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Abstract 13 

Enabled by the success in the determination of stable barium (Ba) isotopic compositions in seawater, 14 

Ba isotopes have been suggested as a novel tool to study physical and biogeochemical processes in the 15 

present and past ocean. However, a better understanding of the fractionation of Ba isotopes during 16 

particle-seawater interactions is a prerequisite for such applications. In this study, we use an extensive 17 

data set of concentrations and isotopic compositions of dissolved Ba (DBa and 138BaDBa) and bulk 18 

particulate Ba (pBabulk and 138BapBabulk) collected in the northern South China Sea (NSCS) to constrain 19 

Ba isotope fractionation in the upper ocean. Seawater and suspended particle samples for Ba isotope 20 

measurements were collected in January 2010 along a transect from the outer shelf to the lower slope. 21 

The water column profiles reaching depths of 1000 m are characterized by a general decrease of 22 

138BaDBa and an increase of DBa with depth. However, 138BaDBa signatures are essentially constant at 23 

+0.6‰ in the upper 150 m of the entire study area. The corresponding 138BapBabulk, which primarily 24 

represents the isotopic compositions of oceanic or excess particulate Ba (pBaxs), is consistently lower 25 

than 138BaDBa but also constant at values of +0.1 to +0.2‰. This suggests that the same Ba isotope 26 

fractionation process prevails above 150 m on the NSCS outer shelf and slope resulting in a constant in 27 

situ fractionation factor of −0.5‰. This value is consistent with previously reported values of −0.4 to 28 

−0.5‰ in the upper 200 m of the open ocean and a lake. Moreover, we observe significant differences of 29 

pBaxs distributions from those of particulate calcium, particulate organic carbon and nitrogen, and 30 

biogenic silica indicating that passive adsorption onto particles rather than active biological utilization is 31 

most likely the primary process inducing Ba isotope fractionation in the upper NSCS. The constant 32 

138BapBabulk signatures suggest that particulate Ba isotopes integrate reliable information during 33 

transformation of DBa to pBaxs and are thus a more robust proxy for total particle fluxes than pBaxs 34 

concentrations, which show variable values potentially affected by other processes (e.g., particle sinking 35 
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and/or zooplankton grazing) and thus reflects “snapshot” processes in the water column. We contend 36 

that biological productivity plays only a subordinate role in regulating the surface Ba isotopic 37 

composition of bulk suspended particles. The extent to which Ba isotopes may nevertheless be a reliable 38 

proxy for present and past export productivity requires further analyses of the 138Ba signature of 39 

specific Ba carriers such as barite throughout the water column and in the sediments.  40 
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1. INTRODUCTION 41 

The element barium (Ba) has been widely used for tracing present and past biogeochemical processes 42 

in the ocean. Due to its systematic spatial variations and distinct endmembers, dissolved Ba (DBa) is a 43 

useful tracer of water masses and ocean circulation (Hall and Chan, 2004; Jacquet et al., 2016) and of 44 

mixing between river waters and seawater (Guay and Falkner, 1998; Weldeab et al., 2007). Particle 45 

adsorption or crystallization largely controls the formation of excess particulate Ba (pBaxs, the fraction 46 

of oceanic Ba in bulk particles that is not lithogenic) in the uppermost water column (Dehairs et al., 47 

1980). During particle sinking and subsequent decomposition at depth, a fraction of the regenerated Ba 48 

precipitates as microcrystalline barite (BaSO4) in oversaturated microenvironments, which frequently 49 

leads to a mesopelagic pBaxs maximum (Jacquet et al., 2008, and references therein). In the deep ocean, 50 

barite dissolution and large scale circulation mainly control the distribution of DBa.   51 

Since barite formation in the mesopelagic zone is largely associated with organic matter 52 

decomposition, pBaxs concentrations show an overall positive linear relationship with oxygen utilization 53 

rate and are thus used to estimate carbon remineralization in intermediate waters (Dehairs et al., 1997; 54 

Lemaitre et al., 2018). Because elevated carbon export and remineralization generally increase pBaxs or 55 

barite concentrations in the water column, its accumulation in sediments provides a direct link to 56 

paleoproductivity (Carter et al., 2020, and references therein). Therefore, pBaxs represents a potentially 57 

sensitive tracer of carbon cycling in both the present and past ocean. 58 

However, several problems fundamental to understanding biogeochemical Ba cycling remain elusive. 59 

While the nutrient-like distribution of DBa appears mainly controlled by barite formation and 60 

dissolution, the two to three orders of magnitude higher concentrations of DBa with respect to pBaxs 61 

complicate the quantification of processes inducing the non-conservative behavior of the dissolved 62 

phase (Jacquet et al., 2007). The actual mechanisms resulting in a mesopelagic pBaxs maximum in the 63 
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water column are still under debate (Ganeshram et al., 2003; González-Muñoz et al., 2003; Bernstein 64 

and Byrne, 2004; Martinez-Ruiz et al., 2018), which limits the application of the sedimentary pBaxs 65 

proxy (McManus et al., 1998). Possible lateral inputs from shelf environments further complicate its 66 

application (Cardinal et al., 2001).  67 

Recent analyses of stable isotopic compositions of dissolved Ba in seawater reveal measurable 68 

variations responding to relevant physical and biogeochemical processes controlling the oceanic Ba 69 

cycle. While the Ba isotopic compositions are essentially constant between the surface and 100-200 m 70 

depth in the open ocean (Horner et al., 2015; Bates et al., 2017; Hsieh and Henderson, 2017; 71 

Bridgestock et al., 2018; Hemsing et al., 2018; Geyman et al., 2019) and the offshore area of marginal 72 

seas beyond the river influence (Cao et al., 2020), they are significantly heavier than those in the deeper 73 

waters documenting a nutrient-like isotope distribution. This gradient from the surface to 500-600 m 74 

depth is generally attributed to barite cycling (Horner et al., 2015; Bridgestock et al., 2018), while Cao et 75 

al. (2016, 2020) suggested that the constant and distinctly heavy signal of dissolved Ba isotopes in the 76 

upper 100 m is primarily induced by particle adsorption. This is supported by one profile in the South 77 

Atlantic (Horner et al., 2017) and one in the South China Sea (SCS; Cao et al., 2020), both of which 78 

showed consistently lighter Ba isotopic signatures of suspended particles in the upper water column. Ba 79 

isotopic compositions of sinking particles in both the water column (via model estimation; Bridgestock 80 

et al., 2018) and the sediment (via field measurements; Bridgestock et al., 2018, 2019; Nielsen et al., 81 

2018; Crockford et al., 2019) are also systematically lighter than those of seawater. 82 

Although previous studies clearly indicated Ba isotope fractionation in the upper ocean, 83 

comprehensive analyses of dissolved and particulate Ba isotopic compositions are needed, in order to 84 

better understand the dynamics and fractionation of Ba isotopes and their links to ocean biogeochemistry. 85 

In this study, we determined the Ba isotopic distribution of seawater DBa (138BaDBa) and of bulk 86 
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particulate Ba (pBabulk) in suspended particles (138BapBabulk) in the northern SCS (NSCS) extending 87 

from the outer shelf to the lower slope. Using these samples we systematically investigate coupled and 88 

concurrent dissolved and particulate 138Ba signatures for the first time and quantify the Ba isotope 89 

fractionation associated with the transformation of DBa to pBaxs. In addition, the potential mechanisms 90 

controlling this fractionation are explored by comparing the distribution of Ba with that of biogenic 91 

elements including carbon and major nutrients in both the dissolved and particulate phases. 92 

2. MATERIALS AND METHODS 93 

2.1. Study area 94 

The SCS is the largest marginal sea of the Pacific Ocean, covering a surface area of 3.5×106 km2. The 95 

