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The distribution of barium (Ba) concentrations in seawater resembles that of nutrients and Ba has been
widely used as a proxy of paleoproductivity. However, the exact mechanisms controlling the nutrient-like
behavior, and thus the fundamentals of Ba chemistry in the ocean, have not been fully resolved. Here
we present a set of full water column dissolved Ba (DBa) isotope (8'37Bapg,) profiles from the South
China Sea and the East China Sea that receives large freshwater inputs from the Changjiang (Yangtze
River). We find pronounced and systematic horizontal and depth dependent §37Bapg, gradients. Beyond
the river influence characterized by generally light signatures (0.0 to +0.3%o), the 8'37Bapg, values in
the upper water column are significantly higher (4+0.9%¢) than those in the deep waters (+0.5%o).
Moreover, §137Bapg, signatures are essentially constant in the entire upper 100 m, in which dissolved
silicon isotopes are fractionated during diatom growth resulting in the heaviest isotopic compositions in
proxy _ the very surface waters. Combined with the decoupling of DBa concentrations and §'37Bapg, from the
oceanic Ba dynamics concentrations of nitrate and phosphate this implies that the apparent nutrient-like fractionation of Ba
isotopes in seawater is primarily induced by preferential adsorption of the lighter isotopes onto biogenic
particles rather than by biological utilization. The subsurface §'3’Bapg, distribution is dominated by
water mass mixing. The application of stable Ba isotopes as a proxy for nutrient cycling should therefore
be considered with caution and both biological and physical processes need to be considered. Clearly,
however, Ba isotopes show great potential as a new tracer for land-sea interactions and ocean mixing
processes.
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1. Introduction

The nutrient-like distribution of dissolved barium (DBa) in sea-
water, resembling that of silicate (Si(OH)4) with low surface and
elevated deep water concentrations (Bacon and Edmond, 1972;
Lea and Boyle, 1989; Jeandel et al, 1996; Jacquet et al., 2005;
Roeske et al, 2012), is commonly attributed to the biologi-
cally mediated incorporation of DBa in or adsorption onto bio-
genic particles in the upper ocean and regeneration via par-
ticle dissolution and/or degradation at depth (Dehairs et al.,
1980; Paytan and Griffith, 2007). Importantly, within this cy-
cle, a maximum of excess (or biogenic) particulate Ba (Bas),
most likely resulting from barite (BaSO4) precipitation in over-
saturated microenvironments generated by degradation of sink-
ing organic aggregates, is frequently observed in the mesopelagic
zone between 100 and 600 m water depth (Dehairs et al., 1997;
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Jacquet et al., 2005). Therefore, Bays or barite fluxes to the
deep ocean and their accumulation rates in sediments have been
widely applied to reconstruct export productivity (Paytan et al.,
1996; Niirnberg et al., 1997; Paytan and Griffith, 2007). However,
the exact mechanisms controlling the behavior of DBa and the
mesopelagic Baxs maximum are not fully understood (Ganeshram
et al., 2003; Jacquet et al.,, 2005). Moreover, the poor preserva-
tion of barite in sediments under suboxic conditions complicates
the interpretation of its paleoceanographic record (McManus et al.,
1998).

Recently, the first measurements of mass-dependent stable Ba
isotope fractionation have been reported (von Allmen et al., 2010;
Bottcher et al,, 2012; Miyazaki et al., 2014; Horner et al., 2015;
Nan et al, 2015), which provide a new avenue to better un-
derstand the biogeochemistry of Ba in the ocean and thus to
extend and improve its applicability as a paleoproxy. This pio-
neering work showed that measurable differences of Ba isotopic
compositions (—0.5 to +0.1%c) exist between natural Ba min-
erals of various origins. Lighter Ba isotopes are enriched in Ba
precipitates produced in the laboratory relative to the correspond-
ing aqueous solutions, probably due to reaction kinetics or sur-
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Fig. 1. Bathymetric map of the East China Sea (ECS) and the South China Sea (SCS) showing the locations of sampling stations. The bottom depths of stations PN10, PN04,
DH13, A0, and KK1 are ~50 m, ~120 m, ~600 m, ~1450 m, and ~3800 m, respectively. The Changjiang (Yangtze River) and the Pearl River are two of the world’s largest
river systems feeding the ECS and the northern SCS, respectively. wNP: western North Pacific. The map was created with ODV (Schlitzer, 2015). (For interpretation of the

colors in this figure, the reader is referred to the web version of this article.)

face entrapment of the lighter isotopes (Immenhauser et al., 2010;
von Allmen et al,, 2010). A seawater profile in the South Atlantic
showed that Ba isotopic compositions generally decrease with wa-
ter depth (Horner et al., 2015). Consequently, given the direct
involvement of Ba in various biological and chemical processes,
fractionation of stable Ba isotopes in seawater has the potential
to provide information on nutrient cycling, productivity and water
mass mixing.

