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Abstract The development of stable barium (Ba) isotope measurements provides a novel tool to investigate
the geochemical cycling of Ba in the ocean and its sediments. In sediment pore waters, gradients of dissolved
Ba concentrations result from various diagenetic processes. The distribution and fractionation of Ba isotopes

in the pore waters are expected to further improve our understanding of these early diagenetic control
mechanisms. Here, we present pore water profiles of dissolved stable Ba isotopic signatures (6133Bapw) from
shallow water sediments covering the entire Pearl River Estuary (PRE) in Southern China. We find pronounced
depth-dependent Ba isotope variations generally showing a shift from heavy to light 5138Bapw signatures from
the sediment surface down to 15 cm depth. These gradients are well reproduced by a diffusion-reaction model,
which generates an apparent fractionation factor (13%¢) of —0.60 + 0.10%o pointing to preferential removal

of low-mass Ba isotopes from the pore water during solution-solid phase interactions. Consequently, the
combined diagenetic processes induce the highest 6133Bapw values of +0.5 to +0.7%o in the pore waters of the
topmost sediment layer. Although the detrital fraction dominates the Ba content in the PRE surface sediments,
the determined gradients of pore water Ba isotopes, together with concentration variations of Ba and other
redox-sensitive elements such as manganese (Mn), show that non-detrital excess Ba carriers including Mn
oxides and authigenic barite clearly affect the post-depositional Ba dynamics. Stable Ba isotopes are thus a
potentially powerful tracer of Ba geochemistry during early sediment diagenesis in estuarine depositional
environments.

Plain Language Summary Dissolved barium (Ba) concentrations change with depth in sediment
pore waters because of various chemical reactions involving the formation and dissolving of manganese (Mn)
and barite (BaSO,) minerals. The development of stable Ba isotope measurements provides a novel tool to
better understand these reactions in sediment pore waters. Here, we measured the dissolved stable Ba isotopic
compositions in sediment pore waters near the bottom of the Pearl River Estuary, China. Pore water Ba isotopic
signatures generally decrease from the sediment surface downward. The change of Ba concentrations and
isotopic compositions measured in the field is well reproduced by a chemical model including diffusion and
mineral formation/dissolving processes. This change in pore water Ba isotopes results from a combination of
different processes including Ba sticking to sediment particles formed during the cycling of Mn minerals and
the formation of BaSO, minerals, which preferentially remove lighter Ba isotopes from the pore water into the
solids. This is significant because it allows pore water Ba isotopes to be used to trace chemical reactions during
Ba cycling in freshwater and marine sediments.

1. Introduction

Estuaries form the transition from freshwater to coastal marine environments and act as efficient reactors for
many riverine trace elements before they reach the open ocean. While the formation of authigenic mineral phases
in anoxic estuarine sediments enhances the removal of some trace elements, early diagenetic reactions can also
release trace elements back into the water column via reductive processes (e.g., of manganese (Mn) and iron (Fe)
oxides) or dissolution of barium (Ba) bearing solid phases (cf., Charette et al., 2005; Gingele et al., 1999; Haese
et al., 2006; Henkel et al., 2012, 2016, 2018; Hong et al., 2018; McManus et al., 1998; Riedinger et al., 2006;
Torres et al., 1996). Therefore, the functioning and efficiency of the estuarine reactor are strongly influenced by
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early sediment diagenesis, which controls the dynamics of trace elements in the pore waters and their potential
benthic fluxes into the overlying water column.