East Asian Monsoon prevails in the SCS resulting in a seasonal reversal of surface circulation from a 96 

cyclonic gyre in winter to an anticyclonic gyre in summer (Fig. 1). Owing to inputs from some of the 97 

world’s largest rivers (e.g., the Mekong River and the Pearl River; Grosse et al., 2010; Cao et al., 2011; 98 

Fig. 1) and the influence of strong upwelling and vertical mixing (Chao et al., 1996; Wong et al., 2007), 99 

the upper water column of the SCS receives elevated supplies of nutrients leading to a higher biological 100 

productivity than in the adjacent western North Pacific (wNP; Liu et al., 2002; Du et al., 2013). The SCS 101 

and the wNP exchange waters via the 2200 m deep Luzon Strait, displaying a “sandwich-like” structure 102 

comprising a net inflow from the Pacific both near the surface (i.e., Kuroshio Branch Water, KBW; Fig. 103 

1) and in deep layers, and a net outflow from the SCS at intermediate depths (Cao and Dai, 2011, and 104 

references therein). In terms of mass balance, the rapid replenishment of the SCS deep waters from the 105 

wNP, on the order of 30 years, is maintained by the rapid ventilation above 1500 m and persistent net 106 

outflow to the Pacific between 500 and 1500 m water depth (Chao et al., 1996; Gan et al., 2016). 107 

2.2. Sampling and analyses 108 

2.2.1. Sampling 109 
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In January 2010, seawater and suspended particle samples were collected with Niskin bottles attached 110 

to a rosette sampler at stations A5, A2, A1, A10, and S504 extending from the outer shelf to the lower 111 

slope of the NSCS (the bottom depths of these stations are ~100 m, ~400 m, ~850 m, ~2800 m and 112 

~3100 m; Fig. 1). Seawater samples were obtained by filtering 250-500 mL of seawater through 0.45 113 

m nitrocellulose acetate filters into acid pre-cleaned polyethylene bottles. DBa and 138BaDBa samples 114 

were subsequently acidified to pH~2 with distilled concentrated HCl (0.1% v/v) and stored at room 115 

temperature in the dark. Suspended particle samples for pBabulk (or pBaxs), 138BapBabulk, and particulate 116 

aluminum and calcium (pAl and pCa) analyses were obtained by filtering 2-5 L of seawater through 0.4 117 

m polycarbonate membrane filters. The filters were dried at 50°C overnight and stored in 118 

polycarbonate dishes for analysis at Xiamen University. 119 

2.2.2. Ba concentration analyses 120 

DBa concentrations in seawater were analyzed using isotope dilution ICP-MS (Klinkhammer and 121 

Chan, 1990; Freydier et al., 1995). Briefly, ~200 μL of seawater was accurately weighed and mixed with 122 

defined amounts of the 135Ba-enriched single spike to obtain a 138Ba/135Ba ratio between 0.7 and 1. After 123 

dilution, 138Ba/135Ba ratios were measured with an Agilent 7700x ICP-MS using bracketing analyses of a 124 

natural Ba standard solution to correct for mass bias. Repeated measurements of two seawater reference 125 

materials (CASS-5 and NASS-6, National Research Council of Canada) resulted in a precision of ±3% 126 

(2 standard deviation (2SD), n=5, respectively).  127 

The suspended particle samples were digested via reaction with concentrated acids (3 mL HCl+2 mL 128 

HNO3+1mL HF) at 90°C overnight (Cardinal et al., 2001). Particulate Ba, as well as pAl and pCa, were 129 

analyzed by measuring Ba, Al, and Ca in the digested solution with an Agilent 7700x ICP-MS. pBaxs 130 

concentrations deposited on the filter membranes were calculated by the excess above lithogenic Ba/Al 131 

ratios ([pBaxs]=[Ba]−[Al]×Ba/Allitho). [Ba] and [Al] denote Ba and Al concentrations in the digested 132 
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solution. For the Ba/Allitho molar ratio, we selected an average value of 0.00135 for the upper continental 133 

crust (Taylor and McLennan, 1985), which is widely used to calibrate the lithogenic Ba in both 134 

suspended particles in the water column (e.g., Cardinal et al., 2001; Jacquet et al., 2015) and sinking 135 

particles in the sediments (e.g., François et al., 1995; Winckler et al., 2016). The results showed that the 136 

oceanic pBaxs in nearly all suspended particle samples contributes to >90% of the total particulate Ba 137 

content, whereas the highest portion of lithogenic Ba is 27% at 75 m depth at station A5 (Table 3), but 138 

the very low pBabulk concentration of this sample did not allow for a precise δ138Ba measurement. If the 139 

highest Ba/Allitho molar ratio ever reported (0.00197; Taylor and McLennan, 1985) is used, this portion 140 

would reach 40%. 141 

2.2.3. Ba isotope analyses 142 

Ba isotopic compositions were measured using a double spike technique and are reported in ‰ 143 

deviations from the international Ba standard NIST SRM 3104a (Ba(NO3)2, Lot: 070222; 144 

BaNIST=[(138Ba/134Ba)sample/(138Ba/134Ba)standard−1]×1000). A 130Ba-135Ba double spike was prepared 145 

from 130BaCO3 and 135BaCO3 (ORNL enriched to 35.8 and 93.4%, respectively). We did not measure 146 

the actual 138Ba signal in our method because the dynamic range of the used Nu Instruments HR MC-147 

ICP-MS at Xiamen University is not large enough to analyze 138Ba (natural abundance of 71.70%) 148 

simultaneously with the remaining Ba masses and maintain sufficient counting statistics. We only report 149 

138BaNIST values in this contribution (Figs. 3, 4, and 6; Supplementary Fig. 1) by multiplying 137BaNIST 150 

by 1.33 assuming mass-dependent fractionation (Horner et al., 2015). 151 

The 130Ba-135Ba double spike was added to seawater and solutions of digested suspended particle 152 

samples and allowed to equilibrate overnight. After evaporation to dryness and redissolution, Ba was 153 

purified from the sample matrix using cation-exchange chromatography with an average yield of 90% 154 

for the entire chemical preparation procedure. Note that for seawater samples an additional cation-155 
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exchange column step was applied to ensure complete removal of all matrix elements to avoid 156 

anomalously heavy 138BaNIST signatures. However, this matrix effect can be significantly attenuated by 157 

tuning for an increased Normalized Ar Index (NAI; an index of plasma temperature) during MC-ICP-MS 158 

measurements (Yu et al., 2020). By chemically treating 40 mL of Milli-Q water the same way as the 159 

seawater samples, the total procedural Ba blank was established to be <0.2 ng, which is <0.1% of the Ba 160 

introduced into the MC-ICP-MS for each sample solution (2 mL solution with a Ba concentration of 161 

~100 ppb). By filtering 4 L of Milli-Q water onboard and digestion in the same way as the particle 162 

samples, the Ba blank for filters was on average <1% of the Ba processed in the samples, with the 163 

highest values of 2-3% in only two samples. Such low blank levels support negligible impact on Ba 164 

isotopic compositions of both seawater and suspended particle samples. 165 

The purified sample solutions were introduced as a dry aerosol into the plasma using a DSN-100 166 

desolvator (Nu Instruments) equipped with a PFA nebulizer with an uptake rate of ~75 L min-1. For 167 

data reduction the geometrical procedure described in Siebert et al. (2001) was used and each spiked 168 

sample measurement of Ba was normalized to two “bracketing” spiked standard measurements. 169 

Each sample solution was analyzed two to three times (except four particle samples because of too low 170 

