
Assessing the utility of barium isotopes to trace Eurasian riverine freshwater 

inputs to the Arctic Ocean 

 

Luke Bridgestock1*, Joseph Nathan1, Yu-Te Hsieh1, Phil Holdship1, Don Porcelli1, 

Per S. Andersson2 and Gideon M. Henderson1 

 

1Department of Earth Science, University of Oxford, South Parks Road, Oxford, OX1 

3AN, UK 

2Laboratory for Isotope Geology, Swedish Museum of Natural History, Stockholm 

Sweden 

 

*Corresponding author; ljb212@cam.ac.uk  

 

Present address (Luke Bridgestock): Department of Earth Sciences, University of 

Cambridge, Downing Street, Cambridge, CB2 3EQ, UK 

 

 

 

 

 

 

 

 

 

 



Abstract 

Tracing riverine freshwater transport pathways within the Arctic Ocean is key to 

understanding changes in Arctic Ocean freshwater inventories. Dissolved Ba 

concentrations have been used in this capacity but are compromised by non-

conservative processes. To assess the potential for Ba isotopes to provide insights into 

the impact of such processes on Arctic Ocean dissolved Ba inventories, Ba 

concentration and isotope data for surface seawater samples from the Siberian Shelf 

and Bering Sea/Strait are presented. These samples capture the mixing of riverine 

freshwater discharged by the rivers Yenisey, Lena and Ob, with Atlantic and Pacific 

derived seawater, which are traced by relationships between salinity, Ba concentration 

and δ138/134Ba. The δ138/134Ba of net river inputs, following modification by estuarine 

processes, are constrained to be 0.31 ± 0.04 ‰, 0.20 ± 0.06 ‰ and 0.23 ± 0.04  ‰, 

for the rivers Yenisey, Lena and Ob respectively. These values are used to estimate an 

average δ138/134Ba for Eurasian river freshwater input to the Arctic Ocean of 0.23 ± 

0.04 ‰. The Ba concentration and δ138/134Ba of Lena River freshwater transported 

across the Laptev Sea are modified by non-conservative processes. These non-

conservative processes do not result in distinctive modification of dissolved Ba 

concentration-δ138/134Ba mixing relationships between Eurasian riverine freshwater 

and Arctic seawater, which unfortunately limits the potential of Ba isotopes to 

improve tracing riverine freshwater sources in the central Arctic Ocean basins using 

dissolved Ba inventories. More generally the results of this study help advance 

understanding of Ba isotope cycling in the environment and their development as an 

emerging tracer of marine processes. 

 

 



1. Introduction 

 

 The surface of the Arctic Ocean contains a large amount of freshwater, which 

stratifies the water column controlling circulation, sea-ice formation, and biological 

productivity (Carmack et al., 2016). The export of freshwater stored in the Arctic 

Ocean to the North Atlantic can also influence global meridional overturning 

circulation (Aagaard and Carmack, 1989). The storage, distribution and export of 

Arctic Ocean freshwater have varied over the past century, with particularly 

pronounced changes during recent decades, which have important implications for 

both regional and global climate (Rabe et al., 2014, Proshutinski et al., 2015, Haine et 

al., 2015, Alkire et al., 2017). River inputs are the main source of Arctic Ocean 

freshwater, contributing 4200 ± 420 km3 yr-1, along with net precipitation (2200 ± 220 

km3 yr-1) and the inflow of low salinity Pacific seawater through the Bering Strait 

(2640 ± 100 km3 yr-1) (Haine et al., 2015). Freshwater distribution within the Arctic 

Ocean is further controlled by the seasonal formation and melting of sea-ice (e.g. 

Rosén et al., 2015), and changes in wind driven circulation (Proshutinski and Johnson, 

1997, Steele and Boyd, 1998, Johnson and Polyakov, 2001, Morison et al., 2012). 

Unraveling the roles of the multitude of freshwater sources that govern Arctic 

Ocean freshwater distributions requires the use of multiple geochemical tracers. 

Oxygen isotopes and nutrients (phosphate and nitrate) are routinely used to quantify 

ice melt/formation, Pacific inflow and meteoric (river discharge and net precipitation) 

contributions to Arctic Ocean freshwater inventories (e.g. Yamamoto-Kawai et al., 

2008, Rosén et al., 2015). Dissolved Ba concentrations have further been used to 

distinguish between freshwater inputs from Eurasian versus North American rivers 

(Guay and Falkner, 1997, Macdonald et al., 1999, Guay et al., 2001, Taylor et al., 



2003, Dodd et al., 2009, Guay et al., 2009, Yamamoto-Kawai et al., 2010, Roeske et 

al., 2012, Charette et al., 2020). The use of this tracer has helped to reveal the role of 

riverine freshwater transport pathways for controlling key features of Arctic Ocean 

hydrography. Notably, that Eurasian riverine freshwater is an important component of 

the large freshwater inventory stored in the Beaufort Gyre (Guay et al., 2009), and of 

freshwater exported to the North Atlantic via the Fram Strait (Taylor et al., 2003, 

Dodd et al., 2009). By contrast, this tracer suggests freshwater inputs from the major 

North American river, the Mackenzie, do not make significant contributions to 

freshwater inventories in the central Arctic basins, and are instead are predominantly 

exported via the Canadian Arctic Archipelago (Guay et al., 2009). 

The utility of dissolved Ba to trace Arctic Ocean riverine freshwater relies 

upon a difference in Ba concentration between freshwater inputs from major Eurasian 

and North American rivers (Guay and Falkner, 1998). This approach assumes that the 

Ba concentrations of these freshwater inputs are constant and that Ba behaves 

conservatively within the Arctic Ocean. Both of these assumptions, however, are 

questionable. In particular, dissolved Ba does not behave conservatively in the ocean, 

being removed from the upper water column and regenerated at depth in response to 

the production and export of organic matter (e.g. Jacquet et al., 2016). Non-

conservative depletions and enrichments of dissolved Ba have been documented in 

the Barents Sea, Laptev Sea, Chukchi Sea, Gulf of Amundsen and to the north of 

Svalbard (Guy and Falkner, 1997, Abrahamsen et al., 2009, Thomas et al., 2011, 

Roeske et al., 2012, Hendry et al., 2018), regions that represent important transport 

pathways of major riverine freshwater and seawater sources to/from the central Arctic 

Ocean basins. Barium inputs from continental margins, via submarine groundwater 

discharge and/or diagenetic release from sediments (e.g. Mayfield et al., 2021) could 



further impact the use of dissolve Ba as a conservative tracer of Arctic Ocean 

freshwater sources. Both biological productivity and trace metal inputs from Arctic 

margins have increased in recent decades in response to declining sea-ice cover and 

permafrost thawing (Arrigo and van Dijken, 2015, Williams and Carmack, 2015, 

Kipp et al., 2018). With these on-going changes the utility of dissolved Ba to trace 

riverine freshwater transport within the Arctic Ocean will become increasingly 

questionable without additional constraints (Abrahamsen et al., 2009). 

Stable barium isotope variations are a new tool that can provide additional 

insights into marine Ba sources and the processes controlling marine Ba cycling. The 

cycling of Ba between the surface and deep ocean, linked to the biological carbon 

pump, is associated with significant Ba isotope fractionation resulting in coupled 

changes in dissolved Ba concentration and isotope composition (Horner et al., 2015, 

Bates et al., 2017, Hsieh and Henderson, 2017, Bridgestock et al., 2018, Geyman et 

al., 2019, Cao et al., 2020a, Cao et al., 2020b). Riverine and submarine groundwater 

discharge inputs could potentially result in mixing relationships between dissolved Ba 

concentrations and isotope compositions that are distinct from those resulting from 

these non-conservative marine processes (Hsieh and Henderson, 2017, Mayfield et al., 

2021, Bridgestock et al., 2021). These systematics could be exploited to resolve the 

impact of biogeochemical cycling versus conservative mixing on Arctic Ocean 

dissolved Ba distributions. In turn this would improve the application of Ba to reliably 

trace riverine freshwater transport pathways within central Arctic Ocean basins. The 

utility of such an approach depends on the specific Ba concentration-isotope 

composition relationships produced by riverine freshwater-seawater mixing and non-

conservative Ba cycling in the Arctic Ocean. To assess this, dissolved Ba 

concentration and isotope compositions for surface seawaters from the Siberian Shelf 



and the Bering Sea/Strait are presented. These data constrain the Ba isotope 

composition of major Eurasian river inputs and Pacific water inflow and document the 

impact of non-conservative processes on mixing relationships between Arctic Ocean 

water sources. 