The estuarine behavior of Ba in the water column is characterized by a gradual increase in dissolved Ba concen-
trations from zero salinity to a maximum at low salinities around 5-10, generally ascribed to the salinity-induced
desorption of Ba from fluvial suspended particles, which is followed by a linear decrease in concentrations with
salinity further increasing toward the coastal marine environments (Edmond et al., 1985; Joung & Shiller, 2014).
However, the apparently conservative Ba-salinity relationship beyond low salinities of 5-10 is potentially
perturbed by benthic Ba inputs via the sediment-water interface in estuaries (Colbert & McManus, 2005; Hong
et al., 2018; Joung & Shiller, 2014; McManus et al., 1998; Moore & Shaw, 2008; Scholz et al., 2023). Although
previous studies have shown that the sedimentary Ba distributions are affected by various processes includ-
ing transport of terrigenous detritus (i.e., the upper continental crust), adsorption-desorption associated with
non-detrital particulate phases, and barite dissolution and precipitation (e.g., Charette et al., 2005; Gingele
et al., 1999; Henkel et al., 2012; Riedinger et al., 2006; Torres et al., 1996), a better understanding of early diage-
netic controls on Ba dynamics in sediment pore waters is still required.

Inspired by the pioneering study of von Allmen et al. (2010), stable Ba isotopes have been developed as a new
tracer to investigate the (bio)geochemical cycling of Ba in marine environments. The majority of studies carried
out so far have revealed measurable variations of dissolved Ba isotopic compositions in vertical seawater profiles
and along the salinity gradient in estuaries (Bates et al., 2017; Bridgestock et al., 2018, 2021; Cao, Li, et al., 2020;
Cao, Siebert, et al., 2020; Cao et al., 2016, 2021; Geyman et al., 2019; Hemsing et al., 2018; Horner et al., 2015;
Hsieh & Henderson, 2017; Yu et al., 2022). Stable Ba isotopic signatures of the marine (as well as estuarine
and fluvial) sedimentary solid phase are systematically lighter than seawater and vary within a relatively narrow
range (Bridgestock et al., 2018, 2019; Charbonnier et al., 2020; Crockford et al., 2019; Nan et al., 2018; Nielsen
etal., 2018; Scholz et al., 2023). In this context, the stable Ba isotope geochemistry of pore waters has rarely been
examined but holds potential to elucidate sedimentary Ba dynamics during early diagenesis.

The Pearl River Estuary (PRE) is a large subtropical estuary significantly affected by human activities. A
pronounced increase in anthropogenic loads of organic carbon and nutrients over the last few decades has led to
the recent deterioration of aquatic environments, including the occurrence of water column hypoxia. Although
extensive studies on hypoxia and their controlling mechanisms in the PRE are available (Dai et al., 2006; He
et al., 2014; Li et al., 2020; Qian et al., 2018; Rabouille et al., 2008; Su et al., 2017; Zhao et al., 2021), infor-
mation on sediment redox zonation and associated element cycling in the sediment pore waters is very sparse
(Cai et al., 2015; Hong et al., 2018; L. Zhang, et al., 2013). With the goal to unravel the geochemical behavior
of Ba isotopes in sediment pore waters and its potential controlling processes, we analyzed the depth distribu-
tion of stable Ba isotopic compositions in the pore waters (8133Bapw) of PRE surface sediments together with
other supporting geochemical parameters. The obtained Ba isotope distributions were then simulated using a
diffusion-reaction model in order to evaluate pore water Ba isotope fractionation and identify its major controls
in these deposits. By comparison of the 6'38BapW signatures in the sediment surface with those in the overlying
bottom waters of the PRE, we also assess whether benthic fluxes of Ba significantly affect the stable Ba isotopic
composition in the water column of the estuarine mixing zone.

2. Materials and Methods
2.1. Study Area

The Pearl River (or Zhujiang) drains an area of 452,000 km? into the South China Sea with a water discharge of
~3.3 x 10" m3 y~! (He et al., 2014; Qian et al., 2018). The PRE is generally divided into three zones (Figure 1):
(a) the upper estuary: the channel flowing from the city of Guangzhou to the Humen outlet; (b) the middle
estuary: the inner Lingdingyang from the Humen outlet to the inner Lingding Island; and (c) the lower estuary:
the outer Lingdingyang from the inner Lingding Island to the outer estuary. In the upper reach of the PRE,
pronounced year-round hypoxia occurs in the water column, primarily due to oxygen consumption by excessive
discharge of organic matter and ammonia (Dai et al., 2006; He et al., 2014; Rabouille et al., 2008). In the lower
reach of the PRE, sustained summer hypoxia develops in the bottom waters off Hong Kong, likely associated with
elevated phytoplankton production stimulated by excessive nutrient inputs (Li et al., 2020; Qian et al., 2018; Su
et al., 2017; Zhao et al., 2021).