Ba content in digested solutions) in a single measurement session resulting in sample reproducibilities 171 

between ±0.01 and ±0.15‰ (2SD; Tables 1 and 2). Repeated measurements of four in-house standards 172 

between April 2017 and December 2019 gave average BaNIST values of −0.04±0.03‰ (2SD, n=14; 173 

Ba(NO3)2 standard solution, Inorganic Ventures), +0.08±0.04‰ (2SD, n=22; IAEA-SO-5, BaSO4, 174 

IAEA), +0.06±0.04‰ (2SD, n=20; IAEA-SO-6, BaSO4, IAEA), and +0.28±0.05‰ (2SD, n=12; 175 

seawater collected at 500 m depth in the NSCS basin). The long-term external 2SD reproducibility was 176 

thus ±0.05‰ for 137BaNIST and ±0.06‰ for 138BaNIST, respectively. The latter represents the 177 

uncertainty of field data provided in this study (Figs. 3, 4, and 6; Supplementary Fig. 1). 178 
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Our measurements of two artificially fractionated Ba isotope standards yield BaNIST of −1.14±0.09‰ 179 

(2SD, n=4) for BaBe12 and of −0.62±0.07‰ (2SD, n=7) for BaBe27, both of which are within 180 

analytical error indistinguishable from the values (BaBe12: −1.16±0.05‰ and BaBe27: −0.62±0.05‰) 181 

reported by van Zuilen et al. (2016b). We also analyzed the GEOTRACES SAFe seawater reference 182 

material. Our 138BaNIST data (surface: +0.62±0.04‰, 2SD, n=2 and deep: +0.28±0.09‰, 2SD, n=2) are 183 

identical to those reported by three other labs (surface: +0.62±0.02‰ and deep: +0.27±0.02‰, Hsieh 184 

and Henderson, 2017; surface: +0.63±0.04‰ and deep: +0.32±0.03‰, Geyman et al., 2019; surface: 185 

+0.64±0.08‰ and deep: +0.29±0.02‰, Cao et al., 2020) and thus lend additional support to the validity 186 

of δ138BaNIST values obtained in this study. Our δ138BaDBa of all seawater samples varies within a range 187 

of +0.3-0.6‰ in the upper 1000 m of the NSCS and matches previous observations in the open ocean 188 

water column (Horner et al., 2015; Bates et al., 2017; Hsieh and Henderson, 2017; Bridgestock et al., 189 

2018; Hemsing et al., 2018; Geyman et al., 2019). 190 

A lithogenic Ba content of <6% was deduced from Al concentrations in the digested solution of 191 

nearly all suspended particle samples (Table 3) indicating that Ba in these particles is dominantly of 192 

oceanic origin. The corresponding 138BapBabulk thus reflects the isotopic composition of oceanic pBaxs 193 

(138BapBaxs) without lithogenic corrections. Three exceptions are samples from 25 and 75 m depths at 194 

station A5 and the sample from 125 m depth at station A2, where lithogenic Ba accounts for ~18, ~27, 195 

and ~16% of total particulate Ba content. Natural lithogenic 138BaNIST values around 0‰ have been 196 

reported for both marine (−0.1 to 0‰; Bridgestock et al., 2018) and river sediments (−0.05 to +0.04‰; 197 

Nan et al., 2018) and for the upper continental crust (on average 0.00±0.04‰; Nan et al., 2018). 198 

Assuming δ138BaNIST of −0.10‰ and +0.05‰ (lower and upper limits) for lithogenic Ba and of +0.13‰ 199 

for oceanic pBaxs (the average δ138BapBabulk of all other suspended particle samples in this study), 200 

δ138BapBabulk values of samples at 25 m depth at station A5 and 125 m depth at station A2 are both 201 
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estimated to be +0.09 and +0.12‰, which are, respectively, lighter than and/or identical to our measured 202 

δ138BapBabulk of +0.19±0.05 and +0.05±0.10‰ (Table 2). The estimate of lithogenic corrections and the 203 

measurement are also within error indistinguishable from the average δ138BapBaxs signature. We are 204 

therefore confident that the δ138BapBabulk data reported in this study reliably represent the oceanic 205 

δ138BapBaxs. 206 

3. RESULTS 207 

3.1. Hydrography 208 

During the sampling period in winter, the entire water column at station A5 on the NSCS outer shelf 209 

was well mixed as demonstrated by the nearly uniform potential temperature (PT), salinity, and density 210 

( values (Fig. 2). The water column in the upper 100 m ( at stations on the NSCS slope 211 

generally displays increasing salinity and decreasing PT with increasing levels, suggesting 212 

stratification with the surface mixed layer above depths of 50-80 m (23.5 for stations A2 and A1 and 213 

 for stations A10 and S504; Fig. 3b-3e). Salinities in the very surface waters at these locations 214 

are higher than 33.5 showing no input from the Pearl River plume (salinity <33.0; Cao et al., 2011) in 215 

this dry season. These values gradually decrease from 34.4 at station A5 to 34.1 at stations A2 and A1 to 216 

33.8 at stations A10 and S504 (Fig. 2). Such a gradient suggests possible influence of more saline KBW 217 

(salinity >34.5) on the outer shelf, which is weakened on the upper and middle slope and is negligible on 218 

the lower slope. However, the highest surface salinity observed at station A5 is likely derived from the 219 

deeper interior of the SCS, given that the strong upwelling and vertical mixing prevails in winter in the 220 

SCS (Cao et al., 2012, and references therein). The relatively fresh surface waters at stations A10 and 221 

S504 are most likely attributable to the net precipitation over the SCS basin. A salinity maximum 222 

of >34.67 is observed at 100-140 m depth (~24.5-24.9) at stations A2 and A1, while a slightly weaker 223 

and deeper one of >34.62 is observed at 150-170 m depth (~25.2) at stations A10 and S504. These 224 
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salinity maxima result from the advection of North Pacific Tropical Water sourced in the subtropical 225 

region (Suga et al. 2000), which exerts more influence at the former two stations. T-S distribution 226 

patterns below 150 m ( are nearly identical at stations A2, A1, A10, and S504 suggesting that 227 

the deeper water column up to 1000 m is occupied by uniform water masses on the NSCS slope. A 228 

salinity minimum of <34.42 is observed in the intermediate waters near 350-400 m water depth 229 

(~26.5-26.6) at the latter three stations, which is attributed to the advection of North Pacific 230 

Intermediate Water sourced in the subpolar region (You, 2003) (Fig. 2). 231 

3.2. Distributions of 138BaDBa and 138BapBabulk in the upper 150 m 232 

DBa concentrations in the very surface waters are homogenous on the NSCS outer shelf and slope 233 

with an average value of 34.5±1.1 nmol kg-1 (1SD, n=5). Although the vertical profiles of DBa in the 234 

upper 150 m apparently display variable distributions between stations, the largest difference at each 235 

station of 1.2 to 3.6 nmol kg-1 is just outside analytical uncertainty (Fig. 3f-3j; Table 1). The dissolved 236 

138BaNIST of +0.60±0.02‰ (1SD, n=5) in the very surface waters is also essentially homogenous 237 

between the five sampling stations. All 138BaDBa values are within analytical uncertainty identical to 238 