 

2. Study area and samples 

 

The Siberian shelves, notably the Kara, Laptev and East Siberian Seas, receive 

~60% of the total riverine freshwater inputs to the Arctic Ocean (Dickson et al., 

2007), ~80% of which is supplied by the rivers Yenisey (620 km3 yr-1), Lena (520 

km3 yr-1) and Ob (390 km3 yr-1) (Milliman and Farnsworth, 2011) (Fig. 1). The rivers 

Yenisey and Ob discharge freshwater into the Kara Sea, which is transported either 

northwards into the Eurasian basin, mixing with seawater of Atlantic origin, or 

eastwards into the Laptev Sea via the Vilkitsky Strait (Janout et al., 2015, Osadchiev 

et al., 2020). The Lena River discharges freshwater into the Laptev Sea, which is 

transported either northward into the Eurasian basin, or eastwards through the East 

Siberian Sea and possibly the Chukchi Sea, into the Amerasian basin (Weingartner et 

al., 1999, Guay et al., 2001, Abrahamsen et al., 2009). Lena River water transported 

northwards into the Eurasian basin mixes with seawater of Atlantic origin 

(Abrahamsen et al., 2009). Lena River water transported eastwards into the East 

Siberian Sea is combined with freshwater discharged by the Kolyma (120 km3 yr-1) 

and Indigirka (55 km3 yr-1) rivers (Milliman and Farnsworth, 2011) and mixes with 

seawater of Atlantic and Pacific origin (Weingartner et al., 1999). These different 

transport pathways of freshwater input from these major Eurasian rivers are driven by 

changes in the local wind fields, often associated with pan-Arctic changes in 



atmospheric circulation regime (Guay et al., 2001, Johnson and Polyakov, 2001, 

Steele and Ermold, 2004, Dmitrenko et al., 2005, Thibodeau et al., 2014, Janout et al., 

2015, Osadchiev et al., 2020), and are invoked to play an important role in large-scale 

changes in Arctic Ocean freshwater distributions (Morrison et al., 2012). 

Surface seawater samples (1 to 8 m depth) analyzed in this study were 

collected from the Kara Sea, Laptev Sea, East Siberian Sea and Chukchi Sea during 

the International Siberian Shelf Study (ISSS-08; August to September, 2008) on board 

the H/V Yacob Smirnitskyi (Alling et al, 2010) (Fig. 2). Three additional surface 

seawater samples (4 to 5.1 m depth) from the Bering Sea/Strait collected during the 

GEOTRACES GN01 section cruise (August to October, 2015) on board the USCGC 

Healy were also analyzed. These samples capture the mixing of freshwater discharged 

by the rivers Yenisey, Lena and Ob, with Atlantic and Pacific seawater. In addition a 

sample of Lena River water, collected in June, 2013 was also analyzed for Ba 

concentration and isotope composition. 

In detail, 29 samples spanning the Laptev Sea, East Siberian Sea and Chukchi 

Sea were measured for Ba concentrations, with a subset of 17 measured for Ba 

isotope compositions. They encompass a gradient in salinity from 1.3 proximal to the 

Lena River delta, increasing to 20.66 northwards across the Laptev Sea, and to 30.66 

eastwards across the East Siberian Sea and Chukchi Sea. Oxygen isotope data suggest 

these surface water salinity gradients predominantly reflect the mixing between Lena 

River freshwater and seawater, rather than salinity variations induced by sea-ice 

formation/melt (Rosén et al., 2015). These salinity gradients trace the transport and 

mixing of two plumes of Lena River freshwater; northwards across the Laptev Sea 

and eastwards into the East Siberian Sea and Chukchi Sea (Alling et al., 2010) (Fig. 1, 

Fig. 2).  



Two samples collected in the Kara Sea are influenced by freshwater discharge 

from the rivers Ob and Yenisey with salinities 7.85 and 7.33 were analyzed for Ba 

concentration and isotope composition (Fig. 2). As were three surface seawater 

samples collected from the Bering Sea and Strait to assess the Ba concentration and 

isotope composition of inflowing Pacific water.  

During the ISSS-08 cruise, surface seawater samples were collected by either 

pumping through acid-cleaned silicon tubing that was extended 10 m in front of the 

ship using a glass-fiber flag pole or using metal-free GO-Flo sampling bottles. They 

were subsequently filtered (0.22 µm Millipore nitrocellulose membrane filters) into 

acid-cleaned sample bottles and acidified to pH 2 using distilled HCl (SeaStar) 

(Lambelet et al., 2013). During the GEOTRACES GN01 section cruise the 3 surface 

seawater samples from the Bering Sea and Strait were collected using Niskin bottles 

mounted on a stainless steel rosette. They were filtered using Supor Acropak 500 

capsule filters (0.45µm) into acid-cleaned low-density polyethylene cubitainers and 

acidified to pH 1.6 using distilled 6M HCl. The Lena River water sample was filtered 

(0.22 µm Millipore nitrocellulose membrane filters) into acid cleaned high density 

polyethylene bottles, and acidified to pH < 2 using distilled HCl (SeaStar). 

   

3. Analytical techniques 

  

The Ba isotope compositions of waters were determined using thermal 

ionization mass spectrometry (TIMS; TRITON instrument, Thermo Scientific), and a 

previously described double spike technique to correct for instrumental mass bias 

(Hsieh & Henderson, 2017). Sample aliquots of 50 ml were accurately weighed and 

equilibrated with a known quantity of a 135Ba-137Ba double spike solution. The Lena 



River water sample was evaporated to dryness and refluxed in 15 M HNO3 to digest 

any organic material. For all other samples, Ba was pre-concentrated by co-

precipitation with CaCO3 through the addition of 3ml 0.9 M Na2CO3 solution, which 

was pre-cleaned following protocols described by Hsieh & Henderson (2017). 

Samples with salinities <20 were first partially evaporated to increase their salinities 

to about 30, while samples with salinities >20 were subject co-precipitation directly. 

The CaCO3 precipitates were separated by centrifugation, washed in 15 ml MilliQ 

water, dissolved in 1 ml 3M HCl and processed through a cation exchange 

chromatography procedure (Supplementary Table 1). The eluted Ba fractions were 

dried and any organics that were leached from the cation exchange resin were 

oxidized prior to TIMS analyses by addition and evaporation of 15 M HNO3 and 9.8 

M H2O2. The procedural blanks were determined to be 0.05 – 3.62 ng of Ba (n = 2, 

total range) representing <1.4% of the Ba processed in the samples. 

Barium isotope measurements using TIMS featured a double Re filament 

assembly following previously described protocols (Hsieh & Henderson, 2017, 

Bridgestock et al., 2019). Barium isotope compositions are expressed as δ138/134Ba 

values (eqn. 1) relative to the standard reference material NIST 3104a: 

 

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

 

Repeat measurements of NIST 3104a over a period of 12 months, run at ion 

beam intensities (6 – 10 V on 138Ba, collected using Faraday cups equipped with 1011 

Ω resistors) comparable to the majority of sample analyses, yielded a reproducibility 

of ± 0.03 ‰ (2SD, n = 12). This is taken to represent the level of uncertainty for Ba 

isotope analyses of the samples. Measurements of a secondary inter-laboratory BaSO4 



standard, NBS-127 yielded δ138/134Ba = -0.29 ± 0.02 ‰ (mean ± 2SD, n = 14), in 

agreement with published values (δ138/134Ba = -0.27 ± 0.02 ‰; Horner et al., 2017, -

0.29 ± 0.01 ‰; Crockford et al., 2019, -0.28± 0.04 ‰; Tian et al., 2019, and -0.29± 

0.03 ‰; Tieman et al., 2020).  

Barium concentrations were obtained from the isotopic analyses by isotope 

dilution. Barium concentrations of samples from the ISSS-08 cruise, including an 

additional 12 samples that were not analyzed for Ba isotope compositions, were also 

determined using a quadrupole ICP-MS (PerkinElmer NexION 350D), in conjunction 

with a flow injection sample introduction system (Elemental Scientific prepFAST 

FIAS). Samples were diluted in-line by the prepFAST by a factor of 3, and spiked 

with a known quantity of indium that was used as an internal standard to normalize 

for drift in instrument sensitivity. Repeat analyses of two in-house seawater standards 

yielded reproducibilities better than 4% (2SD), with values in excellent agreement 

with those previously published (Supplementary Table 2; Hsieh & Henderson, 2017, 

Bridgestock et al., 2018). The accuracy of these measurements was further validated 

by measurement of the certified reference material, SLRS-6 (river water), with results 

within 4% of the consensus value (Supplementary Table 2). Barium concentrations 

determined by ICP-MS agree within 5% of those determined by isotope dilution from 

the isotopic analyses, with the exception of single sample that agrees within 26% 

(Supplementary Fig. 1). The isotope dilution data are considered to be more reliable 

so are presented and discussed in the following where available.  