CAO ET AL.

20f 17

85UB017 SUOLIWOD A1) 8|qed!jdde ey Aq pausenob afe sejoite YO ‘8sn Jo Sajn. Joj Ariqi]auluO A8|IAA UO (SUORIPUCD-pUR-SLWLIBY/WOD B | IM Aleq 1puluo//Sdny) suonipuoD pue swie | 8yl 88s *[£Z0z/S0/TE] uo Arlqiauliuo A ‘Auewes) aueiyaoD Aq Z060T0DDEZ0Z/620T 0T/10pwod Ao im Azeiqjuljuo-sgndnfie//sdny wouy pepeojumod ‘9 ‘€202 ‘L202S2ST



V ad |
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geochemistry, Geophysics, Geosystems 10.1029/2023GC010907

23.5°N

Guangzhou

23°N

22.5°N 5 P

0
.
o

22°N

n Data View

South China Sea 3

21.5°N 1 — — — — — — —_— — —

112.5°E 113° 113.5°E 114°E 114.5°E

Figure 1. Map of the Pearl River Estuary showing the locations of sampling stations in January 2017. The estuary is divided
into three zones: (1) the upper estuary (Humen upstream); (2) the middle estuary (inner Lingdingyang); and (3) the lower
estuary (outer Lingdingyang and beyond).

The Pearl River delivers ~8 X 107 tons of sediments annually, the majority of which is trapped within the estuary
leading to high sedimentation rates of >1-7 cm y~'. While the seabed of the PRE is dominated by fine-grained
sediments, their grain size varies as a function of the hydrodynamics of the sedimentation environment. The
bottom sediments are relatively coarse in the upper reaches, whereas the middle and lower estuarine sediments
are composed of a mixture of silts and clays (Cai et al., 2015; He et al., 2010; W. Zhang et al., 2013). Pore water
profiles of nutrients, dissolved inorganic carbon, and trace elements including Ba for sediments of the PRE have
recently been reported by L. Zhang et al. (2013), Cai et al. (2015), and Hong et al. (2018), which mainly quantify
the benthic flux of elements into the overlying water column. However, these studies do not include an in-depth
discussion of the diagenetic element cycling as a function of sediment geochemical zonation.

2.2. Sampling and Analyses
2.2.1. Sampling

Surface sediment samples were collected at shallow water depth stations P03, P06, A03, and A09 (bottom depth
of 5.8, 21.3, 10.5, and 15.3 m, respectively) located in the upper, middle, and lower estuary of the Pearl River
during a winter cruise in January 2017 (Figure 1). Undisturbed sediment cores were obtained with a standard box
corer (30 x 30 x 60 cm?) and subsamples were collected by inserting PVC tubes (diameter 47 mm) into the box
core. Sediment subcores were sliced into 1-cm thick slabs for analyses of metal concentrations, including Ba,
Mn, Fe, and aluminum (Al) and total organic carbon (TOC) concentrations. Pore water samples were extracted
from the sediment subcores using rhizon samplers (Seeberg-Elverfeldt et al., 2005). Aliquots for analyses of Ba
concentrations and stable isotopic compositions, as well as of Mn, Fe, and sulfate (SO42‘) concentrations, were
acidified with distilled concentrated HCI (0.2% v/v) and stored at room temperature. Aliquots for nitrate (NO;~)
analyses were stored at —20°C. In addition, bottom water samples (2-3 m above the seafloor) at each station were
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collected with Niskin bottles attached to a rosette sampler and were subsequently filtered and acidified for analy-
ses of Ba concentrations and stable isotopic compositions, which were previously published by Cao et al. (2021).