+0.60‰ from the surface to near-bottom or 150 m water depth, except that the 138BaDBa signature in 239 

waters near the 150 m depth at station S504 (+0.53‰) is slightly lighter (Fig. 3k-3o; Table 1).  240 

pBabulk concentrations in suspended particles in the upper 150 m range between 200 and 1100 pmol 241 

kg-1, which are overall more than one order of magnitude lower than the corresponding DBa 242 

concentrations (Fig. 3f-3j; Tables 1 and 2). The vertical profiles of pBabulk are variable. At stations A5 243 

on the NSCS outer shelf, pBabulk concentrations at 25 m depth are higher than those at 75 m depth, even 244 

though the latter has larger fraction of lithogenic Ba. On the NSCS slope, however, pBabulk generally 245 

increases from the surface mixed layer to 150 m depth at stations A1, A10, and S504, whereas a marked 246 

peak is observed at the 75 m depth at station A1 (Fig. 3h-3j). In contrast to pBabulk concentrations, the 247 
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138BapBabulk signatures are nearly constant at +0.1 to +0.2‰ throughout the upper 150 m water column 248 

of the entire study area, while 138BapBabulk near the 150 m depth at stations A1 and S504 (+0.04±0.07 249 

and +0.06±0.06‰, respectively) is slightly lighter than that in the top 25 m of the two stations (on 250 

average +0.20±0.02‰, 1SD, n=4) (Fig. 3k-3o; Table 2).  251 

3.3. Distributions of 138BaDBa at stations A1, A10, and S504 in the upper 1000 m 252 

The vertical distributions of 138BaDBa generally mirror those of DBa in the upper 1000 m at stations 253 

A1, A10, and S504. Moreover, both DBa concentrations and 138BaDBa signatures at any depth are 254 

comparable between the three stations (Fig. 4) suggesting the major control of water mass mixing on the 255 

NSCS slope. Below 150 m DBa concentrations increase rapidly down to the 1000 m water depth at a 256 

value around 100 nmol kg-1 (Fig. 4a; Table 1). Correspondingly, 138BaDBa values decrease linearly from 257 

the 150 to 800-1000 m water depth at a value of +0.3‰ (Fig. 4b; Table 1), which agrees well with data 258 

obtained in the deep waters below 1000 m of the NSCS basin (Cao et al., 2020). 259 

4. DISCUSSION  260 

Our results show significant fractionation between particulate and dissolved Ba isotopes in the upper 261 

150 m of the NSCS. While the isotopic compositions of both phases are nearly invariant within the 262 

upper water column, the pBabulk concentrations vary significantly and are often decoupled from DBa. 263 

Deeper seawater samples show a typical nutrient-like distribution of DBa and 138BaDBa as observed in 264 

previous studies (Horner et al., 2015; Cao et al., 2020; Bates et al., 2017; Hsieh and Henderson, 2017; 265 

Bridgestock et al., 2018; Hemsing et al., 2018; Geyman et al., 2019). These features allow us to discuss 266 

the mechanisms controlling Ba behavior in the NSCS. 267 

4.1. Comparison between pBaxs and other particulate matter 268 

The average pBaxs concentration of 560 pmol kg-1 is within the range of 10-600 pmol kg-1 generally 269 

observed in the upper open ocean (Dehairs et al., 1997; Jeandel et al., 2000; Bishop and Wood, 2008; 270 
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Dehairs et al., 2008; Jacquet et al., 2008). However, the observed absolute range in the NSCS is 271 

significantly larger between 170 and 1050 pmol kg-1 (Table 3). Comparably high pBaxs concentrations 272 

near 1700 pmol kg-1 were observed at 50 m in the Western Mediterranean Sea (van Beek et al., 2009) 273 

and extremely high values were observed in the Southern Ocean, e.g., 7512-9112 pmol kg-1 in the upper 274 

100 m of the Polar Front Zone (Dehairs et al., 1997) and 1354-5930 pmol kg-1 at the 50 m depth in the 275 

Kerguelen Island area (Jacquet et al., 2008). Jacquet et al. (2015) stated that such high values are not 276 

unusual and likely associated with phytoplankton-derived particles. We contend that biological influence 277 

may also be responsible for some relatively high pBaxs in our samples, which we will argue below is not 278 

directly produced via active intracellular uptake of Ba by living phytoplankton. 279 

In order to assess the role of various particulate phases in pBaxs accumulation we estimate the 280 

influence of lithogenic minerals and compare the observed pBaxs to proxies for biogenic particulate 281 

matter. The observed pAl concentrations of 5-40 nmol kg-1 (with three exceptions of >45 nmol kg-1; 282 

Table 3) are comparable to or slightly higher than those observed in the open ocean such as the North 283 

Pacific (Dehairs et al., 2008), the tropical North Altanic (Jeandel et al., 2000), and the Southern Ocean 284 

(Jacquet et al., 2011), which suggests an overall very small fraction of lithogenic components in 285 

suspended particles in the upper water column of the NSCS slope during the sampling period. 286 

pCa (an approximation of particulate inorganic carbon, PIC) concentrations collected for this study in 287 

January range from 80 to 300 nmol kg-1 (Table 3), which are comparable to or slightly higher than the 288 

PIC concentrations collected in the upper 150 m of the NSCS basin in September (Cao et al., 2009). 289 

This is expected given that calcium carbonate is the dominant component of PIC in the ocean and the 290 

biological production in the NSCS is generally higher in winter than in summer (Chen, 2005). The 291 

vertical profiles of particulate organic carbon and nitrogen (POC and PON; data were previously 292 

published in Cai et al. (2015)) display similar distribution patterns at all sampling stations with PON 293 
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consistently lower than POC (Fig. 5c, 5g, 5k, 5o, and 5s). The average POC/PON ratio of 6.9±1.1 agrees 294 

with the Redfield ratio (Redfield et al., 1963) confirming their origin from phytoplankton photosynthesis. 295 

Biogenic silica (BSi) concentrations are overall comparable to those of PON (0.08-0.56 versus 0.12-296 

0.71mol L-1; Table 3) suggesting enhanced diatom productivity in winter on the NSCS outer shelf and 297 

slope (Chen, 2005). 298 

The vertical distributions of pBaxs clearly do not follow those of biogenic particles including pCa, 299 

POC, PON, and BSi. All these phytoplankton-derived particles, except for BSi at station A10, display 300 

high concentrations from the very surface to 50-75 m water depth, which are marked by high 301 

concentrations of chlorophyll a (Chl-a; data were previously published in Chen et al. (2015)) (Fig. 5). 302 

The lack of co-variation of pBaxs implies that the primary process controlling the formation of excess 303 

particulate Ba is different from those for biogenic particulate C, N, and Si in the upper NSCS. The 304 

apparently unsystematic distributions of pBaxs have also been observed in other oceanic environments, 305 

e.g., the Southern Ocean (Jacquet et al., 2011), the North Atlantic Ocean (Lemaitre et al., 2018), and the 306 

Mediterranean Sea (van Beek et al., 2009). 307 

4.2. Mechanisms controlling the dynamics of Ba isotopes in the NSCS 308 

4.2.1. Vertical supply of DBa from depth and Ba isotope fractionation in the upper 150 m 309 

The upper 1000 m of the water column in the NSCS consists of multiple water masses as suggested 310 

by the T-S diagram showing at least three different linear relationships (Fig. 2), and the dissolved Ba 311 

data display a good linear relationship between 1/DBa and 138BaDBa (r2=0.93, n=37; Fig. 6). While the 312 

deep waters around 800-1000 m have the lowest 138BaDBa values and highest DBa concentrations, a 313 

systematic and continuous upward increase of 138BaDBa accompanied by a decrease of DBa occurs up to 314 

the depth of the (sub)surface waters at and above 150 m (Fig. 6), suggesting a major control of 315 
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upwelling or diapycnal mixing (e.g., vertical diffusion) between water masses at different depths in the 316 

interior of the NSCS (Chao et al., 1996; Tian et al., 2009). 317 

Although the KBW may have influenced the surface waters on the outer shelf and upper slope, no 318 

evidence of this can be found in the Ba isotopic compositions, which show the same surface 138BaDBa 319 

values as in the lower slope (this study) and deep basin (Cao et al., 2020) of the NSCS. Surface DBa 320 

concentrations around 34.5 nmol kg-1, which are comparable to those in the open Pacific (Bacon and 321 