Dissolved Ba concentration and δ138/134Ba data produced for surface seawater 

samples from stations 1, 3 and 5 of the GEOTRACES GN01 section cruise by another 

laboratory (Whitmore et al., in revision, Shiller and Horner, 2021) agree within 12% 

and 0.05 to 0.13 ‰ of those presented in this study (Supplementary Information). 



 

4. Results 

 

Dissolved Ba concentrations are highest proximal to the Lena delta (209 nmol 

kg-1) at salinity 2.7, and generally decrease with increasing salinity to 38 – 70 nmol 

kg-1 (Fig. 2, Table 1). Two distinct relationships between dissolved Ba concentration 

and salinity are observed (Fig. 3a,b). Samples from the Lena River freshwater plume 

extending eastward into the East Siberian Sea, along with the sample proximal to the 

Lena delta, define a negative correlation (r2 = 0.82) with salinity, with a y-intercept of 

197 ± 27 nmol kg-1 of Ba. Three samples from close to the mouth of the Kolyma 

River plot above this relationship and are excluded from the regression. The three 

seawater samples from the Bering Sea and Strait lie on this relationship with salinities 

of 31.8 to 32.9, and Ba concentrations of 34.7 to 54.2 nmol kg-1. Samples in the 

freshwater plume extending northwards across the Laptev Sea, and two samples from 

the Buor-Khaya Gulf define a separate negative correlation with salinity (r2 = 0.89) 

featuring a y-intercept half of that defined by the eastward plume (100 ± 11 nmol kg-1 

of Ba). The Ba concentration of the Lena River water sample collected in June, 2013, 

by comparison, is 85.5 nmol kg-1, which is within range of data for samples collected 

in month of June between 2004 and 2016 (77 to 119 nmol kg-1; total range, n = 11; 

Cooper et al., 2008, Holmes et al., 2021). Kara Sea surface water samples proximal to 

the mouths of the Ob and Yenisey feature Ba concentrations of 93.2 and 49.9 nmol 

kg-1, respectively. 

 Dissolved δ138/134Ba increase with salinity from 0.2 to 0.3 ‰ up to 0.55 ‰ in 

the Bering Sea/Strait (Fig, 2c, 3c, 3d, Table 1). As with dissolved Ba concentrations, 

the samples transecting northward across Laptev Sea and from the Buor-Khaya Gulf 



define a different relationship between δ138/134Ba and salinity than those from the Lena 

River water plume spreading eastward into the East Siberian Sea and Chukchi Sea 

(Fig. 3c,d). Specifically the former increases to maximum δ138/134Ba at lower salinities 

(~20) that the latter. Samples from the Bering Sea/Strait lie on the δ138/134Ba – salinity 

relationship defined by samples from the eastward spreading Lena River water plume. 

These two groups of samples also display linear correlations between δ138/134Ba and 

1/Ba concentration (r2 = 0.70 and 0.89; Fig. 4). The Lena River water sample features 

δ138/134Ba of 0.27 ± 0.03 ‰ in good agreement with the value published by Cao et al. 

(2020a) of 0.32 ± 0.04 ‰. 

 

5. Discussion 

 

5.1 Constraints on the Ba concentration and δ138/134Ba of major Eurasian river inputs 

to the Arctic Ocean 

 

The Yenisey (620 km3 yr-1), Lena (520 km3 yr-1) and Ob (390 km3 yr-1) are the 

three largest rivers in terms of supplying freshwater to the Arctic Ocean, representing 

~80% of total Eurasian river discharge (Dickson et al., 2007, Milliman and 

Farnsworth, 2011) (Fig. 1). To estimate the Ba concentrations and δ138/134Ba of 

freshwater input from these rivers, mixing relationships between these variables and 

salinity are extrapolated to salinity 0 (Fig. 3, Fig. 4, Fig. 5; Supplementary 

Information). This yields an estimate of the ‘effective’ river endmember, which 

accounts for the Ba flux transported by the river dissolved load, and its modification 

by estuarine processes, notably due to desorption of Ba from exchangeable sites on 

riverine suspended sediments (e.g. Hanor and Chan, 1977). These effective river 



endmember values are then used to estimate the average Ba concentration and 

δ138/134Ba of Eurasian riverine freshwater inputs to the Arctic Ocean (section 5.1.3). 

We note however that the effective river endmember values for the rivers Yenisey and 

Ob are based on limited data, and should consequently be treated with caution 

(section 5.1.2). 

 

5.1.1 Constraints on the Ba concentration and δ138/134Ba of Lena River freshwater 

inputs 

 

Samples from the Laptev, East Siberian and Chukchi seas define two distinct 

mixing relationships between salinity, Ba concentration and δ138/134Ba (Fig. 3, Fig. 4).  

These mixing relationships correspond to different transport pathways of the Lena 

River freshwater plume; eastwards into the East Siberian Sea and Chukchi Sea, and 

northwards across the Laptev Sea (Alling et al., 2010, section 2). In the East Siberian 

Sea, three samples collected proximal to the mouth of the Kolyma River deviate from 

the Ba concentration-salinity mixing relationship defined by the eastward Lena River 

freshwater plume, likely due to input of freshwater from the Kolyma River (Fig. 2, 

Fig. 3). For this reason they have been excluded from the regressions used to estimate 

the effective river Ba concentration of the eastward Lena River plume. Mixing 

relationships defined by samples from the eastward and northward Lena River plumes 

yield different effective river Ba concentrations and δ138/134Ba values of 197 ± 27 

nmol kg-1 and 0.20 ± 0.06 ‰, and 100 ± 11 nmol kg-1 0.25 ± 0.05 ‰, respectively 

(Table 2). These effective river Ba concentrations are in general agreement with that 

previously published of 134 ± 43 nmol kg-1 based on sampling in August/September, 

1995 (Guy and Falkner, 1998, Supplementary Figure 2).  



The differences in effective river endmember values for the northward and 

eastward Lena River plumes are interpreted to represent temporal variations in the Ba 

concentration and δ138/134Ba values of Lena River freshwater inputs. The northward 

versus eastward transport of Lena River freshwater is driven by changes in prevailing 

wind direction (Johnson and Polyakov, 2001, Steele and Ermold, 2004, Dmitrenko et 

al., 2005, Thibodeau et al., 2014) (Fig. 1). In 2008 (the year of sample collection) the 

prevailing wind direction favored the northward transport of Lena River freshwater 

across the Laptev Sea (Wegner et al., 2013, Thibodeau et al., 2014). The freshwater in 

this transect of the ISSS-08 cruise is interpreted to represent Lena River water 

discharged within the ~2 months proceeding sample collection (i.e. July – August, 

2008; Alling et al., 2010). In contrast, in 2007 (the year prior to sample collection) the 

prevailing wind direction favored the eastward transport of Lena River freshwater into 

the East Siberian Sea (Wegner et al., 2013, Thibodeau et al., 2014). The residence 

time of riverine freshwater in this region is estimated to be several years (Schlosser et 

al., 1994, Alling et al., 2010), and so mixing relationships defined by eastward plume 

likely reflects Lena River discharge integrated over multiple years.  

The flux and isotope composition of dissolved Ba from river catchments to the 

ocean is commonly modified in estuaries, predominantly due to release of 

exchangeable Ba from riverine suspended particles (Hanor and Chan, 1977, Guay and 

Falkner, 1998, Bridgestock et al., 2021). The effective river Ba concentrations 

estimated for the eastward Lena River plume (197 ± 27 nmol kg-1) is significantly 

higher than the discharged weighted average Ba concentration of the Lena River 

dissolved load of 104 nmol kg-1 (n = 56) based on multi-year time-series data 

spanning 2003 to 2016 (Cooper et al., 2008, Holmes et al., 2021). This suggests that 

about half of the Ba content of Lena River freshwater in the eastward plume is 



derived from estuarine processes. In contrast the effective river Ba concentrations 

estimated for the northward Lena River plume (100 ± 11 nmol kg-1) is within 

uncertainty of the average Ba concentrations of the Lena River dissolved load in July-

August (96 ± 22 nmol kg-1; mean  ± 2sd) and the discharge weighted multi-year 

average (104 nmol kg-1; Cooper et al., 2008, Holmes et al., 2021). This suggests 

negligible modification of the Ba concentration of freshwater transported by the 

northward Lena River plume by estuarine processes. 