2.2.2. Elemental Analyses of Pore Waters and Bottom Waters

Barium concentrations in the pore waters and bottom waters were analyzed using an isotope dilution method
on an Agilent 7,700x quadrupole-ICP-MS with a precision of +1% (1 standard deviation (1SD)). After dilut-
ing the samples 10-100 fold, pore water Mn and Fe concentrations were determined using an Agilent 7700x
quadrupole-ICP-MS with a precision better than +5% (1SD) and SO,2~ concentrations were determined using
a DIONEX ICS-1100 ion chromatograph with a precision of +1% (1SD) based on external calibration stand-
ards. Concentrations of NO,~ in the pore waters and bottom waters were determined using a Technicon AA3
Auto-Analyzer (Bran + Luebbe GmbH) following classical colorimetric methods with a detection limit of
0.1 pmol L', The salinity of pore water samples was determined using a Multi 340i multi-parameter meter (WTW)
and the salinity of bottom water samples was determined shipboard with a SBE25 Conductivity-Temperature-Depth
(CTD) recorder (Sea-Bird).

2.2.3. Elemental Analyses of the Solid Phase

Approximately 10 mg of dried and powdered sediments were completely digested in a concentrated acid mixture
of 0.45 mL HCI, 0.15 mL HNO,, and 0.25 mL HF at 120°C for 24 hr. After evaporation to dryness and redis-
solution, the bulk Ba, Mn, Fe, and Al concentrations were determined using an Agilent 5110 ICP-OES with a
precision better than +2% (1SD) based on external calibration standards. After carbonate removal by reaction
with 0.5 N HCI, TOC contents in the sediments were determined using a PE-2400 SERIES II CHNS/O analyzer
with a precision better than +5% (1SD). In addition, approximately 250 mg of selected sediment samples were
sequentially extracted for Ba isotope determination of specific Ba carriers, including barite using 25 mL of a2 N
NH,Cl and Mn and Fe oxides using 25 mL of a CDB solution (0.15 N Na-citrate, 0.5 N NaHCO, (pH 7.6), and
1.125 g Na-dithionite) (Plewa et al., 2006; Schenau et al., 2001).

2.2.4. Stable Barium Isotope Analyses

The stable Ba isotopic composition was measured using a double spike technique and is given in %o deviations
relative to the international Ba standard NIST SRM 3104a (Ba(NO,),, Lot: 070222; §'**Ba = [(**Ba/'**Ba),,,,,../
(38Ba/"**Ba),,, 4uqa— 11 X 1000). The actual '**Ba signal was not measured on a Nu Instruments HR MC-ICP-MS
at Xiamen University because of its very high natural abundance of 71.70% relative to the other Ba masses,
which would have caused the differences between the monitored voltages of different masses to be impractically
large. We thus only report 5'*Ba values in this contribution (Figures 4-6) obtained by multiplying 8'*'Ba by
1.33 assuming mass-dependent fractionation (Horner et al., 2015). A '*°Ba-!*Ba double spike was prepared
from '*'BaCO, and '*BaCO, (ORNL enriched to 35.8% and 93.4%, respectively) and was added to all water
samples, as well as digested solutions of selected sediment samples by sequential extraction. After equilibration
overnight, Ba was purified from the sample matrix using cation-exchange chromatography with an average yield
of 90% for the entire chemical preparation procedure. The purified sample solutions were introduced as a dry
aerosol into the plasma using a DSN-100 desolvator (Nu Instruments) and Ba isotopes were determined in static
mode. A three-dimensional data reduction procedure was used and each spiked sample measurement of §'3Ba
was normalized to two “bracketing” spiked standard measurements (Cao, Li, et al., 2020).