Edmond, 1972; Monnin et al., 1999; Esser and Volpe, 2002; Geyman et al., 2019), further suggest 322 

negligible influence from the river discharge highly enriched in Ba (Guay and Falkner, 1998; Cao et al., 323 

2020). In addition, potential effects on Ba isotopic compositions during particle remineralization may be 324 

too small to be detected outside analytical uncertainty of the 138BaDBa signatures due to the 325 

overwhelmingly large dissolved pool, and thus cannot be distinguished from the dominant control of 326 

water mass mixing (Bates et al., 2017).  327 

We therefore infer that the primary DBa source in the upper NSCS during the sampling period was 328 

vertical mixing from the underlying waters below 150 m, whereas contributions of processes such as 329 

horizontal mixing and remineralization are probably negligible at these depths. Significant fractionation 330 

of Ba isotopes with respect to its source waters from depth is thus indicated by the heavy 138BaDBa 331 

values and correspondingly light 138BapBabulk values in the upper 150 m (Fig. 6).  332 

4.2.2. Fractionation induced by particle adsorption rather than biological utilization 333 

On the basis of the observed decoupling of Ba from the major nutrients in the East China Sea and in 334 

the NSCS basin, Cao et al. (2016, 2020) inferred that Ba isotope fractionation in the upper water column 335 

is primarily induced by preferential adsorption of the lighter Ba isotopes onto particles rather than by 336 

biological utilization. Such a decoupling also occurs on the NSCS outer shelf and slope confirming these 337 

earlier results. While concentrations of phosphate (PO4), nitrate (NO3), and silicate (Si(OH)4) (data were 338 
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previously published in Cao et al. (2012), Dai et al. (2013), and Du et al. (2013)) rapidly decrease from 339 

the subsurface to the very surface waters near zero, DBa concentrations in the upper 150 m are almost 340 

constant (Fig. 7). Surface DBa is not as strongly depleted as major nutrients largely because living 341 

phytoplankton does not actively uptake Ba during growth (Fisher et al., 1991; Sternberg et al., 2005). 342 

Below 150 m, DBa and Si(OH)4 display a positive linear relationship which is, however, not observed 343 

between DBa and PO4 or NO3 (Fig. 7). While PO4 and NO3 are labile nutrients controlled by shallower 344 

recycling through the decomposition of organic tissue, Si(OH)4 behaves as a refractory nutrient 345 

characterized by deeper regeneration via dissolution of planktonic hard parts (Chan et al., 1977; Lea and 346 

Boyle, 1989). In this context, regeneration of Ba in the deep ocean occurs at sites similar to Si(OH)4 and 347 

the covariance between these two parameters below the (sub)surface waters is largely a consequence of 348 

ocean circulation (Lea and Boyle, 1989; Horner et al., 2015; Cao et al., 2016, 2020; Hsieh and 349 

Henderson, 2017).  350 

To further test if biological utilization of DBa significantly affects Ba isotopic compositions in the 351 

surface waters, we compare our pBaxs and biogenic particulate matter with Chl-a, which is 352 

representative of total phytoplankton biomass (Fig. 8). Clearly, pBaxs varies independently of Chl-a on 353 

the NSCS outer shelf and slope and pBaxs concentration ranges are similar at the lowest and highest Chl-354 

a conditions (Fig. 8a). In contrast, significant positive correlations are observed between pCa (r2=0.73, 355 

n=23), POC (r2=0.76, n=33), PON (r2=0.90, n=33), and BSi (r2=0.43, n=32) and Chl-a and the highest 356 

Chl-a concentrations are generally reflected by highest pCa, POC, PON, and BSi levels (Fig. 8b). We 357 

suggest that pBaxs formation is not directly associated with phytoplankton growth, making active 358 

intracellular uptake of DBa from ambient seawater unlikely.  359 

Another possible process inducing Ba isotope fractionation during DBa removal is barite formation. 360 

Although a number of studies reached the conclusion that discrete barite crystals mainly precipitate in 361 
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the mesopelagic zone (e.g., Jacquet et al., 2008; Planchon et al., 2013; Lemaitre et al., 2018), barite has 362 

occasionally been observed in the upper water column as well (e.g., Bishop, 1988; Sternberg et al., 363 

2008). This implies that our suspended particle samples in the upper 150 m of the NSCS might also 364 

contain barite. Therefore, the decoupling of Ba from carbon and major nutrients in both the dissolved 365 

and particulate phases suggests that passive adsorption onto particles instead of biological utilization of 366 

DBa most likely drives the Ba isotope fractionation in the upper NSCS, while the potential effect of 367 

barite formation needs further dedicated examination. 368 

There are various potential Ba carriers for adsorption in the ocean including plankton (i.e, PIC, POC, 369 

PON, and BSi), iron-manganese (Fe-Mn) oxides, and lithogenic minerals (Dehairs et al., 1980; Bishop, 370 

1988; Sternberg et al., 2005). However, the constant 138BaDBa and138BapBabulk observed in the upper 371 

150 m of the NSCS point to a single dominant carrier controlling Ba isotope fractionation. The 372 

decoupling of Ba from direct biological productivity indicators implies that plankton itself is not the 373 

main carrier. Our pAl data in the upper 150 m demonstrate that lithogenic components are negligible on 374 

the NSCS slope. Given that cross-shelf transport of particles enriched in Fe and Mn is highly likely, we 375 

suggest that Fe-Mn oxides are a potentially important Ba carrier in the upper water column on the NSCS 376 

outer shelf and slope. Sternberg et al. (2005) attributed the particulate Ba produced in laboratory diatom 377 

cultures to the adsorption onto precipitated Fe hydroxides associated with the cell surface rather than to 378 

the intracellular uptake. Nevertheless, future work is required to identify the specific carriers of Ba in the 379 

upper NSCS via analyzing different chemical leachates, examinations by scanning electron microscopy, 380 

and/or utilizing micro-analytical techniques. 381 

4.2.3. Homogenous 138BapBaxs signatures despite variable pBaxs concentrations in the upper 150 m 382 

In contrast to highly variable pBaxs concentrations, the isotopic compositions of bulk and excess 383 

particulate Ba are remarkably homogenous. We were able to show that they are not produced directly by 384 
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biological productivity in the upper NSCS. Our study area is, overall, oligotrophic, and comparable 385 

surface water productivities between stations are anticipated based on similar nutrient concentrations. 386 

The variable pBaxs concentrations in our suspended particle samples in the upper 150 m are likely 387 

influenced by particle sinking and/or zooplankton grazing. Such processes would overall lower the 388 

standing stock of excess particulate Ba relative to the corresponding total amount transformed from the 389 

dissolved phase, but unlikely introduce additional isotope fractionation effects. In this context, the 390 

138BapBaxs signatures could integrate reliable information during transformation of DBa to pBaxs, 391 

making the resulting signal independent of variations in pBaxs concentrations that are also affected by 392 

other processes. This implies that particulate Ba isotopes are likely a more robust proxy for total particle 393 

fluxes than discrete bottle pBaxs concentrations because the latter would rather reflect “snapshots” of the 394 

water column at a particular time. However, whether the mechanisms inferred from Ba isotope data 395 

from the NSCS can be adopted for other oceanic environments requires additional field work. 396 