With the goal to establish a framework for the use of oceanic
Ba isotope fractionation as a proxy, we analyzed dissolved Ba iso-
topic compositions (§137Bapg,) from different marine regimes in
four seawater profiles collected in the East China Sea and the South
China Sea, extending from the inner shelf influenced by a large
river plume (Zhai and Dai, 2009) to the deep South China Sea
basin, which is analogous to an open ocean setting (Cao and Dai,
2011). §137Ba signatures of Bays in suspended particles (537 Bapas)
were also determined for the upper 150 m of the water column at
one station in the South China Sea (Fig. 1; Tables 1 and 2). In ad-
dition, §'37Bapg, was measured in samples collected from eight
rivers around the world to assess the isotopic composition of the
major Ba source to the ocean (Table 3). Given the close relationship
between DBa and Si(OH)4 concentrations generally observed in the
world’s oceans (Bacon and Edmond, 1972; Lea and Boyle, 1989;
Jeandel et al., 1996; Jacquet et al., 2005; Roeske et al., 2012), we
compared our seawater 8'37Bapg, data with the corresponding dis-
solved Si isotope signatures (83Sisjon),; Cao et al, 2012, 2015).
We also compared our Ba results with the distribution of other
major nutrient (nitrate (NO3) and phosphate (PO4)) concentrations
in order to further constrain the biological effects on seawater Ba
isotopic compositions.

2. Materials and methods
2.1. Sampling

In August 2009, seawater samples for DBa concentration and
5137Bapg, analyses were collected at stations PN10 (located on the
inner shelf), PNO4 (mid-shelf), and DH13 (continental slope) of
the East China Sea (Cao et al., 2015). In January 2010, this sam-
ple set was extended by station KK1 located in the north basin
of the South China Sea (Fig. 1). 60-250 mL of seawater was col-
lected with Niskin bottles attached to a Rosette sampler and fil-
tered through 0.45 pm nitrocellulose acetate filters into acid pre-
cleaned polyethylene bottles immediately after sampling. Samples
were subsequently acidified to pH~2 with distilled concentrated
HCl (0.1% v/v) and stored at room temperature in the dark until
analysis in the laboratory. In addition, filtered and acidified water
samples were collected from various global rivers (Table 3).

In August 2009, suspended particle samples for Bays concentra-
tion and isotopic composition (8137Bagaxs) analyses were obtained
at station AO in the South China Sea (Fig. 1) by filtering ~6 L
of seawater through 0.4 pm polycarbonate membranes. The mem-
branes were dried at 50 °C overnight and stored in polycarbonate
dishes until analysis in the laboratory.

2.2. Baisotope analyses

Here we summarize the method for Ba isotope measurements
using a double spike technique. Further details are provided in the
Supplementary Material.
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Table 1
Salinity, dissolved barium (DBa) concentration and their stable barium isotopic composition (§'37Bapg,) data collected in the East
China Sea (ECS) in August 2009 and in the South China Sea (SCS) in January 2010.

Cruise Station Depth? Salinity? DBa 5137Bapg, 25D n¢
(m) (nmol kg~1) (%o) (%o)
ECS PN10 13 25.89 175.8 045 0.07 3
August 2009 31.0°N 123.0°E 13 duplicate 0.47 0.11 4
4.5 2717 1615 0.42 0.07 4
149 32.22 70.0 0.54 0.09 2
14.9 duplicate 0.45 0.12 3
251 34.00 51.2
35.5 3411 50.0
46.9 3413 50.7 0.66 0.09 3
46.9 duplicate 0.59 0.09 4
PNO4 2.0 33.74 40.6 0.98 0.08 2
29.0°N 126.0°E 244 33.83 40.4 0.87 013 3
494 33.85 38.9
73.8 3410 38.5
99.8 34.50 39.7
117.7 34.50 39.2 0.90 0.03 2
DH13 3.2 33.73 36.6 0.89 0.04 2
29.0°N 127.3°E 3.2 duplicate 0.76 0.08 3
251 33.82 35.7 0.93 0.08 3
49.6 33.99 372
73.8 34.18 39.8
98.6 34.39 39.8 0.99 0.11 2
123.7 34.61 40.8 0.81 0.09 3
123.7 duplicate 0.74 0.10 4
148.6 34.49 44.4
198.5 34.45 45.7 0.62 0.07 3
2973 34.37 52.0
553.7 34.33 729 0.45 0.04 3
553.7 duplicate 0.56 0.03 3
SCS KK1 52 33.88 40.2 0.90 0.10 3
January 2010 18.3°N 115.7°E 19.6 33.88 384 1.03 0.12 3
50.1 34.10 414 0.91 0.07 3
50.1 duplicate 1.04 0.04 2
79.8 34.49 40.4
98.3 34.57 40.6 0.86 0.05 3
98.3 duplicate 0.86 017 2
149.9 34.59 45.6
198.5 34.53 49.2 0.88 0.06 3
198.5 duplicate 0.77 0.15 3
301.0 34.44 55.9
499.2 34.41 75.5 0.67 0.05 3
499.2 duplicate 0.60 0.16 3
798.3 34.48 98.8 0.56 0.09 4
1000.9 34.53 112.7 0.57 0.08 3
1000.9 duplicate 0.52 0.09 3
1500.5 34.59 133.8 0.54 0.12 3
2499.1 34.61 136.6 0.51 0.06 3
3644.6 34.61 1349 0.58 0.02 3
3644.6 duplicate 0.54 0.11 3