Each pore water and sediment sample solution was analyzed three times (except one sample that was only
analyzed twice and three samples that were analyzed six times) in a single measurement session resulting in
sample reproducibility between +0.01 and +0.15%o for §'3¥Ba (2SD; Tables S1 and S2 in Supporting Informa-
tion S1), which represent the uncertainty of field data of this contribution (Figures 4-6). Repeated measurements
of four in-house standards between April 2017 and January 2023 gave average 8'*®*Ba values of —0.05 + 0.04%o
(2SD, N = 19; Ba(NO,), standard solution, Inorganic Ventures), +0.10 + 0.05%0 (2SD, N = 29; IAEA-SO-5,
BaSO,, IAEA), +0.08 + 0.05%o (2SD, N = 26; IAEA-SO-6, BaSO,, IAEA), and 4+0.38 + 0.05%0 (2SD, N = 15;
seawater collected at 500 m depth in the South China Sea basin). The long-term external 2SD reproducibility
was +0.05%o.

Our measurements of two artificially fractionated Ba isotope standards yielded §'**Ba of —1.53 + 0.06%0 (2SD,
N=4)for BaBel2 and of —0.83 + 0.07%0 (2SD, N = 7) for BaBe27, both of which are within analytical error indis-
tinguishable from the values (BaBel2: —1.54 + 0.07%o0 and BaBe27: —0.82 + 0.07%o) reported by van Zuilen,
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Nigler, and Bullen (2016). We also analyzed the GEOTRACES SAFe seawater reference material. Our 8'3¥Ba
data (surface: +0.62 + 0.04%o, 2SD, N = 2 and deep: +0.28 + 0.09%o, 2SD, N = 2) are identical to those obtained
from three other labs (surface: +0.62 + 0.02%o and deep: +0.27 + 0.02%0 (Hsieh & Henderson, 2017); surface:
+0.63 + 0.04%o and deep: +0.32 + 0.03%0 (Geyman et al., 2019); deep: +0.27 + 0.03%o0 (Yu et al., 2020)).

2.3. Barite Saturation State Calculation
The barite saturation state (BSS) of pore waters was calculated as follows:

(Ip)in—silu ( I )
(K“'P)in—si\u

denotes the in situ ionic product estimated based on the dissolved Ba and SO,?~ concentrations in the

BSS =

(IP)in-silu
pore waters. (K, );, i, denotes the in situ stoichiometric solubility product of barite as a function of temperature,
salinity, and pressure deduced by Monnin (1999) and Rushdi et al. (2000). BSS > 1 indicates oversaturation
favoring barite precipitation, while BSS < 1 indicates undersaturation promoting barite dissolution.

2.4. Estimation of Stable Barium Isotope Fractionation

A diffusion-reaction model was used to estimate the stable Ba isotope fractionation factor (!3%¢) in the pore waters of
the PRE. Given that estuaries are highly dynamic environments with various physical and biogeochemical processes
exerting complex influences, we started using a simplified model assuming that the observed pore water profiles in
winter are yearly averaged in steady state conditions and neglected the effect of pore water advection due to burial,
compaction, bioturbation, and bioirrigation. The one-dimensional equation used is given by the following equation:

daz ( o

@Ds —) +R=0 )
0z

where C is the pore water concentration, z is the depth, ¢ is the porosity, Dy is the effective diffusivity in the

sediment, and R is the net transformation rate between pore water and solid phase. The molecular diffusion coef-

ficient (D), calculated by the temperature and salinity dependent relations (Boudreau, 1997), was corrected by a

factor that reflects the effect of the tortuosity to obtain D (Iversen & Jgrgensen, 1993):

Dy

Dg=— "0
1+3x(1-9)

3)
The transformation rate R was calculated from measured pore water Ba profiles using a complementary steady
state model, PROFILE (Berg et al., 1998). The porosity ¢ was applied using an average value in each core.
Concentrations at the top and bottom of the calculation domain were fixed to field-measured values. The
PROFILE model found a series of fit curves to the Ba concentration profiles subdivided in a number of zones
and provided R values for each zone. R > 0 indicates net Ba release from the solid phase into the pore waters,
while R < 0 indicates net Ba removal from the pore water into the solid phase. R = 0 suggests that pore water Ba
distributions are mainly controlled by diffusion within certain zones with negligible influence of solution-solid
phase interactions.