4.3. Ba isotope fractionation factor in the upper NSCS 397 

4.3.1. Estimations based on a Rayleigh and a steady state model  398 

The T-S distribution above 150 m depth (or the salinity maximum) shows comparable linear 399 

relationships between stations (Fig. 2), which suggests that the upper water column on the NSCS outer 400 

shelf and slope can be approximated as a uniform water mass. Using the average of DBa and 138BaDBa 401 

values collected from 300 m depth at stations A1, A10, and S504 as initial values and field 138BaDBa 402 

data collected in the upper 150 m at all sampling stations, the estimated in situ fractionation factor (138) 403 

between particulate and dissolved Ba through point-by-point calculations averages −0.4±0.1‰ (1SD, 404 

n=27) following a Rayleigh model (Supplementary Eq. (5)) and −0.5±0.1‰ (1SD, n=27) following a 405 

steady state model (Supplementary Eq. (8)). Both values are within error identical to the apparent 406 

fractionation factor 138Ba (Supplementary Eq. (9)) of −0.5±0.1‰ (1SD, n=19) suggesting that the 407 
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estimated 138is realistic. This also demonstrates that our selection of an initial condition from 408 

underlying deep waters at 300 m is valid, while the influence from horizontal mixing of the KBW could 409 

be neglected. Note that any fractionation factors estimated based on field measurements reflect a 410 

combined effect exerted by both physical and biogeochemical processes, whereas in this scenario the 411 

mixing influence, though existent, would be small due to the isotope fractionation models were mainly 412 

applied to data from effectively a single water mass. Details of the model estimation are provided in the 413 

Supplementary Material and Supplementary Table 1.  414 

4.3.2. Comparison with previously reported values 415 

138and138Ba values of −0.4 to −0.5‰ observed in the NSCS are within the range of −0.3 to −0.6‰ 416 

previously reported by field measurements (Horner et al., 2015, 2017; Cao et al., 2020; Bates et al., 2017; 417 

Hsieh and Henderson, 2017; Bridgestock et al., 2018), despite that the specific depth range over which 418 

DBa removal occurs is different between these studies. Our 138Ba value is essentially identical to that 419 

of −0.53±0.04‰ and −0.41±0.09‰, respectively, observed in the upper 200 m of the South Atlantic and 420 

Lake Superior by Horner et al. (2017), which are the same as the difference between 138BapBabulk (or 421 

138BapBaxs) in suspended particles and 138BaDBa in waters. Such consistent values point to a constant Ba 422 

isotope fractionation factor between bulk particles and seawater throughout the ocean (Bridgestock et al., 423 

2018). 424 

138and138Ba obtained in this study suggest a slightly larger in situ Ba isotope fractionation with the 425 

same direction than those of −0.1 to −0.4‰ observed in inorganic precipitation experiments and/or 426 

during coral growth (Böttcher et al., 2018, and references therein; Hemsing et al., 2018; Geyman et al., 427 

2019; Liu et al., 2019; Mavromatis et al., 2019). However, the mechanisms controlling Ba isotope 428 

fractionation during incorporation into coral aragonite or high-Mg calcite are still unclear, in particular 429 

in natural systems (Pretet et al., 2016; Hemsing et al., 2018; Geyman et al., 2019; Liu et al., 2019). 430 
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Mavromatis et al. (2019) even reported preferential incorporation of heavier Ba isotopes in inorganic 431 

aragonite at very slow growth rates. The slightly larger fractionation observed in the upper NSCS may 432 

be related to the in situ biologically-mediated transformation from DBa to pBaxs such as adsorption onto 433 

biogenic particles, which, however, needs to be further constrained by additional estimations of 138 in 434 

both real oceanic environments and laboratory culture experiments. 435 

Adsorption-induced enrichment of lighter Ba isotopes in the particulate phase has also been observed 436 

in soil (Gong et al., 2019) and river systems (Gou et al., 2020). However, a batch equilibrium 437 

experiment for adsorption onto the surface of silica hydrogel revealed an opposite direction of Ba 438 

isotope fractionation with heavier Ba isotopes being preferentially adsorbed (138Bagel-solution ~+0.1 to 439 

+0.3‰; van Zuilen et al., 2016a). This contrast might result from the difference in mineral structure 440 

between soils and hydrogel (Gong et al., 2019). Similar to other trace metals such as copper (e.g., Vance 441 

et al., 2008) and molybdenum (e.g., Goldberg et al., 2009), Ba adsorption is most likely induced by its 442 

strong interaction with nonmetallic elements or organometallic compounds. Nevertheless, the specific 443 

mechanisms by which Ba is adsorbed onto marine particles and is isotopically fractionated are currently 444 

unknown. The reason why the adsorption induces comparable removal of DBa and resulting identical 445 

fractionation with constant δ138BaDBa and δ138BapBaxs in the upper NSCS needs further exploration. 446 

5. CONCLUSIONS 447 

The dynamics of 138Ba on the NSCS outer shelf and slope are primarily controlled by the 448 

combination of vertical mixing from depth and fractionation in the upper water column. Preferential 449 

adsorption of the lighter isotopes onto one major particulate phase most likely results in the homogenous 450 

distribution of 138BapBaxs and 138BaDBa in the upper 150 m of the entire study area, with the former 451 

systematically lighter than the latter by ~0.5‰. This value is essentially identical to the estimated 138 452 

following both the Rayleigh and steady state models suggesting a valid Ba isotope fractionation factor 453 
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between particulate and dissolved Ba in a natural system. This is consistent with previously reported 454 

138Ba from other marine and freshwater settings. However, the specific carriers of Ba in the upper 455 

NSCS still need to be identified and the fractionation via particle adsorption needs examination in other 456 

oceanic environments. 457 

The decoupling of DBa from NO3 and PO4 throughout the water column and from Si(OH)4 in the 458 

upper NSCS implies that although considered a nutrient-like element, Ba  does not directly trace nutrient 459 

utilization and regeneration. Stable Ba isotopes that correspond to DBa variations may thus not be a 460 

proxy for nutrient cycling in the ocean. In addition, the constant 138BapBaxs signatures do not show a 461 

clear link with surface biological productivity, which is supported by the lack of covariance between 462 

pBaxs and biogenic particulate matter in the upper NSCS. In order to clarify whether Ba isotopes may 463 

nevertheless be a reliable proxy for paleoproductivity, comprehensive information on the isotopic 464 

compositions of various Ba carriers, in particular barite, is needed from the very surface to the 465 

mesopelagic zone to the sediments in oceanic environments with contrasting productivity levels.466 
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Table 1  687 

Dissolved barium (DBa) concentration and their stable barium isotopic composition (137BaDBa_NIST and 688 

138BaDBa_NIST) data collected in the northern South China Sea in January 2010. 689 