2 Depth and salinity data collected in the ECS are from Cao et al. (2015).
b Sp s the standard deviation estimated from the double spike bracketing measurements of a single sample solution.
¢ n is the number of double spike bracketing measurements of a single sample solution.

Table 2
Excess particulate barium (Bays) concentration and their stable barium isotopic composition (5'37Bap,ys) data collected in the upper
150 m of the water column at station AO in the South China Sea (SCS).

Cruise Station Depth Bays 5137Bap,ys 25D? nP
(m) (nmolkg™") (%o) (%0)
SCS A0 5.2 0.6 0.24 0.08 2
August 2009 19.9°N 116.0°E 52.6 53 0.23 0.10 3
duplicate 0.20 0.04 4
75.0 13 0.22 0.04 3
duplicate 0.18 0.07 3
100.6 13 0.23 0.02 2
duplicate 0.25 0.12 3
150.1 0.9 0.19 0.06 3
duplicate 0.19 0.12 3

4 SD is the standard deviation estimated from the double spike bracketing measurements of a single sample solution.
b 1 is the number of double spike bracketing measurements of a single sample solution.
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Table 3
Dissolved barium (DBa) concentration and their stable barium isotopic composition (8'37Bapg,) data collected in various global rivers.
River Location Sampling times DBa 5137Bapg, 2SD? n
(°N, °E) (nmolkg~") (%00) (%0)
Changjiang 31.8, 1211 14 March 2015 432.0 0.06 0.06 3
duplicate —0.01 0.07 4
Amazon 0.0, —51.0 13 November 2013 143.7 0.04 0.11 3
Yukon 65.9, —149.7 27 August 2009 1466.6 0.06 0.07 2
Pearl 23.0, 113.5 01 August 2012 209.2 0.10 0.06 4
duplicate 0.13 0.07 3
Sepik —4.2,143.8 08 June 2013 47.8 0.21 0.09 2
Danube 48.4, 10.0 31 August 2009 247.7 0.23 0.11 2
duplicate 0.26 0.16 3
Lena 724, 126.7 20 August 2011 89.6 0.27 0.10 2
Colorado N.A.C 06 November 2009 1048.8 0.29 0.08 3
duplicate 0.31 0.10 3

4 SD is the standard deviation estimated from the double spike bracketing measurements of a single sample solution.

b

¢ N.A. denotes data not available.

2.2.1. Standard and double spike

Ba isotopic compositions are given in %o deviations relative to
a Ba standard solution (Ba(NOs);, Lot: C2-BA02050, Inorganic Ven-
tures; 8137Ba = [(137Ba/134Ba)sample/(137Ba/134Ba)standard — 1] x
1000). A 139Ba-135Ba double spike was prepared from 39BaCO3
and '3°BaC0; enriched by 35.8% and 93.4%, respectively (Oak Ridge
National Laboratory). These were mixed gravimetrically to a ratio
of 0.7/0.3 which is the ideal ratio calculated with the double spike
toolbox by Rudge et al. (2009). Following the procedure adopted
by Siebert et al. (2001), Ba isotopic ratios of both the standard and
the spike were calibrated by doping a pure neodymium standard
of known isotopic compositions (JNdi-1; Ali and Srinivasan, 2011)
and mixtures of varying spike/standard ratios were then measured
in pure Ba runs to test the accuracy of the calibration (Supplemen-
tary Fig. S1).