We calculated absolute concentrations for pore water '¥Ba and '**Ba, which were separately computed using
the diffusion-reaction equation (Equation 2). Since the transformation rate R obtained by the PROFILE model
was based on total Ba (all isotopes), the rate contributed from ¥¥Ba and '**Ba (R and R}}*, respectively) was
calculated according to Equations 8—11, which is discussed in detail below. The sum of *®Ba and '**Ba concen-
trations was finally converted to the total Ba concentration. To consider potential isotope fractionation during Ba
diffusion in sediments (van Zuilen, Miiller, et al., 2016), a dimensionless exponent  was applied:

D1 138/
s _ (229 4
Diss (134) @

Removal of Ba from the pore water to the solid phase via precipitation or adsorption is assumed to follow first
order kinetics with isotope fractionation (Bottcher et al., 2012, 2018; von Allmen et al., 2010):

RI3 = 134k 134By (5)
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R]13338 — 138k13XBa (6)

134
RBa _ 134B4

R}13338 138Bg

O]

where %k and 138k are the rate constants of each species and the fractionation factor « is defined as their ratio. a
can be converted to the epsilon notation 3¢ (in %o) by (1/a —1) x 1000. Rearranging above equations gives the
specific rates of each isotope:

. «'%*Ba

138 134
Ba T 1388, 4+ ¢!34Ba x (RBa +RBa ) (®)

138
138 _ Ba

138 134
Ba T 138By 4 ¢134Ba x (RBa +RBa ) &)

von Allmen et al. (2010) found that partial dissolution of BaSO, does not significantly affect the Ba isotopic
composition of a fluid if at least 10% of the solid dissolves. Mavromatis et al. (2016) suggested that no Ba isotope
fractionation occurs during BaCOj, dissolution but stated that their data cannot adequately rule out fractionation
at the onset of dissolution. Bridgestock et al. (2019) based their assumption of absent Ba isotope fractionation
during barite dissolution on the relatively constant particulate Ba isotopic signatures in the upper 1,000 m of the
South Atlantic (Horner et al., 2017). Despite debates, we assumed in this simplified model that release of Ba
from the solid phase to the pore water via dissolution or desorption is not accompanied by significant Ba isotope
fractionation. The transformation rates used are as follows:

1
Rus = T X (R Ry) (10)

I
138 _ Sp 138 134
Rud = T3 X (Red +Ry) an
where r, is the ratio of 138Ba to '3*Ba in the solid phase and can be converted to a Ba isotopic composition of
particulate Ba phases (6133Basp) mainly interacting with the pore waters. Our measurements of sediment 5'3¥Ba
signatures via sequential extraction (5'*Ba_,) ranged between 0.00 and +0.12%. (Table S2 in Supporting
Information S1).

Because '8

of these parameters were tested and assigned in the model to derive optimized ones. The criterion is that the

e, f, and é‘)m‘Basp are largely unknown for sediments in natural environments to date, different values

fitting process finds a minimum error compared to the field measurements (i.e., error ~ »(8'3¥Ba . .ion —
8138Ba_ ... Our diffusion-reaction model was thus run over a wide range of *% (—0.40, —0.50, —0.60, and
—0.70%o), p (—0.005, 0.000, 0.005, and 0.010), and 613”‘BaSP (0.00, +0.03, +0.05, +0.10, and +0.12%0), and the

best fit values were obtained by reaching the minimum error.

3. Results
3.1. Pore Water Element Profiles

At the upstream PRE station P03, pore water NO,~ concentrations decrease from 5.6 pmol L~! in the sediment
surface to near zero below 10 cm core depth (Figure 2a). Pore water Mn concentrations steadily increase with
depth until the base of the core (from 10 to 88 pmol L~'), while Fe concentrations increase to 10 cm depth and
remain stable below at ~320 pmol L=!. The SO,?~ profile shows a convex-downward shape with concentrations
decreasing from 0.7 mmol kg~! within the topmost sample to values around zero below 8 cm depth (Table S3 in
Supporting Information S1). The Ba profile shows an increasing trend with depth, with Ba concentrations steeply
increasing below 8 cm core depth reaching >1,000 nmol kg~! (Figure 2a).