Release of particulate Ba in estuaries has recently been shown to lower the 

δ138/134Ba of net riverine Ba fluxes to the ocean, relative to the dissolved load 

(Bridgestock et al., 2021). Data for Lena River dissolved load δ138/134Ba is only 

available for summer months featuring 0.27 ± 0.03 ‰ (June, 2013; this study) and 

0.32 ± 0.04 ‰ (August, 2011; Cao et al., 2020a). These values are in agreement with 

the effective δ138/134Ba of the northward Lena River plume of 0.25 ± 0.05 ‰, 

consistent with the inferred negligible modification of the Lena River Ba flux by 

estuarine processes. These values are, however, slightly higher that the effective river 

δ138/134Ba of the eastward Lena River plume of 0.20 ± 0.06 ‰ (Fig. 3). This offset 

could partially represent seasonal variability in the Lena River dissolved load 

δ138/134Ba that is not characterized by the available data. It is, however, also consistent 

with observations from the estuaries of the Amazon, Fly and Johor rivers, that 

estuarine release of dissolved Ba decreases the δ138/134Ba of riverine freshwater inputs 

to the ocean (Bridgestock et al., 2021). These observations are interpreted to be 

caused by the release of isotopically light Ba from exchangeable sites on riverine 

suspended particles, due to exchange with major cations in seawater (Bridgestock et 

al., 2021). 



 It is unclear what controls the large difference in estuarine Ba release inferred 

for the northward and eastward Lena River plumes (Fig. 3). This could reflect 

temporal changes in the suspended sediment concentration of freshwater discharged 

to the Laptev Sea by the Lena River, and/or the cation exchange capacity of the 

suspended sediment, which are likely to be key controls on the magnitude of estuarine 

Ba release (e.g. Bridgestock et al., 2021). Wegner et al. (2013) studied the distribution 

of suspended particulate matter in the Laptev Sea proximal to the Lena River delta in 

the summers of 2007 and 2008, corresponding to the time periods relevant for 

freshwater discharge for the eastward and northward Lena River plumes respectively. 

Suspended particulate and Lena River freshwater distributions were strongly linked, 

and suspended particulate concentrations were generally lower in 2008 

(corresponding to the northward Lena River water plume), than 2007 (corresponding 

to the eastward Lena River water plume) (Wegner et al., 2013). These observations 

are qualitatively consistent with difference in magnitude in estuarine release between 

these different Lena River water plumes. Whatever the cause, these large temporal 

variations in effective river Ba concentrations for Lena River freshwater represent a 

source of uncertainty for using dissolved Ba concentrations to quantify Arctic Ocean 

water sources. 

 

5.1.2 Constraints on the Ba concentration and δ138/134Ba of Yenisey and Ob River 

freshwater inputs 

 

The two samples collected proximal to the mouths of the rivers Yenisey and 

Ob permit rudimentary estimates of the effective Ba concentration and δ138/134Ba of 

these major Eurasian rivers (Fig. 2). It is assumed that freshwater discharged from 



these rivers mixes with seawater of Atlantic origin featuring a salinity, Ba 

concentration and δ138/134Ba of 34.92, 43 ± 3 nmol kg-1 (Guay et al., 2009) and 0.53 ± 

0.06 ‰, respectively (Table 3), and that the salinity of these samples has not been 

significantly modified by sea ice formation/melt. The δ138/134Ba of Atlantic-derived 

seawater is constrained using a compilation of North Atlantic surface water (<100 m) 

data (Hsieh and Henderson, 2017, Bates et al., 2017, Bridgestock et al., 2021), the 

details of which are provided in the Supplementary Information file (Supplementary 

Table 4). Extrapolation of conservative mixing relationships between this Atlantic 

seawater endmember and data for the two Kara Sea samples yield effective river Ba 

concentrations and δ138/134Ba of 52 ± 4 nmol kg-1 and 0.31 ± 0.04 ‰ for the Yenisey 

River, and 108 ± 6 nmol kg-1 and 0.23 ± 0.04 ‰ for the Ob River (Fig. 5). 

Uncertainties on these values are estimated by propagation of uncertainties on the 

measured Ba concentration and δ138/134Ba of the samples (± 5 % and ± 0.03 ‰; 2sd), 

and those assigned for Atlantic derived seawater (± 7 % and ± 0.06 ‰; 2sd), using 

Monte Carlo methods. These values, however, may be subject to additional systematic 

errors related to the assumptions stated above that are difficult quantify and so should 

be treated with a degree of caution. In particular, the Kara Sea is an area of 

pronounced seasonal sea ice formation and melting (Bauch et al., 2003), which would 

alter the salinity of the samples and hence the Ba concentration/ δ138/134Ba – salinity 

mixing relationships. Unfortunately oxygen isotope data are not available for the Kara 

Sea samples that would be required to assess this. 

The calculated effective river Ba concentrations are comparable to those 

determined from samples collected in 1994/1995 of 63 ± 40 nmol kg-1 and 91 ± 12 

nmol kg-1 for the rivers Yenisey and Ob respectively (Guy and Falkner, 1998; 

Supplementary Figure 3). They are also in good agreement with the discharged 



weighted average Ba concentrations of the Yenisey (59 nmol kg-1) and Ob (117 nmol 

kg-1) dissolved loads (Fig. 5), based on multi-year time-series data spanning 2003 to 

2016 (Cooper et al., 2008, Holmes et al., 2021). This suggests that estuarine processes 

play a negligible role in modifying the Ba concentration of freshwater discharged by 

these rivers to the Kara Sea, at least during the studied time period. However, given 

the limited data and above stated assumptions used to estimate the effective river 

endmember Ba concentrations, this assertion should be treated with caution. 

 

5.1.3 Estimate of the average Ba concentration and δ138/134Ba of Eurasian freshwater 

inputs to the Arctic Ocean 

 

 The effective river Ba concentrations determined for the rivers Yenisey, Lena 

and Ob are weighted by the annual average discharges of these rivers, of 620 km3 yr-1, 

520 km3 yr-1 and Ob 390 km3 yr-1 respectively (Milliman and Farnsworth, 2011) to 

estimate an average Ba concentration of Eurasian river freshwater inputs to the Arctic 

Ocean of 116 ± 9 nmol kg-1 (Table 3). This is comparable to previous estimates of 

130 ± 20 nmol kg-1 (Guy and Falkner, 1998) and 158 nmol kg-1 (Charette et al., 2020), 

based on sampling of major Eurasian river estuaries and the Eurasian river water 

within the Transpolar Drift, respectively. Likewise, the effective river δ138/134Ba 

values of these three rivers are weighted by their effective river Ba concentrations and 

annual average discharges to estimate an average δ138/134Ba of Eurasian river 

freshwater inputs to the Arctic Ocean of 0.23 ± 0.04 ‰. Effective river endmember 

values for the eastward Lena River plume are selected to represent of those for the 

Lena River for calculation of these averages, rather than those for the northern Lena 

River plume. This is because the former are interpreted to represent the average of 



several years of Lena River freshwater discharge, compared to several months for the 

later (section 5.1.1). Uncertainties on these values were calculated by propagating 

uncertainties (2sd) on effective Ba concentration and δ138/134Ba of the individual rivers 

using Monte Carlo methods. There are, however, additional sources of uncertainty in 

how representative these values are for average Eurasian river freshwater input in the 

Arctic Ocean, which are hard to assess without more data. Notably, temporal 

variability in the effective Ba concentration and δ138/134Ba of the rivers Yenisey, Lena 

and Ob (as noted in section 5.1.1), and how well they represent those of freshwater 

input from the other smaller rivers that contribute ~20% of the Eurasian riverine 

freshwater input to the Arctic Ocean (Dickson et al., 2007, Milliman and Farnsworth, 

2011). These uncertainties aside, these values represent initial constraints on the 

δ138/134Ba of Eurasian freshwater inputs to the Arctic Ocean. 

 

5.2 Systematically higher effective river δ138/134Ba values of major Arctic Eurasian 

rivers relative to other rivers and rocks 

 

The effective river δ138/134Ba values estimated for the rivers Yenisey, Lena and 

Ob (0.20 to 0.31 ‰) are higher than those available for other rivers, the Amazon (0.01 

± 0.06 ‰), Paraná-Uruguay (0.03 ± 0.09 ‰), Fly (0.11 ± 0.06 ‰) and Johor (0.06 ± 

0.12 ‰) (Hsieh and Henderson, 2017, Bridgestock et al., 2021). The latter are 

consistent with the composition of the upper continental crust  (0.00 ± 0.04 ‰; Nan et 

al., 2018), representing the expected average composition of Ba released by chemical 

weathering of rocks in these catchments. The cause of the higher effective δ138/134Ba 

values for the major Arctic rivers presented in this study is unclear but could reflect 

unusually high δ138/134Ba of rocks within these catchments, or that a reservoir of 



isotopically light Ba is either accumulating within soils in these catchments or is 

being exported bound within non-exchangeable sites of secondary minerals and/or 

organic matter.  