2.2.2. Chemical treatment and purification

The suspended particle samples were dissolved completely us-
ing the digestion method developed by Cardinal et al. (2001; reac-
tion with concentrated acids (3 mL HCI + 2 mL HNO3 + 1 mL HF)
at 90 °C overnight). The lithogenic Ba content of <2% was deduced
from aluminum (Al) concentrations in the digested solutions and
indicates that these particles are almost exclusively of biogenic ori-
gin. The 139Ba-135Ba double spike was added to seawater and river
water samples and solutions of digested suspended particle sam-
ples according to an ideal spike/sample ratio of 0.176 (Rudge et al.,
2009) and allowed to equilibrate overnight. After drying down and
redissolution in small amounts of 1 M HCIl, Ba was separated from
the sample matrix using cation-exchange chromatography. The ap-
plication of a double spike accounts for any potential isotope frac-
tionation during ion chromatographic separation but an average Ba
yield of 90% was obtained for the entire chemical preparation pro-
cedure. By chemically treating 40 mL of Milli-Q water the same
way as the seawater samples, the total procedural Ba blank was es-
tablished to be <0.2 ng, which is <0.1% of the Ba introduced into
the multicollector inductively coupled plasma mass spectrometry
(MC-ICP-MS) for each sample solution (2 mL with a Ba concentra-
tion of ~100 ppb).

2.2.3. Mass spectrometry and data reduction

Ba isotopic compositions were determined in static mode on a
Nu Plasma HR MC-ICP-MS at GEOMAR. Masses 128 (monitor of po-
tential isobaric Xe interferences from impurities of the Ar plasma),
130, 132, 134, 135, 136 and 137 were measured simultaneously.
A three-dimensional data reduction procedure following Siebert et
al. (2001) was used, in which the exponential fractionation law
was applied for both instrumental and natural mass-dependent
fractionation (Miyazaki et al., 2014). Because the double spike

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

method cannot correct for potential instrumental fractionation that
does not follow the exponential fractionation law, each spiked
sample measurement of §37Ba was “bracketed” and normalized
to that of spiked Ba standard solution measurements (Siebert et
al.,, 2001). External reproducibility is given as 2 standard deviation
(2SD) of the average §'37Ba value obtained from repeated mea-
surements of the same sample solution during a single day, which
varied between +0.02 and +0.17%c (Tables 1-3) and represents
the error bars of the field §'37Ba data provided in this contri-
bution (Figs. 2-5). The long-term external reproducibility for the
replicate measurements of four standard reference materials and
an in-house seawater matrix standard ranged between +0.06 and
+0.10%o (2SD) (Supplementary Fig. S2; Supplementary Table S1).

2.3. Siisotope analyses

The 63%Sisjon), values of the same seawater samples as those
analyzed for stable Ba isotopic compositions have been published
previously (Cao et al., 2012, 2015). Briefly, dissolved Si(OH)s was
separated from the major matrix elements using a two-step brucite
coprecipitation technique adapted from the MAGIC method (Karl
and Tien, 1992). The precipitates were further purified using
cation-exchange chromatography (Georg et al., 2006). Si isotopic
compositions were determined in pseudo high-resolution mode
on the Nu Plasma HR MC-ICP-MS. A standard-sample-standard
bracketing technique was applied with a long-term external repro-
ducibility of +0.25%. (2SD; Cao et al., 2015).

2.4. Analyses of other parameters

Detailed methods for analyzing concentrations of DBa and Bays
are provided in the Supplementary Material. Briefly, DBa con-
centrations in seawater were analyzed using an isotope dilution
method (Klinkhammer and Chan, 1990; Freydier et al., 1995) on
an Agilent 7500 quadrupole-ICP-MS with a reproducibility of +2%
(2SD). Bays concentrations deposited on the filter membranes were
calculated by the excess above lithogenic Ba/Al ratios (Jacquet et
al.,, 2008). After a digestion in concentrated acids (Cardinal et al.,
2001), both Ba and Al were also measured by the Agilent 7500
quadrupole-ICP-MS with precisions of +2% (2SD).

Si(OH)4, NOs3, and PO4 concentration data were mainly obtained
onboard using a Technicon AA3 Auto-Analyzer (Bran-+Luebbe
GmbH) following classical colorimetric methods. The precision for
Si(OH)4, NO3, and PO4 concentration measurements was within
+3%, +1%, and £2%, respectively (1SD; Du et al, 2013). In ad-
dition, NO3 and PO4 at nM levels in the surface mixed layer at
station KK1 in the South China Sea were measured according
to Zhang (2000) and Ma et al. (2008), respectively. Each method
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Fig. 2. Vertical distributions of dissolved barium (DBa) concentrations and their sta-
ble barium isotopic compositions (§'37Bapg,) in the East China Sea and the South
China Sea. (a) Stations PN10, PN04, and DH13; (b) the entire water column at sta-
tion KK1; (c) the upper 200 m at station KK1 (open circles) including the stable
isotopic compositions of excess particulate barium (8'37Bagaxs) in the upper 150 m
at station AO (solid circles).

had a precision of better than £5% (1SD). The nutrient concentra-
tion data collected at station KK1 have been published previously
(Dai et al, 2013; Du et al, 2013). Vertical profiles of salinity
and temperature were determined shipboard with a calibrated
SBE-19-plus Conductivity-Temperature-Depth (CTD) recorder (Sea-
Bird) attached to the Rosette sampler.