At the upper PRE station P06, the complete consumption of NO,~ at 3 cm (from 62.2 to 1.8 pmol L) is
followed by the reduction of Mn and Fe oxides as evidenced by the release of dissolved Fe and Mn into the
pore waters. Pore water Mn and Fe concentrations both peak at 4-5 cm core depth displaying concentrations
of ~165 and ~490 pmol L', respectively (Figure 2b). While Mn concentrations slightly decrease again below
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Figure 2. Pore water profiles of dissolved NO;~, Mn, Fe, SO,%, and Ba concentrations, barite saturation state (BSS), and salinity. (a) station P03; (b) station P06; (c)
station A03; (d) station A09. Triangles indicate data collected in the bottom waters 2—3 m above the seafloor. The gray vertical dashed line denotes BSS = 1. Note that
the concentration ranges for the different parameters, except for salinity, differ strongly among stations.

reaching ~120 pmol L=, Fe concentrations remain essentially stable and only fluctuate between high values
of 380 and 480 pmol L~!. The shape of the pore water SO,> profile is similar to that at station PO3. However,
SO,2~ concentrations of 6.8 mmol kg~! in the sediment surface are a factor of 10 higher than at station P03 due
to the higher salinity of the pore water (Figure 2b). Sulfate concentrations steeply decrease downward within the
upper 6 cm and display a less steep downward decline below, reaching SO,*~ concentrations of 0.4 mmol kg~! at
the base of the core (Table S3 in Supporting Information S1). Dissolved Ba exhibits a maximum concentration of
3,410 nmol kg~! at 6 cm depth and decreases both below (reaching 1,720 nmol kg~ at the base of the core) and
above (reaching 210 nmol kg~! in the sediment surface) this depth (Figure 2b).

At the middle PRE station A03, pore water NO,~ concentrations decrease strongly in the upper 5 cm (from 10.2
to 0.3 pmol L) followed by a less steep decline down until 10 cm depth, which is mirrored by the pore water
profile of Mn increasing from 14 to 153 pmol L~! with depth (Figure 2c). Pore water Fe concentrations are close
to detection limit within the upper 10 cm and sharply increase below 10 cm until the base of the core reaching
36 pmol L~ indicating the reduction of Fe oxides. Pore water SO,*~ concentrations slightly decrease downward
from values even higher than at the two upstream sites (22.7 mmol kg~! at 2 cm depth to 8.6 mmol kg~! at the
base of the core; Table S3 in Supporting Information S1). Pore water Ba concentrations vary within a much
narrower range than at the two upstream sites and generally increase with depth until 5-6 cm (from 150 to
330 nmol kg~'), below which Ba distributions fluctuate between 40 and 50 nmol kg~! (Figure 2c).

CAO ET AL.

7of 17

8SUBD17 SUOWIWIOD 911D 3|qedl|dde ay Aq pausenob ae saoite YO ‘8sn JO sajn. Joj AriqiTauluQ AS|1AA UO (SUONIPUCD-PUR-SWLIBY/W0D A3 1M Aeq 1pUIIUO//SANY) SUORIPUOD pue W | 3U1 89S *[£202/S0/TE] Uo ARigiauliuo Aa|iIa ‘Auewss aue1yoo)d Aq Z060T0DDEZ02/620T 0T/10p/wod A8 im Areiqpuljuosgndnfe//sdny wouy pepeojumod ‘9 ‘€202 ‘/202S2ST



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geochemistry, Geophysics, Geosystems 10.1029/2023GC010907

At the lower PRE station A09, pore water NO,~ is also completely consumed at 3 cm and Mn exhibits a maxi-
mum concentration of 90 pmol L~ at 2 cm. Iron concentrations are close to detection limit within the uppermost
3 cm (Figure 2d). Below this zone, Mn concentrations decrease with depth, while Fe concentrations display a
maximum of 74 pmol L~" at 8 cm depth indicating Fe reduction. Sulfate concentrations are nearly constant at
25.0 mmol kg~! over the entire depth of the profile (Table S3 in Supporting Information S1). Barium shows a
small concentration maximum of 172 nmol kg~! at 2-3 cm coincident with the Mn peak, below which Ba concen-
trations slightly decrease until 5-6 cm. In contrast to the continuous downward decline of Mn, pore water Ba
shows a slight increasing trend below 6 cm reaching 180 nmol kg~ at the base of the core (Figure 2d).