A significant fraction of the sediment mobilized in the catchments of the rivers 

Yenisey, Lena and Ob is not transported through the estuarine mixing zones, and is 

instead deposited within the flood plains/deltas of these river systems, or is trapped by 

dams (Meade et al. 2000, Fedorova et al. 2015). This could potentially explain the 

higher δ138/134Ba of the effective endmembers of these rivers, compared to those for 

other rivers and rocks. A large fraction of the Ba released by chemical weathering is 

adsorbed to the surfaces of secondary minerals (e.g. Nesbitt et al., 1980), which gets 

transported by suspended sediment loads and ultimately released by into the dissolved 

phases within estuaries due to exchange with major cations in seawater (e.g. Hanor 

and Chan, 1977). Recent studies have proposed Ba adsorption to secondary minerals 

within river catchments is associated with an isotope fractionation favoring the lighter 

Ba isotopes (low δ138/134Ba), resulting in an enrichment of heavier Ba isotopes (high 

δ138/134Ba) in river dissolved loads relative to the weathering lithology (Gong et al., 

2020, Gou et al. 2020). The release of this Ba adsorbed to suspended river sediments 

in estuaries elevates effective river Ba concentrations and decreases effective river 

δ138/134Ba relative to those of river dissolved loads (Bridgestock et al., 2021). The 

deposition of suspended sediment within these river catchments, rather than its 

transport through the estuarine mixing zones, would therefore be expected to result in 

the accumulation a reservoir adsorbed Ba featuring low δ138/134Ba, increasing the 

δ138/134Ba of the effective river values. More data is required to validate this 

hypothesis, but it would suggest that Ba isotopes could prove to be a useful tracer of 

sediment mobilization and deposition within river catchments. 



 

5.3 Modification of dissolved Ba concentration and δ138/134Ba of Lena River 

freshwater exported to the Eurasian basin by non-conservative processes 

 

 Non-conservative processes can modify mixing relationships between riverine 

freshwater and Arctic Ocean seawater, impacting the utility of dissolved Ba 

concentrations to trace these water sources (Guay and Falkner, 1997, Abrahamsen et 

al., 2009, Thomas et al., 2011, Roeske et al., 2012, Hendry et al., 2018). To assess the 

potential impact of such processes, the Lena River freshwater plume mixing 

relationships are used to predict Arctic Ocean seawater Ba concentrations and 

δ138/134Ba, which are compared to independent constraints for these water sources. 

 Arctic Ocean seawater is derived from inflow of Atlantic and Pacific seawater  

(Fig. 1). Atlantic-derived seawater features a salinity of 34.92 and Ba concentration of 

43 ± 3 nmol kg-1 (Roeske et al., 2012, Guay et al., 2009) (Table 3). The δ138/134Ba of 

Atlantic-derived water in the Arctic Ocean is constrained by literature data for North 

Atlantic surface seawater (< 100 m), which displays a homogeneous δ138/134Ba of 0.53 

± 0.06 ‰ (Bates et al., 2017, Hsieh and Henderson, 2017, Bridgestock et al., 

submitted) (Supplementary Table 4). Pacific-derived water features a lower salinity 

and higher Ba concentration of 32.7 and 55 ± 5 nmol kg-1 (Guay et al., 2009; Table 3), 

reflecting the input of riverine freshwater prior to transport through the Bering Strait 

(Fig. 1). The sample collected in the Bering Strait reported in this study is used to 

constrain the δ138/134Ba of Pacific-derived water to be 0.55 ± 0.03 ‰. This sample has 

a salinity and Ba concentration of 32.2 and 54.2 nmol kg-1 in good agreement with 

endmember values reported by previous studies for this water source (Guay et al., 

2009). 



Lena River water transported eastward likely mixes with both Atlantic- and 

Pacific-derived seawater (Weingartner et al., 1999) (Fig. 1). Extrapolating the mixing 

relationships defined by eastward Lena River freshwater plume to the salinities 

Atlantic- and Pacific-derived seawater predict Ba concentrations and δ138/134Ba values 

(Table 2) that are within uncertainty of the endmember values for these water sources 

(Table 3, Fig. 3, Fig. 4). This is consistent with conservative behavior of dissolved Ba 

concentrations and δ138/134Ba during mixing between Lena River water and Arctic 

Ocean seawater. The uncertainty on the Ba concentrations and δ138/134Ba predicted for 

these water sources by the mixing relationships are, however, large; so non-

conservative processes could potentially modify Ba concentrations and δ138/134Ba by 

up to 65 % and 0.4 ‰ respectively, without being resolved by this data. 

Lena River water transported northward mixes with Atlantic-derived seawater 

(Abrahamsen et al., 2009) (Fig. 1). Extrapolation of the relationships defined by 

northward Lena River freshwater plume to the salinity of Atlantic-derived seawater 

predicts a Ba concentration of 28 ± 22 nmol kg-1 and a δ138/134Ba of 0.88 ± 0.28 ‰ 

(Table 2). This predicted Ba concentration is within uncertainty of the endmember 

value for Atlantic-derived water of 43 ± 3 nmol kg-1 (Table 3), although the large 

uncertainty on the predicted value means non-conservative processes could 

potentially modify Ba concentration of this endmember by up to ~86 %. The 

predicted δ138/134Ba for Atlantic-derived seawater however is significantly higher (i.e. 

outside of uncertainty) than the endmember value for Atlantic-derived water of 0.53 ± 

0.06 ‰. In fact it is significantly higher than any seawater δ138/134Ba value measured 

to date (Horner et al., 2015, Bates et al., 2017, Hsieh and Henderson, 2017, 

Bridgestock et al., 2018, Geyman et al., 2019, Cao et al., 2020a, Cao et al., 2020b). 



Sea-ice melting could modify the observed mixing relationships, but would be 

required to decrease the salinity of Atlantic-derived seawater to ~25 to explain the 

difference between the predicted and endmember δ138/134Ba of this water source. 

Although we note that the impact of sea-ice melting (or formation) on seawater 

δ138/134Ba values is unknown, and it remains uncertain how exactly these processes 

impact salinity-dissolved Ba concentration relationships (Hendry et al., 2018). The 

Laptev Sea is an important area for net sea ice formation, and oxygen isotope data for 

this transect of the cruise show no resolvable impact of sea-ice melting (Rosén et al., 

2015). Sea ice melting is therefore unlikely to explain the observed difference 

between the predicted and endmember δ138/134Ba of Atlantic-derived seawater along 

the Laptev Sea shelf break. Instead these differences are interpreted to reflect the non-

conservative removal of dissolved Ba from the surface ocean with an associated 

isotope fraction. 

Abrahamsen et al. (2009) and Roeske et al. (2012) documented depletions of 

surface water dissolved Ba concentrations of between 35 to 40% along the shelf break 

of the Laptev Sea in 2007 (the year prior to sample collection in this study) compared 

to those predicted by conservative mixing between Eurasian river freshwater and 

Arctic seawater. The magnitude of these Ba depletions agree with the average Ba 

depletion of 35 ± 53 % implied by the comparison between the predicted (28 ± 22 

nmol kg-1; for the northern Lena River freshwater plume) and endmember (43 ± 3 

nmol kg-1) values for Atlantic-derived seawater (Table 2, Table 3). The uncertainty on 

this value is however large, but this agreement with the magnitudes of non-

conservative Ba depletions found by other studies for the same region and similar 

time period, lends confidence to the inference that such processes have modified the 

δ138/134Ba of Atlantic-derived seawater in this region.  



The removal of dissolved Ba and accompanying increases in δ138/134Ba can be 

explained by batch (eqn. 2) or Rayleigh (eqn. 3) isotope fractionation models (Fig. 6). 

 

δ138/134Bapredcited = δ138/134Baendmember + [1000 × (αdiss/part – 1)] × fremoved  (2) 

 

δ138/134Bapredicted = δ138/134Baendmember - [1000 × (αdiss/part – 1)] × ln(1 - fremoved) (3) 

 

Where fremoved denotes the fraction of dissolved Ba removed relative to the endmember 

concentrations for Atlantic-derived seawater (0.35 ± 0.53), and δ138/134Bapredicted and 

δ138/134Baendmember denote the isotope composition predicted (0.88 ± 028 ‰) and 

endmember values for Atlantic-derived seawater (0.53 ± 0.06 ‰). The isotope 

fractionation factor, αdiss/part, is defined as the 138Ba/134Ba ratio of dissolved Ba (diss), 

relative to the 138Ba/134Ba ratio of particulate Ba (part).  