Station Depth Salinity DBa 137BaDBa_NIST±2SDa 138BaDBa_NIST±2SDb nc

 (m)  (nmol kg-1) (‰) (‰)  
A5d 5.9 34.41 33.4 0.45±0.03 0.60±0.04 3
21.0°N 25.4 34.41 33.2 0.43±0.07 0.58±0.09 3
115.0°E   duplicate 0.39±0.06 0.52±0.08 3
 51.1 34.45 31.6    
 73.0 34.42 31.9 0.44±0.06 0.59±0.08 3
   duplicate 0.40±0.02 0.53±0.02 3
 96.0 34.41 33.8 0.44±0.05 0.58±0.07 3
A2d 3.1 34.17 33.5 0.44±0.10 0.59±0.14 3
20.5°N 24.2 34.17 33.3 0.47±0.03 0.63±0.04 3
115.4°E   duplicate 0.46±0.01 0.61±0.02 3
 47.6 34.26 33.7    
 73.3 34.30 34.1 0.46±0.03 0.62±0.05 3
 99.2 34.57 33.7    
 122.9 34.66 34.5 0.41±0.04 0.55±0.05 3
   duplicate 0.42±0.09 0.56±0.12 3
 149.5 34.67 34.3 0.44±0.03 0.58±0.04 3
 198.4 34.58 37.3    
 298.4 34.46 51.2    
A1 5.6 34.07 34.5 0.43±0.06 0.57±0.07 2
20.1°N 25.0 34.07 34.7 0.46±0.03 0.62±0.04 3
115.7°E   duplicate 0.48±0.03 0.64±0.04 3
 51.9 34.07 33.1 0.43±0.07 0.57±0.09 3
   duplicate 0.49±0.06 0.65±0.09 3
 74.8 34.43 34.4 0.46±0.06 0.62±0.08 3
 99.0 34.52 32.9 0.45±0.05 0.60±0.06 2
 124.8 34.58 34.3    
 148.1 34.57 36.4 0.42±0.02 0.55±0.03 3
 197.9 34.51 40.4 0.41±0.05 0.55±0.06 3
 300.0 34.42 49.9 0.36±0.12 0.48±0.16 3
   duplicate 0.39±0.08 0.51±0.11 3
 497.5 34.42 71.9 0.26±0.01 0.35±0.02 3
   duplicate 0.28±0.06 0.38±0.08 3
A10d 6.2 33.80 36.2 0.47±0.02 0.63±0.02 2
19.2°N   duplicate 0.48±0.06 0.63±0.08 3
116.5°E 25.2 33.80 36.0 0.46±0.07 0.61±0.10 3
 50.1 33.82 36.1    
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 75.6 34.29 34.0 0.47±0.08 0.63±0.10 3
 99.1 34.41 35.4    
 125.0 34.49 34.5 0.44±0.03 0.59±0.03 3
 150.1 34.65 34.4 0.45±0.02 0.60±0.03 3
 198.6 34.55 36.6 0.41±0.02 0.54±0.03 3
 300.2 34.44 56.2 0.31±0.03 0.42±0.04 3
   duplicate 0.35±0.08 0.47±0.10 3
 499.7 34.41 64.9    
 799.3 34.46 85.3 0.26±0.02 0.35±0.03 3
 998.9 34.51 99.6 0.23±0.03 0.31±0.03 3
S504 5.1 33.77 34.9 0.45±0.05 0.60±0.07 3
19.7°N   duplicate 0.48±0.01 0.64±0.01 3
117.6°E 25.1 33.77 34.8 0.44±0.01 0.59±0.02 3
 51.2 33.77 35.3 0.43±0.03 0.57±0.05 3
 75.8 33.77 34.8 0.47±0.05 0.63±0.07 3
 100.7 34.49 33.9 0.44±0.02 0.59±0.03 3
   duplicate 0.47±0.09 0.62±0.11 3
 123.8 34.56 34.8 0.42±0.01 0.56±0.01 3
 150.4 34.58 37.5 0.40±0.02 0.53±0.03 3
 200.8 34.55 37.7    
 299.7 34.46 47.8 0.31±0.02 0.42±0.03 3
 500.4 34.41 67.4    
 801.0 34.47 86.9 0.25±0.05 0.33±0.06 3
   duplicate 0.23±0.04 0.31±0.05 3
 1000.8 34.52 102.5 0.24±0.03 0.32±0.03 3
   duplicate 0.24±0.04 0.32±0.05 3

a SD is the standard deviation estimated from the double spike bracketing measurements of a single 690 

sample solution.  691 

b138BaDBa_NIST±2SD is converted from 137BaDBa_NIST±2SD by multiplying by 1.33 assuming mass-692 

dependent fractionation. 693 

c n is the number of double spike bracketing measurements of a single sample solution.  694 

d Salinity data collected at stations A5, A2, and A10 were previously published in Cao et al. (2012).695 
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Table 2 696 

Bulk particulate barium (pBabulk) concentration and their stable barium isotopic composition 697 

(137BapBabulk_NIST and 138BapBabulk_NIST) data collected in the upper 150 m of the northern South China 698 

Sea in January 2010. 699 

Station Depth pBabulk 137BapBabulk_NIST±2SDa 138BapBabulk_NIST±2SDb nc

 (m) (pmol kg-1) (‰) (‰)  
A5 25 351 0.14±0.04 0.19±0.05 3
21.0°N 75 234    
115.0°E      
A2 25 644 0.09 0.12 1
20.5°N 75 809 0.08±0.07 0.11±0.09 3
115.4°E 125 579 0.04±0.08 0.05±0.10 3
A1 5 374 0.16±0.15 0.21±0.21 3
20.1°N 25 297 0.16±0.04 0.21±0.05 3
115.7°E 50 411 0.11±0.08 0.15±0.10 3
 75 920 0.11±0.07 0.15±0.10 2
 100 508 0.07 0.10 1
 125 695 0.04±0.03 0.06±0.05 3
 150 926 0.03±0.06 0.04±0.07 2
A10 25 690 0.09±0.03 0.12±0.04 3
19.2°N 75 754 0.09±0.09 0.11±0.12 3
116.5°E 125 477    
 150 964 0.05 0.07 1
S504 5 363 0.13±0.05 0.17±0.07 3
19.7°N 25 305 0.16±0.02 0.21±0.03 3
117.6°E 50 380 0.16±0.09 0.21±0.11 2
 75 378 0.14±0.05 0.18±0.07 2
 100 649 0.07±0.01 0.09±0.01 3
 125 700    
 150 1056 0.04±0.05 0.06±0.06 3

a SD is the standard deviation estimated from the double spike bracketing measurements of a single 700 

sample solution.  701 

b 138BapBabulk_NIST±2SD is converted from 137BapBabulk_NIST±2SD by multiplying by 1.33 assuming 702 

mass-dependent fractionation. 703 

c n is the number of double spike bracketing measurements of a single sample solution. 704 
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Table 3 705 

Concentration data of bulk and excess particulate barium (pBabulk and pBaxs), particulate aluminum and calcium (pAl and pCa), particulate organic 706 

carbon and nitrogen (POC and PON), biogenic silica (BSi), and chlorophyll a (Chl-a) collected in the upper 150 m of the northern South China Sea in 707 

January 2010. 708 

Station Depth pBabulk pBaxs pBaxs/pBabulk pAl pCa POCa PONa BSi Chl-ab 
 (m) (pmol kg-1) (pmol kg-1) (%) (nmol kg-1) (nmol kg-1) (mol L-1) (mol L-1) (mol L-1) (g L-1)
A5 5      4.26 0.71 0.22 0.48 
21.0°N 25 351 288 82 46.7 207.3 3.65 0.55 0.26 0.51 
115.0°E 50      3.04 0.47 0.28 0.50 
 75 235 171 73 47.3 262.7 3.33 0.58 0.26 0.43 
 100      2.64 0.37 0.20 0.35 
A2 5      3.02 0.49 0.23 0.50 
20.5°N 25 648 630 97 13.4 225.0 3.78 0.54 0.26 0.46 
115.4°E 50      3.43 0.56 0.48 0.61 
 75 813 795 98 13.8 246.7 3.30 0.51 0.56 0.51 
 100      1.18 0.17 0.19 0.07 
 125 584 490 84 69.3 79.4 0.90 0.15 0.11 0.03 
 150      0.88 0.12 0.10 0.03 
A1 5 379 357 94 16.2 290.7 3.01 0.45 0.20 0.48 
20.1°N 25 301 290 96 7.9 260.4 3.20 0.45 0.20 0.47 
115.7°E 50 415 405 98 7.6 282.6 3.59 0.49 0.20 0.49 
 75 924 891 96 24.5 163.1 3.06 0.31 0.18 0.20 
 100 513 486 95 19.7 122.5 1.58 0.19 0.19 0.09 
 125 700 658 94 30.8 114.5 1.81 0.15 0.13 0.04 
 150 931 894 96 27.2 96.6 2.13 0.13 0.13 0.01 
A10 5      2.86 0.48 0.16 0.53 
19.2°N 25 694 675 97 14.5 153.9 3.28 0.58 0.17 0.54 
116.5°E 50      2.97 0.48 0.17 0.53 
 75 759 740 98 13.9 199.2 2.61 0.36 0.41 0.32 
 100      0.86 0.16 0.14 0.05 
 125 481 456 95 18.8 86.2 1.33 0.20 0.12 0.02 
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 150 968 914 94 40.5 79.3 0.69 0.12 0.09 0.02 
S504 5 368 361 98 4.9 237.4 3.63 0.67 0.37 0.56 
19.7°N 25 310 296 95 10.7 187.6 5.35 0.60 0.39 0.50 
117.6°E 50 385 373 97 8.6 189.6 3.46 0.50 0.38 0.56 
 75 382 372 97 7.5 136.3 2.21 0.35 0.18 0.35 
 100 654 617 94 27.3 80.4 1.08 0.15 0.11 0.12 
 125 704 690 98 10.7 96.8 1.03 0.12 0.08 0.06 
 150 1061 1034 97 20.0 92.5 1.11 0.13  0.01 