2.5. Steady state model describing Ba isotope fractionation

The steady state model assumes an open system with continu-
ous supply of a given element with a specific isotopic composition
(Sigman et al., 1999), which is demonstrated to be more realistic
than a Rayleigh model (which assumes a closed system with no
further supply from external sources; Mariotti et al., 1981) for Si
isotope fractionation in the South China Sea and the East China
Sea (Cao et al, 2012, 2015). The Ba isotope fractionation during
removal of DBa within a steady state system is described by the

following equations:

8137Bappa_1 = 8'3"Bappa_ o — e x (1 — f) (1)
513 Bagos 1 = 8" Bapgs 0 — ¥ x f = 817 Bapga 1 + 3¢

(2)
-

The subscripts 1 and 0 denote evolved §137Bapg, or §137Bagays and
DBa values at any given time and those prior to removal as the ini-
tial condition, respectively. 3’¢ represents the fractionation factor
of stable Ba isotopes between the particulate and dissolved phases.
The term f reflects the fraction of remaining DBa relative to the
initial concentration.

The apparent fractionation factor defined as A137Ba (Eq. (4)) is
the difference between the observed isotopic compositions of the
Bays product and the DBa substrate. Assuming that no Bays accu-
mulation occurs in the system, A'37Ba equals 137¢ in the steady
state model.

A137Ba — 8137BaBaxs_1 _ 8137B3DBa_1

(4)

3. Results
3.1. 8137Bapg, distributions in the East China Sea

A first important observation of this study is that all major
rivers analyzed have relatively light §'3/Bapg, signatures rang-
ing from 0.0 to +0.3%o (Table 3). The surface waters at station
PN10 on the East China Sea inner shelf, which are dominated by
Changjiang Diluted Water (salinity below 28; Table 1; Cao et al,,
2015), are enriched in DBa to up to 170 nmolkg~' and have a
surface 8137Bapp, of 4+0.4%¢ close to that of rivers thus clearly
tracing the admixture of the river waters into seawater. §37Bapg,
in the near-bottom waters at station PN10 is ~0.2%. heavier than
the river influenced surface waters and has more than three times
lower DBa concentrations (Fig. 2a).

Further offshore in surface waters of station PNO4 beyond
the influence of Changjiang Diluted Water, DBa concentrations of
40 nmolkg~! are markedly lower and the §'37Bapg, signature
close to +1.0%o is significantly higher than at station PN10. Both
DBa concentrations and 8'37Bapg, signatures are nearly constant
throughout the water column (Fig. 2a) despite a surface mixed
layer above 20 m at station PNO4 (Supplementary Fig. S3; Cao et
al,, 2015).

Even further offshore at station DH13 on the East China Sea
slope the surface water signatures down to 125 m depth are es-
sentially identical in DBa concentrations (37-40 nmolkg~!) and
5137Bapg, signatures (4+0.9%0) to station PNO4. Below this depth
DBa concentrations display a continuous increase to 73 nmol kg~!
near the bottom at 600 m water depth while §137Bapg, signatures
show an overall inverse trend decreasing linearly to reach values
of +0.5%0 in near-bottom waters (Fig. 2a).

3.2. §137Bapg, distributions at station KK1

At station KK1 in the open South China Sea basin, the ver-
tical distributions of 8'3’Bapg, also generally mirror those of
DBa concentrations. DBa concentrations are essentially constant
(~40 nmolkg~1) in the upper 100 m. Below 150-200 m, DBa
concentrations increase rapidly down to 1500 m water depth and
remain stable at a value of 135 nmolkg~! below (Figs. 2b and
2¢). 8137Bapg, values are constant within analytical uncertainty
(+0.9%0) from the surface to 200 m depth and then decrease lin-
early to 800 m water depth. Below 800 m, §'3’Bapg, remain at
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a stable value of +0.5%o (Figs. 2b and 2c) suggesting homogeniza-
tion by the strong vertical mixing in the interior of the South China
Sea.

Note that both DBa concentrations and §'37Bapg, signatures
are essentially constant in the upper 100 m at values of ~40
nmolkg~! and ~ +0.9% (Figs. 2a and 2c) despite a surface mixed
layer above 25 and 60 m, respectively, at the open ocean sta-
tions DH13 and KK1 (Supplementary Fig. S3; Cao et al, 2015).
Moreover, near-bottom waters around 600 m at station DH13
and those below 800 m at station KK1 have §'37Bapg, values
of +0.5%c. Given that the East China Sea and the South China
Sea are two major marginal sea systems connected by offshore
water mass exchange through the Kuroshio Current (Chen, 2008;
Han et al., 2013), the consistent distribution of dissolved Ba iso-
topes likely reflects the control of inflowing Pacific Ocean waters.