Previous studies have constrained αdiss/part to be ≈1.0005 in open ocean settings 

(Hsieh and Henderson, 2017, Horner et al., 2017, Bridgestock et al., 2018, Cao et al., 

2020b), attributed to BaSO4 formation associated with the production and export of 

organic matter. While a αdiss/part of 1.0005 can explain the predicted Atlantic-derived 

seawater δ138/134Ba values (δ138/134Bapredicted) within the uncertainty on δ138/134Bapredicted 

and fremoved, a higher αdiss/part of 1.001 provides the best fit to δ138/134Bapredicted using 

either a batch (eqn. 2) or Rayleigh (eqn. 3) fractionation model (Fig. 6). It is possible 

that the observed Ba depletion along the Laptev Sea shelf break is the result of non-

conservative processes other than BaSO4 formation and is associated with a different 

isotope fractionation factor. For example, Roeske et al. (2012) suggested that the Ba 

depletion observed in this location in 2007 could be due to scavenging by terrestrial 

organic matter. The large uncertainty on δ138/134Bapredicted and fremoved, however, 



preclude any firm conclusions regarding the mechanisms of Ba removal and the 

magnitude of associated isotope fractionation along the margin of the Siberian Shelf 

at this stage. Improved constraints on these mechanisms and isotope fractionation 

factors will be important for assessing the use of Ba isotopes to trace riverine 

freshwater in the Arctic Ocean (section 5.5).  

More generally, these results highlight the potential importance of such 

processes for modifying the δ138/134Ba of riverine inputs to open ocean settings. 

Previous studies have shown that Ba removal in high salinity regions of estuarine 

mixing zones, similar to that inferred in this study along the Laptev Sea shelf break, 

can be important for modifying net riverine Ba fluxes to the ocean (e.g. Stecher and 

Kogut, 1999, Nozaki et al., 2001). Understanding importance of such processes at a 

global scale, and their impact on the δ138/134Ba of riverine inputs to open ocean 

settings is needed to fully realize the potential of Ba isotopes as an emerging tracer of 

marine processes.  

  

5.4 Implications for using Ba concentrations and δ138/134Ba to trace riverine 

freshwater transport within the Arctic Ocean 

 

 Modification of Arctic Ocean dissolved Ba inventories by non-conservative 

processes, as inferred in this study along the Laptev Sea shelf break, represents a 

major issue for applying dissolved Ba concentrations to trace riverine freshwater 

transport pathways within the Arctic Ocean (Guy and Falkner, 1997, Abrahamsen et 

al., 2009, Roeske et al., 2012). Barium isotopes could potentially provide additional 

constraints to distinguish between roles of mixing and non-conservative processes for 

setting Arctic Ocean dissolved Ba distributions, improving the reliability of Ba as a 



tracer of riverine freshwater sources to the Arctic Ocean. The utility of this approach 

depends on the specific dissolved Ba concentration-δ138/134Ba relationships that result 

from mixing between Arctic Ocean water sources, and from non-conservative 

processes that cycle Ba in the Arctic Ocean. Optimal constraints would be provided if 

these relationships were orthogonal to each other. Processes that deplete dissolved Ba 

concentrations inferred in this study, however, result in Ba concentration and 

δ138/134Ba changes that are roughly parallel to mixing relationships between average 

Eurasian riverine freshwater and unmodified Atlantic and Pacific derived seawater 

(Fig. 7). Notably, mixing relationships between Eurasian river water and Arctic Ocean 

seawater are indistinguishable from the global relationship between seawater Ba 

concentration and δ138/134Ba, which arises from a combination of large-scale water 

mass mixing and non-conservative Ba cycling between the surface and deep ocean 

(Horner et al. 2015, Bates et al., 2017, Hsieh and Henderson, 2017, Bridgestock et al. 

2018). This unfortunately limits the ability of coupled measurements of dissolved Ba 

concentration and δ138/134Ba to discern between the impact of mixing and non-

conservative processes.  

 Despite the issues stated above, coupled measurements of dissolved Ba 

concentration and δ138/134Ba could yet prove useful for constraining conservative 

versus non-conservative controls on Arctic Ocean Ba distributions. Firstly, the exact 

magnitude of the isotope fractionation accompanying non-conservative Ba removal 

along the Arctic Ocean margin remains poorly constrained (Fig. 6). Through 

improved constraints on the isotope fractionation factors, this approach could yet still 

prove to be viable, especially if the magnitude of the isotope fractionation proves to 

be large (i.e. αdiss/part ≈1.001), as this would result in some ability to discern between 

Ba concentration- δ138/134Ba relationships resulting from mixing versus non-



conservative processes (Fig. 7). Secondly, constraints for the δ138/134Ba for North 

American riverine freshwater inputs are currently lacking (Table 3). Barium 

concentration- δ138/134Ba mixing relationships between Arctic Ocean seawater and this 

important Arctic Ocean freshwater source could transpire to be clearly distinguishable 

from those arising from non-conservative processes. Furthermore, data constraining 

the fluxes and δ138/134Ba of benthic and submarine groundwater Ba inputs along the 

Arctic Ocean continental shelves are needed to assess the potential importance of such 

sources on Arctic Ocean dissolved Ba inventories. 

  

6. Conclusions 

 

 Mixing between freshwater inputs from major Eurasian rivers, the Yenisey, 

Lena and Ob, and Atlantic and Pacific derived seawater are traced by relationships 

between salinity, Ba concentration and δ138/134Ba. These water sources are constrained 

to feature δ138/134Ba of 0.23 ± 0.04 ‰ (average Eurasian river freshwater), 0.53 ± 

0.06‰ (Atlantic-derived seawater) and 0.55 ± 0.03 ‰ (Pacific-derived seawater). 

Non-conservative processes are inferred to modify these mixing relationships along 

the Laptev Sea shelf break, with an associated isotope fractionation of similar 

magnitude to that constrained in open ocean settings. These processes result in Ba 

concentration-δ138/134Ba relationships that are parallel to those resulting from mixing 

between Eurasian river freshwater and Arctic Ocean seawater, which limits utility of 

Ba isotopes to improve the reliability of dissolved Ba inventories to trace Arctic 

Ocean riverine freshwater transport pathways. More generally, the results of this 

study advance understanding of the cycling of Ba isotopes in the environment, and 

their development as an emerging tracer of marine processes. 
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Table 1, Barium concentration and δ138/134Ba results for Siberian shelf, Bering 
Sea/Strait and Lena River waters. 

Station/ 
Groupa 

Latitude 
(°N) 

Longitude 
(°E) 

Depth 
(m) Salinity 

Ba concentration 
(nmol kg-1) δ138/134Bac 

     ICP MSb TIMS IDb  
International Siberian Shelf Study (August to September, 2008) on board the H/V Yacob Smirnitskyi 

YS2/Ob 73.405 72.9952 4 7.9 97.2 93.2 0.26 
YS3/Yen 73.492 79.8848 4 7.3 49.6 49.9 0.35 
YS4/L.N. 75.987 129.9842 3 11.4 75.8 77.6 0.29 
YS6/L.N. 74.724 130.0163 3 5.2 90.8 92.8 0.30 
YS11/L.E. 73.0185 129.9892 2.5 2.7 208.6 208.7 0.23 
YS12/L.E. 71.9165 132.5757 4 24.9 94.1 92.9 0.29 
YS13/ L.N. 71.968 131.7013 4 3.8 86.2 84.2 0.25 
YS14/ L.N. 71.6303 130.0495 5 1.3 100.7 102.0 0.27 
YS23/L.E. 72.789 142.6697 3 12.4 130.1 127.9 0.23 
YS26/L.E. 72.4598 150.5957 8 24.3 100.0   
YS28/L.E. 72.6508 154.1853 4 19.7 83.4 61.7 0.28 
YS30/L.E. 71.3577 152.1527 3 18.3 110.1 109.0 0.23 
YS31/L.E. 71.1082 161.6935 3 23.2 78.3   
YS32/Koly. 70.5665 161.217 3.5 25.1 107.6   
YS34/Koly. 69.7082 162.6887 3 25.8 103.7   
YS35/Koly. 69.817 164.0568 3 29.5 81.2   
YS37/L.E. 70.1348 168.0068 3 27.6 38.2   
YS39/L.E. 71.2167 169.3472 2 27.5 59.4   
YS56/L.E. 71.8797 -175.3608 4 30.7 70.2 66.7 0.42 
YS65/L.E. 72.3123 -176.137 4 29.3 58.8   
YS79/L.E. 73.704 -174.3297 4 26.0 62.6 60.6 0.38 
YS81/L.E. 75.7995 179.9058 4 28.6 64.2   
YS90/L.E. 74.6682 172.3882 4 29.7 56.1 55.6 0.43 
YS95/L.E. 74.4167 161.3353 4 23.9 73.6 72.3 0.31 
YS101/L.E. 76.117 160.4572 4 25.8 68.8 66.9 0.38 
YS108/L.E. 75.561 155.8827 4 25.0 75.3   
YS120/L.E. 73.2918 155.1675 4 20.9 99.0   
YS121/L.E. 74.3718 145.2808 4 17.6 108.0   
YS122/L.E. 74.5032 136.0097 1 15.7 104.9 102.1 0.26 
YS126/L.N. 76.3657 132.618 4 19.7 55.4 55.5 0.45 
YS128/L.N. 76.987 130.3557 4 20.7 59.9 61.2 0.42 

