 817	

November 2011 to January 2014 in the three coral colonies (KU-K, KU-L and KU-S-818	

A1) in the Singapore Strait. The KU water Ba isotope and concentration data are shown 819	

for comparison. To match the coral and water sample resolutions, the dashed lines are 820	
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taken from the 3-month average values, based on both the interpolated and measured 821	

data (Table S3). 822	

 823	

 824	

Figure 7 Relationships between coral skeletal (a) δ138/134Ba and Ba/Ca; (b) Ba isotope 825	

fractionation factor (D138/134Bacoral-sw) and partition coefficient (DBa); (c) DBa and the 826	

linear extension rates; and (d) D138/134Bacoral-sw and the linear extension rates. The error 827	

bars represent 2 standard deviations (± 2s).  828	

 829	
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 830	

Figure 8 Relationships between the coral reconstructed and the measured seawater (a) 831	

[Ba] and (b) δ138/134Ba values. In (a) and (b), the measured seawater values are based 832	

on the 3-month average data (Table S3). The 1:1 and linear regression slopes are 833	

provided for comparison. (c) The relationship between seawater δ138/134Ba and 1/[Ba] 834	

in the measured (solid red circles) and the coral reconstructed water values from the 835	

KU corals (open squares). The dashed lines denote the linear regression through the 836	

coral reconstructed water values (black) and the measured water data including the 837	

regional water masses (red). The error bars (2s) of δ138/134Ba are shown in black 838	

(coral) and red (water). 839	

 840	

 841	

Figure 9 Water Ba isotope composition and salinity mixing relationships between the 842	

South China Sea and freshwater waters in the Singapore Strait. (a) The dashed lines 843	
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represent the end-member mixing trends between the average of the South China Sea 844	

water (purple tringles) and two effective freshwater end-member values (the Johor 845	

River: blue diamond, Bridgestock et al., 2021; the regional freshwater: orange 846	

diamond, this study). The horizonal brown line indicates a range of possible salinity 847	

values corresponding to a water δ138/134Ba value at 0.1 ‰. (b) The relationship 848	

between seawater δ138/134Ba values and salinity in the Singapore Strait (KU) and the 849	

regional waters. The dashed red line denotes the linear regression through the data, 850	

including the regional waters. The error bars (2s) of δ138/134Ba are shown. 851	

 852	

 853	

Figure 10 Comparison between the coral δ138/134Ba reconstructed seawater salinity 854	

and in-situ measured salinity data (monthly and 3-month average) between November 855	

2011 and January 2014 in the KU site in the Singapore Strait. The error bars for the 856	

coral constructed salinity (± 0.7 psu, 1s) represent the uncertainties of coral and 857	

seawater calibrations. 858	

 859	

 860	