4. Discussion
4.1. Nutrient-like fractionation

Distinct vertical §137Bapg, gradients of 0.4-0.5%c are observed
between the upper 100 m and the deep waters at station DH13
on the East China Sea slope and at station KK1 in the open
South China Sea basin. The generally decreasing trend of §'37Bapg,
values with water depth is mirrored by increasing DBa concen-
trations (Figs. 2a and 2b), which is similar to those frequently
found for dissolved Si isotope and concentration profiles (De La
Rocha et al., 2000; Cao et al., 2012, 2015) supporting nutrient-
like behavior of Ba in the ocean (Bacon and Edmond, 1972;
Lea and Boyle, 1989; Jeandel et al., 1996; Jacquet et al., 2005;
Roeske et al., 2012). The average 8'37Bapg, signature of all rivers
analyzed is +0.16 & 0.10%0 (1SD, n = 8; Table 3), which is signifi-
cantly lower than that of +0.5540.05% of the average deep ocean
(1SD, n = 5; below 800 m depth at station KK1; Table 1). This
clearly demonstrates that Ba isotope fractionation with preferential
removal of light Ba isotopes must occur in the upper ocean, where
the primary DBa sources are riverine Ba inputs and regenerated
Ba from deep waters (Dehairs et al., 1980). This is also strongly
supported by our findings of relatively light §'37Bagays signatures
around +0.2%c (n =5) in biogenic particles in the upper 150 m at
station AO (Fig. 2c).

According to the global budget of Ba in the ocean suggested
by Dehairs et al. (1980), riverine DBa inputs and regenerated
DBa from deep waters to the upper ocean are 0.6 and 0.9 pg
Ba cm—2yr~!, respectively, of which 90% of the total amount (i.e.,
1.35 pg Ba cm~2yr~1) is removed by formation of particulate Ba.
The DBa and their isotopic composition of the combined inputs
from rivers and the deep ocean to the upper ocean are therefore
1.5 pg Ba cm2yr~! (0.6 4+ 0.9) and +0.39 £ 0.07%0((0.6 x 0.16 +
0.9 x 0.55)/(0.6 + 0.9)). Following a steady state model (Egs. (1)
and (3)) and assuming a fractionation factor ('37¢) of —0.7%o (i.e.,
A'37Ba as the difference between average §'37Bagys (+0.2%0) and
8137Bapg, (+0.9%0) observed in the upper 150 m beyond the river
influence in this study; Eq. (4)), removal of 1.35 pg Ba cm—2yr—!
indeed results in a 8'37Bapg, value of +1.02 % 0.07%c, which is
consistent with our field observations in the upper water column
(Table 1). This good first order agreement implies that from a
perspective of isotope mass balance, other sources of Ba in the
upper ocean, such as hydrothermal activity, submarine groundwa-
ter discharge and atmospheric inputs are not important or their
signatures cancel each other out. Given that our first order mass
balance is mainly based on regional observations and an early bud-
get (Dehairs et al., 1980), further global scale constraints on the
isotopic composition of major Ba reservoirs are needed for a com-
prehensive budgeting of Ba in the ocean.
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Fig. 3. (a) DBa versus Si(OH)4 and (b) 8'37Bapga versus 8>Sisiom), for samples col-
lected in the East China Sea and the South China Sea. The dashed lines in each
panel indicate trends of the DBa-Si(OH)s and the 8'37Bapp,-83CSisi(om), relation-
ships. The numbers in italics denote the sampling depth of the endpoints of each
line excluding station PNO4 influenced by the Changjiang Diluted Water. Si(OH)4
and §%9Sis;op), data collected in the East China Sea are from Cao et al. (2015).
8137Bapg, at station KK1 was compared to §*0Sigioms at station SEATS (18.0°N,
116.0°E) occupied during the same cruise to the South China Sea (Cao et al., 2012)
and located ~50 km southeast of station KK1.