GEOTRACES GN01 section cruise (August to October, 2015), on board the USCGC Healy 
Stn 1/B.Sea 60.252 -179.0655 4 32.9  40.9 0.55 
Stn 3/B.Str 64.0069 -166.6259 4.5 31.8  37.6 0.55 
Stn 5/BStr 66.3318 -168.9001 5.1 32.2  54.2 0.55 

Lena River water (June, 2013) 
LR2013 45 68.89972222 124.2038889  0.0  85.5 0.27 
aSample grouping based on its location and influence of different water masses. Ob 
and Yen. denote samples influenced by the freshwater plumes of the rivers Ob and 
Yenisey, respectively. L.N. and L.E. denote samples influenced by the northward and 
eastward Lena freshwater plumes respectively. Koly. denotes samples influenced by 
freshwater input from the Kolyma River. B. Sea and B. Str. denote samples collected 
in the Bering Sea and Bering Strait respectively. bBarium concentrations measured by 
inductively coupled plasma mass spectrometry (ICP MS) and isotope dilution using 
thermal ionization mass spectrometry (TIMS ID). cUncertainty of δ138/134 Ba assigned 
as ± 0.03 ‰ (2SD) based on long term reproduciblity of measurements of the 
standard reference material NIST3104a. 
 



Table 2, Barium concentrations and δ138/134Ba of effective riverine and predicted 

Atlantic and Pacific derived endmembers derived from mixing relationships observed 

in Siberian Shelf surface water data 

	 	 Eastward Lena 
River plume	

Northward Lena 
River plume	

Effective River	 [Ba] nmol kg-1	 197 ± 27	 100 ± 11	
δ138/134Ba ‰	 0.20 ± 0.06	 0.25 ± 0.05	

Predicted Atlantic	 [Ba] nmol kg-1	 25 ± 15	 28 ± 22	
δ138/134Ba ‰	 0.73 ± 0.21	 0.88 ± 0.28	

Predicted Pacific [Ba] nmol kg-1	 36 ± 14	 33 ± 20	
δ138/134Ba ‰	 0.55 ± 0.12	 0.75 ± 22	

Uncertainties are given by the 95% confidence intervals of the linear regressions used 
to define the mixing relationships (Fig. 3 and 4) 
	
 
Table 3, Estimated Ba concentration and δ138/134Ba of major upper Arctic Ocean 

water sources 

 Salinity Ba concentration 
(nmol kg-1) 

δ138/134Ba (‰) 

Atlantic 34.92 43 ± 3 0.53 ± 0.06 

Pacific 32.7 55 ± 5 0.55 ± 0.03 

Eurasian river input 0 116 ± 9 0.23 ± 0.04 

North American river input 0 520 Not available 

Salinities and Ba concentrations of Atlantic and Pacific derived seawater and North 

American riverine inputs taken from Guay et al. (2009) and Roeske et al. (2012). The 

Ba concentration and δ138/134Ba of Eurasian river inputs are defined by the flux-

weighted average of effective river endmember values for the rivers Yenisey, Lena 

and Ob presented in this study (section 5.2). The δ138/134Ba of Atlantic derived 

seawater is defined by literature data for North Atlantic surface waters (Bates et al., 

2017, Hsieh and Henderson, 2017, Bridgestock et al., 2021; Supplementary Table 3), 

while that of Pacific derived seawater is defined by measurement of a surface water 

sample from the Bering Strait (this study). 



 
Figure 1, Major riverine freshwater and seawater sources to the Arctic Ocean with 

simplified surface circulation pattern. Blue arrows show transport pathways of major 

riverine freshwater inputs. The locations and discharges (Milliman and Farnsworth, 

2011) of the 6 largest rivers for supplying freshwater to the Arctic Ocean are also 

shown. 
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Figure 2, Sample locations and distributions of salinity (a), Ba concentration (b) and 

δ138/134Ba (c). The 100 m bathymetry contour is shown (solid black line) to denote the 

approximate position of the shelf break.  
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Figure 3, Relationships between salinity, Ba concentration and δ138/134Ba for the 

eastward and northward Lena River plumes. Solid black lines represent mixing 

relationships defined by linear regressions between Ba concentration and salinity in 

panels (a) and (b). In panels (c) and (d), mixing relationships are defined by linear 

regressions between 1/Ba concentration and δ138/134Ba (Fig. 4), which are combined 

with relationships between Ba concentration and salinity (panels (a) and (b)) to 

display as δ138/134Ba versus salinity. Dashed lines denote 95% confidence intervals. 

The discharge weighted average Ba concentration for the Lena River dissolved load 

(light blue bar, panels (a) and (b)) is based on time-series data spanning 2003 to 2016 

(Cooper et al., 2008, Holmes et al. 2021).  
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Figure 4, Relationships between δ138/134Ba and 1/Ba concentration for the eastward 

(panel a) and northward (panel b) Lena River freshwater plumes. Regressions are fit 

through the solid black (panel a) and grey (panel b) symbols, with dashed lines 

denoting 95% confidence intervals. Blue squares denote the effective Lena River 

endmembers defined by extrapolation of these relationships to salinity 0 (Fig. 3). The 

green (panel a) and purple (panel b) squares denote the predicted composition of 

Pacific and Atlantic derived water based on extrapolation of the mixing relationships 

to the salinities of these water sources (Fig. 3). The open squares and diamonds (panel 

a) denote data for samples collected in the Bering Sea and Strait, representing inflow 

of Pacific derived water. The purple diamond (panel b) denotes the composition of 

Atlantic derived seawater, based on compilation of available North Atlantic surface 

water (<100 m) literature data (Bates et al., 2017, Hsieh and Henderson, 2017, 

Bridgestock et al., submitted; Supplementary Table 3). 
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Figure 5, Inferred mixing relationships between freshwater discharged by the rivers 

Yenisey and Ob and Atlantic derived water (Bates et al., 2017, Hsieh and Henderson, 

2017, Bridgestock et al., submitted; Supplementary Table 3). Blue rectangles show 

estimated effective river endmembers for the Yenisey and Ob rivers. The red and 

black bars in panel (a) show the discharge weighted average Ba concentrations of the 

dissolved loads of the rivers Yenisey and Ob respectively, based on time-series data 

spanning 2003 to 2016 (Cooper et al., 2008, Holmes et al. 2021). The grey and black 
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crosses in panel (a) show literature data for the river Ob and Yenisey freshwater 

plumes sampled in 1994 and 1995 (Guay and Falkner, 1998). 

 

Figure 6, Inferred impact of non-conservative processes on the δ138/134Ba of Atlantic-

derived seawater along the Laptev Sea shelf break. Fraction removed denotes the 

amount of Ba removed by non-conservative processes relative to the Ba concentration 

of Atlantic-derived water. Solid and dashed lines show batch (eqn. 2) and Rayleigh 

(eqn. 3) fractionation models respectively. 
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Figure 7, Comparison of dissolved Ba concentration-δ138/134Ba relationships resulting 

from mixing between Arctic Ocean seawater and Eurasian river water, and non-

conservative processes. Thick black lines show mixing relationships between 

Atlantic/Pacific-derived Arctic Ocean seawater and average Eurasian River 

freshwater, which are linear in this plot. Thin black and grey lines show batch (solid) 

and Rayleigh (dashed) fractionation models. Grey circles show literature seawater 

data, which globally lie on a single relationship generated by isotope fractionation 

during non-conservative cycling of Ba between the upper and deep ocean and water 

mass mixing (Horner et al., 2015, Bates et al., 2017, Hsieh and Henderson, 2017, 

Bridgestock et al., 2018, Hemsing et al., 2018, Geyman et al., 2019, Cao et al., 

2020a). 
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1. Ion exchange chromatography procedure for the purification of Ba from sample 

matrices prior to isotopic analysis 

 

 The CaCO3 precipitates were dissolved in 3M HCl and processed twice 

through the cation exchange chromatography procedure described in Supplementary 

Table 1. The dried residue of the Lena River water sample was dissolved in 3M HCl 

and processed once through this cation exchange chromatography procedure. This 

procedure utilized AG50-X8 resin (200-400 mesh) and Teflon shrink fit columns with 

a resin bed volume of 2 ml and aspect ratio (diameter: length) of 0.05.  