a POC and PON data were previously published in Cai et al. (2015). 709 

b Chl-a data were previously published in Chen et al. (2015). 710 
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Figure 1. Bathymetric map of the South China Sea (SCS) showing the locations of sampling stations in January 711 

2010. The basin scale circulation pattern is according to Wong et al. (2007, and references therein), showing a 712 

basin wide cyclonic gyre in winter (solid line) and an anticyclonic gyre over the southern half of the SCS in 713 

summer (dashed line). Also shown schematically are the Kuroshio current and its intrusions into the northern 714 

SCS around the Luzon Strait (dotted line) according to Wong et al. (2007, and references therein). wNP: 715 

western North Pacific; KBW: Kuroshio Branch Water. The map was created with ODV (Schlitzer, 2019). 716 

717 
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Figure 2. Potential temperature (PT) versus salinity plot (T-S diagram) for the sampling stations in the northern 718 

South China Sea. The dashed lines indicate the isopycnals (). The plot was created with ODV (Schlitzer, 719 

2019). 720 

 721 
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Figure 3. Vertical distributions of (a-e) potential temperature (PT) and salinity, (f-j) dissolved barium (DBa) and bulk particulate barium (pBabulk) 722 

concentrations, and (k-o) their stable barium isotopic compositions (138BaDBa and 138BapBabulk) in the upper 150 m of the northern South China Sea. 723 

The bottom depths of stations A5, A2, A1, A10, and S504 are ~100 m, ~400 m, ~850 m, ~2800 m and ~3100 m. The dashed horizontal line in (a)-(e) 724 

denotes the depth of surface mixed layer. The solid horizontal line in (a), (f), and (k) denotes the bottom depth of station A5. In (j), error bars of DBa 725 

representing ±3% (2 standard deviation, 2SD) of the field values are illustrated at station S504, which displays the largest difference in DBa 726 

concentrations in the upper 150 m. Errors bars of 138Ba in (k)-(o) of this figure and those of all field 138Ba data in the following figures represent 727 

the long-term external 2SD reproducibility of ±0.06‰. 728 



42 
  729 

DBa (nmol kg-1)
30 32 34 36 38

0

20

40

60

80

100

120

140

160

pBabulk (pmol kg-1)
200 400 600 800 1000 1200

DBa (nmol kg-1)
30 32 34 36 38

D
ep

th
 (m

)

0

20

40

60

80

100

120

140

160

pBabulk (pmol kg-1)
200 400 600 800 1000 1200

DBa
pBabulk(f)

DBa (nmol kg-1)
30 32 34 36 38

0

20

40

60

80

100

120

140

160

pBabulk (pmol kg-1)
200 400 600 800 1000 1200

(g)

DBa (nmol kg-1)
30 32 34 36 38

0

20

40

60

80

100

120

140

160

pBabulk (pmol kg-1)
200 400 600 800 1000 1200

(h) (i)

DBa (nmol kg-1)
30 32 34 36 38

0

20

40

60

80

100

120

140

160

pBabulk (pmol kg-1)
200 400 600 800 1000 1200

(j)

138BaNIST (‰)
0.0 0.2 0.4 0.6 0.8

D
ep

th
 (m

)

0

20

40

60

80

100

120

140

160

138BaDBa

138BapBabulk(k)

138BaNIST (‰)
0.0 0.2 0.4 0.6 0.8

0

20

40

60

80

100

120

140

160

138BaNIST (‰)
0.0 0.2 0.4 0.6 0.8

0

20

40

60

80

100

120

140

160

138BaNIST (‰)
0.0 0.2 0.4 0.6 0.8

0

20

40

60

80

100

120

140

160
(l) (m) (n)

138BaNIST (‰)
0.0 0.2 0.4 0.6 0.8

0

20

40

60

80

100

120

140

160
(o)

A5 A2 A1 A10 S504

PT (oC)
17 18 19 20 21 22 23 24

0

20

40

60

80

100

120

140

160

Salinity
33.8 34.0 34.2 34.4 34.6

PT (oC)
17 18 19 20 21 22 23 24

D
ep

th
 (m

)

0

20

40

60

80

100

120

140

160

Salinity
33.8 34.0 34.2 34.4 34.6

PT
Salinity(a)

PT (oC)
17 18 19 20 21 22 23 24

0

20

40

60

80

100

120

140

160

Salinity
33.8 34.0 34.2 34.4 34.6

(b)

PT (oC)
17 18 19 20 21 22 23 24

0

20

40

60

80

100

120

140

160

Salinity
33.8 34.0 34.2 34.4 34.6

(c) (d)

PT (oC)
17 18 19 20 21 22 23 24

0

20

40

60

80

100

120

140

160

Salinity
33.8 34.0 34.2 34.4 34.6

(e)



43 
 

Figure 4. Vertical distributions of (a) dissolved barium (DBa) and (b) their stable barium isotopic compositions 730 

(138BaDBa) in the upper 1000 m of the water column at stations A1, A10, and S504 in the northern South China 731 

Sea. 732 
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Figure 5. Vertical distributions of excess particulate barium (pBaxs), particulate aluminum and calcium (pAl 734 

and pCa), particulate organic carbon and nitrogen (POC and PON), biogenic silica (BSi), and chlorophyll a 735 

(Chl-a) in the upper 150 m of the northern South China Sea. (a-d) station A5; (e-h) station A2; (i-l) station A1; 736 

(m-p) station A10; (q-t) station S504. Data of POC and PON and Chl-a were previously published in Cai et al. 737 

(2015) and Chen et al. (2015). 738 
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Figure 6. 1/DBa versus 138BaDBa and 138BapBabulk for samples collected in the northern South China Sea. The 740 

solid line indicates the vertical mixing throughout the water column, while the numbers in italics indicate the 741 

sampling depth/depth range of distinct data point clusters along the line. The dashed arrows denote the Ba 742 

isotope fractionation in the upper 150 m based on DBa supply from deep waters via vertical mixing. 743 
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Figure 7. DBa versus nutrients for samples collected in the upper 1000 m of the water column in the northern 745 

South China Sea. The dashed lines indicate the various trends of DBa-PO4, DBa-NO3, and DBa-Si(OH)4 746 

relationships. Nutrient data were previously published in Cao et al. (2012), Dai et al. (2013), and Du et al. 747 

(2013). 748 
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Figure 8. Particulate matter versus Chl-a for samples collected in the upper 150 m of the northern South China 750 

Sea. (a) pBaxs and pCa; (b) POC, PON, and BSi. Data of POC and PON and Chl-a were previously published in 751 

Cai et al. (2015) and Chen et al. (2015). 752 
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