4.2. Comparison with Si isotope distributions

It is likely that either direct uptake by plankton or adsorption
onto biogenic particles (Ganeshram et al., 2003) causes fraction-
ation towards lighter particulate Ba isotopes and correspondingly
heavier dissolved §'37Bapg, in the uppermost water column of the
ocean. We constrain the biological effects on Ba isotopic compo-
sitions by comparing with Si, which is a major nutrient in the
ocean controlling the diatom life cycle. DBa distributions broadly
resemble those of Si(OH)4 in that both display a surface enrich-
ment at the nearshore station PN10 and a general increase from
the surface to the near-bottom at the offshore stations DH13 and
KK1 (Figs. 2a and 2b; Supplementary Fig. S4; Cao et al., 2015).
A more detailed comparison of the DBa and Si(OH)4 concentrations
(Fig. 3a), however, reveals significant differences. At station PN10,
in contrast to relatively constant Si(OH)s4 concentrations, the sur-
face DBa concentrations show a large increase originating from the
river discharge highly enriched in Ba, analogous to previous ob-
servations in other river-dominated areas of the ocean (e.g., Guay
and Falkner, 1998). The apparently lower degree of Si(OH)4 enrich-
ment in Changjiang Diluted Water probably results from biological
consumption of Si along the river (Si(OH); ~100 pmolL~!; Li et
al.,, 2007) to the mouth of the Changjiang river estuary (Si(OH)4
~30 umolL~1; Cao et al, 2015), where diatoms are dominant in
summer (Furuya et al., 2003; Guo et al., 2014). At the other three
stations, the comparison displays two general trends. In the upper
150 m, DBa concentrations are almost constant whereas those of
Si(OH)4 sharply increase from depleted values near 0 pmolL~! in
the surface mixed layer to about 15 pmolL~! in the subsurface wa-
ters. Below 150 m depth, DBa and Si(OH)4 display a positive linear
relationship (Fig. 3a). Note that this covariance, mainly resulting
from similar sites of removal and regeneration, is a consequence of
ocean circulation (Lea and Boyle, 1989).

Comparing the isotopic compositions it is clear that both
8137Bapg, and §*%Sigjon), values in Changjiang Diluted Water are
markedly lower than those in the offshore surface waters due to
riverine inputs with overall light isotopic compositions. Similar to
the vertical distribution of §3Sisjon),, 8'°”Bapga at stations DH13
and KK1 generally decreases with depth mirrored by an increase



Z. Cao et al. / Earth and Planetary Science Letters 434 (2016) 1-9

N
o
o

200

_ (a) g??atngpang _ v gl;a{nggwang (c)
5160 e I
2 ater 7 93650 m 2 e @3650 m|
5 120 Y 6 5 120 1 \ 0
E J 0 g A\ (,b
< 801 Pad o e v enio] gz 897 v P
R I N .
5m 150 m 5m 150 m
0 . . . O KK 0 . . . . O KKi
0 10 20 30 40 50 00 05 1.0 15 20 25 30 35
NO, (umol L") PO, (pmol L)
1.2 12
v PN10 v PN10

10 % A PNO4 1.0 i é A PNO4
z O DH13| T O DH13
€ 08 (%%A@ Q o ki | T o] %Qﬁ ° o KKI
3 g
@ 06 %i} ° {g% & 061 :% g @ %%
® 04 foo % oga] VY g

02 (b) Changjiang Diluted Water 02 Changjiang Diluted Water (d)

10 20 30 40 50 0.0 0.5 1.0 1.5 2.0 25 3.0 3.5
NO, (pmol L") PO, (umol L")
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50-75 m at stations PNO4 and DH13 were too low to be determined using classical colorimetric methods, while those in the surface mixed layer at station KK1 were
measured by techniques targeting low-concentration nutrients at nM levels (Zhang, 2000; Ma et al., 2008). NO3 and PO4 data collected at station KK1 in the South China Sea

are from Dai et al. (2013) and Du et al. (2013).

in the concentrations (Figs. 2a and 2b; Cao et al, 2012, 2015).
Nevertheless, significant differences exist between the isotopic
compositions of the two elements as documented by three dis-
tinct trends in the §'37Bappa-83°Sision), plot (Fig. 3b). At station
PN10, due to mixing of the Changjiang Diluted Water with low
8137Bapg, and high §°%Sigjon), (probably enhanced by biological
fractionation during diatom growth) relative to the corresponding
near-bottom waters, a negative relationship is observed between
the two parameters. In the upper 150 m at the other three sta-
tions, §'37Bapg, signatures are nearly constant as opposed to the
rapid ~1.0%, decrease of 63%Sisjon), from the surface to the sub-
surface waters. Although dissolved Ba and Si isotopes are not as
well correlated as their concentrations below 150 m, a generally
positive relationship documents that both systems become lighter
in the intermediate and deep waters with increasing depth, most
likely as a consequence of water mass mixing (Fig. 3b).

The decoupling between §'37Bapg, and §3%Sisj(on),, in the river
plume and in the upper ocean, confirms that there is no di-
rect association of Ba and diatom growth and that Ba is a much
less bioactive element compared to Si, which is often biolimit-
ing in the marine environment (Guay and Falkner, 1997). This
is consistent with observations in culture experiments showing
very low cellular Ba concentrations in diatoms (Fisher et al., 1991;
Sternberg et al., 2005).