 
Supplementary Table 1, Cation exchange chromatography procedure used to purify 
Ba from sample matrix prior to isotopic analyses 
Step Regent 
Clean resin 20 ml H2O 
 20 ml 6M HCl 
Condition resin 20 ml 3M HCl 
Load sample 1 ml 3M HCl 
Elute matrix 18 ml 3M HCl 
Elute Ba 10 ml 4M HNO3 
 

 

 

 

 

 

 

 

 

 



Supplementary Table 2, Barium concentration results for in house seawater 
standards and certified reference material measured using PerkinElmer NexION 350D 
quadrupole ICP-MS 
 Ba concentration 

(nmol kg-1) 
2SD 

 
n Literature/consensus 

value (nmol kg-1) 
South Atlantic seawatera 51.9 ± 1.8 11 51.4 
North Atlantic seawaterb 45.4 ± 0.6 3 44.7 
SLRS-6c 100.3 ± 3.3 2 104.1 ± 3.5 
aSouth Atlantic seawater sample collected during the GEOTRACES GA10 section 
cruise, station 18 (40.00 °S, -42.42 °E), 195 m water depth. Literature value 
represents the average of 2 replicate measurements of the water sample from 199 m, 
at the same station (Bridgestock et al., 2018). 
bNorth Atlantic seawater sample collected at Hydrostation S (32.17 °N, -64.50 °E), 
10m water depth, with published Ba concentration value from Hsieh & Henderson, 
2017. 
c River water certified reference material (National Research Council Canada) 
 

 

Supplementary Figure 1, Comparison of Ba concentrations determined using isotope 
dilution based on thermal ionization mass spectrometry analyses (TIMS ID) and 
inductively coupled plasma mass spectrometry (ICP-MS). Black line denotes 1:1 
relationship. All results agree within 5% with the exception of a single sample from 
station YS28 for which the ICP-MS result is 26% higher than the TIMS ID. 
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2. Intercalibration of GEOTRACES GN01 section dissolved Ba concentration and 

δ138/134Ba data 

 Seawater samples collected during the GEOTRACES GN01 section cruise at 

stations 1, 3 and 5 have also been analyzed for dissolved Ba concentrations and 

isotope δ138/134Ba values by Shiller and Horner (2021) (Whitmore et al., in revision) 

(Supplementary Fig. 2). Data from Shiller and Horner/Whitmore et al. were produced 

from samples collected using the GEOTRACES Clean Carousel sampling system, 

while that from this study are for samples collected using the ODF stainless steel 

rosette, equipped with Niskin bottles. Surface samples from stations 1, 3 and 5 from 

these two different sample sets are from slightly different depths and locations, 

featuring differences in salinity, particularly at station 5 (Supplementary Table 3; 

Supplementary Figure 2). Dissolved Ba concentrations agree within 12% between the 

two datasets, while δ138/134Ba values agree within 0.05 to 0.13 ‰. This agreement 

between δ138/134Ba values is slightly outside of the analytical uncertainty of the data (± 

0.03 to 0.05 ‰; 2SD). The largest disagreement between δ138/134Ba values of 0.13 ‰ 

is observed at station 5. Samples from these stations also feature a significant 

difference in salinity likely due to the slight difference in depth and location of the 

two sample sets. This variance in δ138/134Ba values could therefore at least partly 

reflect genuine differences in the sampled seawater rather than disagreement between 

analytical methods. Another possibility is that these differences could be caused by 

differences in the sampling systems used to collect the two sample sets. In particular, 

samples in this study were collected using the ODF stainless steel rosette, which is 

more prone to contamination risk than the GEOTRACES Clean Carousel sampling 

system. Such contamination during sampling would be characterized by 

systematically higher Ba concentrations in the data of this study compared to the 



Shiller and Horner/Whitmore et al. dataset. This is, however, not consistent with 

observations (Supplementary Table 3; Supplementary Figure 2). 

 

Supplementary Table 3, Comparison of dissolved Ba concentration and δ138/134Ba 
data for GEOTRACES section GN01 samples from this study and Shiller and Horner 
(2021)/Whitmore et al. (in revision) 
Station Latitude 

(°N) 
Longitude 

(°E) 
Depth 

(m) 
Salinity [Ba] 

nmol kg -1 
δ138/134Ba 2SD 

This study 
1 60.2520 -179.0655 4 32.90 40.9 0.55 0.03 
3 64.0069 -166.6259 4.5 31.76 37.6 0.55 0.03 
5 66.3318 -168.9001 5.1 32.24 54.2 0.55 0.03 

Shiller and Horner (2021) /Whitmore et al. (in revision) 
1 60.2579 -179.0832 24.3 32.93 38.7 0.50 0.04 
3 64.0040 -166.6097 18.5 31.75 42.2 0.48 0.05 
5 66.3284 -168.9007 16.7 32.59 59.3 0.42 0.04 
 
 

 

Supplementary Figure 2, Comparison of Ba concentration and δ138/134Ba values for 

surface waters from GEOTRACES GN01 section cruise at stations 1, 3 and 5 

determined by this study and Shiller and Horner (2021)/Whitmore et al., (in revision) 

(S. & H) 
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3. Estimation of effective river Ba concentrations and δ138/134Ba values  

 

Effective river endmember values, which are the theoretical Ba concentration 

or δ138/134Ba value of a parcel of river water after modification by estuarine processes, 

are estimated by extrapolation of mixing relationships observed at higher salinity 

regions of estuaries to salinity 0 (Fig. 3, Fig. 5; main article). Mixing relationships 

between Ba concentration and salinity are linear, so that the effective Ba 

concentration is obtained as the y-intercept of linear regressions between these 

variables. Mixing relationships between δ138/134Ba and salinity (and Ba concentration) 

are, however, non-linear, but δ138/134Ba versus 1/Ba concentration is linear. 

Extrapolation of linear regressions between δ138/134Ba versus 1/Ba concentration to the 

reciprocal of the effective river Ba concentration provides an estimate of the effective 

river δ138/134Ba value (Fig. 4, main article). Note that in figure 3, panels (c) and (d), 

the mixing relationships between δ138/134Ba and salinity are derived by combining 

linear regressions between δ138/134Ba versus 1/Ba concentration (Fig. 4, main article) 

with those for Ba concentration versus salinity (Fig. 3a, main article). Uncertainties 

on effective river Ba concentrations and δ138/134Ba values are given by the 95% 

confidence intervals of these linear regressions.  

 



 

Supplementary Figure 3, Dissolved Ba concentration distributions across the 

estuarine mixing zones of the rivers Yenisey, Lena and Ob determined for samples 

collected in 1994/1995 (Guay and Falkner, 1998). Blue squares indicate data used to 

constrained the Ba concentration of the river dissolved loads ([Ba]river). Red squares 

indicate the data used to constrain the Ba concentration of the effective river 

endmembers ([Ba]effective)  using linear regressions (solid black lines) with 

uncertainties given by the 95% confidence intervals (dashed black lines). 
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4. Constraints on the δ138/134Ba of Atlantic derived seawater in the Arctic Ocean 

 

The δ138/134Ba of Atlantic-derived water in the Arctic Ocean is constrained by 

literature data for North Atlantic surface seawater (< 100 m) (Bates et al., 2017, Hsieh 

and Henderson, 2017, Bridgestock et al., 2021) (Supplementary Table 4). This 

currently available data unfortunately does not include samples collected at latitudes 

higher than 32.17 °N, which would be better suited to defining the δ138/134Ba of 

Atlantic-derived seawater in the Arctic Ocean. The Ba concentrations of these 

samples (41 ± 7 nmol kg-1, 2SD), however, agree with that determined for Atlantic-

derived Arctic seawater (43± 3 nmol kg-1; Roeske et al., 2012, Guay et al., 2009) 

supporting the choice of this endmember δ138/134Ba value, given that dissolved Ba 

concentration and δ138/134Ba are tightly coupled in open ocean settings (e.g. Hsieh and 

Henderson, 2017). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Supplementary Table 4, Literature compilation of surface (<100 m depth) seawater 
δ138/134Ba data from the North Atlantic used to define the δ138/134Ba of Atlantic derived 
seawater in the Arctic Ocean 
Latitude 

(°N) 

Longitude 

(°E) 

Depth 

(m) 

Salinity Ba concentration 

(nmol kg-1) 

δ138/134Ba 

32.17 -64.50 11 36.67 44.7 0.52 ± 0.02a 

32.17 -64.50 51 36.61 44.3 0.53 ± 0.02a 

32.17 -64.50 100 36.66 44.9 0.52 ± 0.02a 

9.28 -21.63 11  37.9 0.57 ± 0.04b 

9.28 -21.63 55  45.7 0.46 ± 0.04b 

10.85 -44.49 12  38.9 0.54 ± 0.06b 

10.85 -44.49 76  39.8 0.56 ± 0.03b 

15.27 -48.27 16  42.1 0.52 ± 0.03b 

15.27 -48.27 95  39.8 0.56 ± 0.03b 

6.87 -52.94 Surface 35.84 37.4 0.54 ± 0.03c 

Mean (±2SD)   41 ± 7 0.53 ± 0.06 

aHsieh and Henderson (2017) bBates et al. (2017) cBridgestock et al. (2021) 
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