In order to constrain the role of overall surface ocean produc-
tivity in fractionating Ba isotopes we compare our Ba results with
concentrations of NO3 and PO4, the two other major nutrients
in the ocean, which are essential for all phytoplankton. Beyond
the influence of Changjiang Diluted Water, DBa concentrations and
8137Bapg, signatures in the upper 150 m are essentially constant
whereas concentrations of both NO3 and PO4 rapidly increase from
the very surface waters to the subsurface (Fig. 4) implying over-
all minor effects of surface biology on Ba dynamics. Such decou-
pling between DBa and NO3 or PO4 extends to the subsurface and
deep waters below 150 m (Figs. 4a and 4c), which is also ob-
served for other oceanic regimes (e.g., Horner et al., 2015). Given
that active intracellular uptake by living phytoplankton rarely oc-
curs, surface DBa, in contrast to the major nutrients, is not as
strongly depleted and is thus not reflected by significantly heavier
5137Bapg, signatures in the very surface waters. While negligible
biological utilization does not induce apparent gradients of DBa
and 8'37Bapg, in the upper 100 m, there is also no trend with

salinity, which documents a pronounced stratification in the up-
per 20-60 m (Supplementary Fig. S3). We contend that passive
adsorption onto particles of mainly biogenic origin combined with
DBa supply from deep waters via vertical mixing can best explain
its observed distribution in the uppermost water column. During
this process, the preferential removal of the lighter isotopes in-
duces higher §'37Bapg, and lower §'37Bagays and both signatures
are also essentially constant.

4.3. Tracing water mass mixing

Given that direct biological uptake is obviously quantitatively
unimportant at our study sites, the significant spatial variations of
8137Bapg, are primarily a consequence of physical mixing between
different water masses. In the East China Sea, three major water
mass end-members (i.e., Changjiang Diluted Water, East China Sea
(sub)surface water, and East China Sea deep water) with distinct
DBa concentrations and isotopic compositions can be distinguished
in a 8'37Bapg,—1/DBa plot (Fig. 5a). Although §'37Bapg, values
of Changjiang Diluted Water and East China Sea deep water are
within analytical uncertainty identical, the former is markedly en-
riched in DBa. 8'37Bapg, signatures are significantly heavier in the
East China Sea (sub)surface water where much lower DBa concen-
trations prevail. All other data points can be fully explained by two
separate two-end-member mixing lines constrained by the three
major water masses (Fig. 5a).

In the South China Sea, all data points collected at station KK1
follow a strict linear relationship between §!'3’Bapp, and 1/DBa
(r? = 0.95; Fig. 5b), which suggests that a simple two-end-member
mixing of the highly fractionated South China Sea (sub)surface wa-
ter and the South China Sea deep water with low §'37Bapg, can
explain the §'37Bapg, distributions. Potential effects of other pro-
cesses affecting the Ba isotopic compositions (e.g., horizontal mix-
ing from the nearby slope area, production/dissolution of Bays or
barite) are at this point probably too small to be detected outside
analytical uncertainty of the §137Bapg, signatures and thus cannot
be distinguished from the dominant control of water mass mixing.

5. Conclusions

Our analyses of the distribution of §'37Bapg, in different
oceanic regimes in the East China Sea and the South China Sea
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solid line indicates the vertical mixing between the ECS (sub)surface water and the
ECS deep water; In (b), the solid line indicates the vertical mixing between the SCS
(sub)surface water and the SCS deep water.

reveal significant spatial variations primarily owing to physical
mixing between various water masses and to some extent bio-
logical effects. The dynamics of dissolved Ba isotopes are broadly
similar to those of dissolved Si isotopes but there is also clear
decoupling between these isotope systems in the upper water col-
umn. Combined with the decoupling of DBa and §'37Bapg, from
NO3 or PO4 concentrations, we contend that Ba is not directly
physiologically utilized and in particular is not associated with sil-
ica frustules of diatoms.

The results suggest that Ba isotopes are a new useful tracer
of land-sea interactions and water mass mixing, in particular of
the advection of river waters with distinctly elevated DBa con-
centrations and light isotopic compositions. Similar to Ba/Ca ra-
tios of surface-dwelling planktonic foraminifera (e.g., Weldeab et
al., 2007), the §137Ba of carbonates may also prove a quantitative
proxy for paleosalinity in proximity to large river plumes. On the
other hand, the largest vertical gradient of §137Bapg, is observed
in the intermediate waters where the majority of the mesopelagic
barite forms. If this process contributes significantly to the water
mass isotope signatures in comparison to physical mixing, Ba iso-
topic compositions of barites may be a potential proxy for paleo-
productivity or nutrient utilization. This needs to be tested through
systematic analyses of particulate Ba isotopic compositions in both
the water column and the sediments.
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