3.2. Solid Phase Element Profiles

The bulk Ba, Mn, Fe, and Al contents in the sedimentary solid phase (Table S4 in Supporting Information S1),
overall comparable among the four investigated PRE stations, are similar to the element composition of the upper
continental crust (i.e., Ba ~ 0.6, Mn ~ 0.7, Fe ~ 37, and Al ~ 81 mg g~!; Rudnick & Gao, 2014). The bulk TOC
contents in the sedimentary solid phase (Table S4 in Supporting Information S1) vary within a range of 0.3%—
1.4% and are overall higher at the upstream station P03 than at the other three stations (Figure 3). While the depth
distribution of Ba, Mn, and Fe largely follows that of Al in the solid phase, the majority of the element to Al ratios
are lower than or comparable to the average value for the upper continental crust (Rudnick & Gao, 2014; Taylor
& McLennan, 1985). These features point to the dominant detrital background of the PRE surface sediments.
Exceptions are the Fe/Al ratio in the solid phase at stations PO6 and A09, where non-detrital excess Fe contributes
to a relatively large portion of total Fe in the two cores (Figures 3b and 3d).

Reitz et al. (2004) reported an average detrital Ba/Al ratio of 0.0037 for pelagic surface sediments, which is a
factor of 2 lower than that of the upper continental crust (0.0068 or 0.0077; Rudnick & Gao, 2014; Taylor &
McLennan, 1985). The Ba/Al ratios throughout cores A03 and AQ9 are close to the value of 0.0037 with very
little variations (with the exception of one peak in the upper centimeters of core A09; Figures 3c and 3d). In
contrast, cores P03 and PO6 show systematic variations in Ba/Al ratios and larger parts of the cores have elevated
values with respect to the pelagic endmember (Figures 3a and 3b). Similarly, variations of solid phase Mn/Al and
Fe/Al ratios, as well as TOC concentrations, are significantly larger at stations PO3 and P06 than at stations A03
and A09 (Figure 3).

3.3. Stable Barium Isotope Distributions in the Pore Waters

Bottom water salinity generally increases from near zero at the upstream station P03 to 30.9 at the lower station
A09. At each station, pore water salinity is almost constant over depth and close to the respective bottom water
salinities. In contrast, pore water Ba concentrations are significantly higher than those of the corresponding over-
lying bottom waters (Figure 2). Except for station A09, the pore water §'**Ba, signature in the topmost sediment
layer is significantly heavier than in the bottom waters, while & 138Bapw profiles at all four stations generally show
a decline with depth and overall mirror Ba concentration patterns (Figure 4).

Taking a closer look at each single profile, a lightest 6]38Bapw signature of +0.13%o corresponds to a maximum
Ba concentration at 12 cm depth at station PO3. Above 12 cm core depth, 6‘38Bapw values gradually increase
to +0.47%o in the sediment surface, mirrored by generally decreasing Ba concentrations (Figures 2a and 4a).
At station P06, the lightest 6]38Bapw signatures averaging +0.13 + 0.03%o are observed at 5-8 cm core depth
(1SD, N = 3; Table S1 in Supporting Information S1), which coincide with the pronounced Ba concentration
maximum at 6 cm. Above this maximum pore water 8'38Bapw values sharply increase to +0.51%o in the sediment
surface, whereas below 6 cm the Ba isotopic signature values slowly increase to +0.22%o at the base of this core
(Figures 2b and 4b).

The 6]38BapW at station A03, showing a distribution pattern inverse to that of Ba concentrations, decreases rapidly
from +0.69 to +0.28%o between 2 and 6 cm and reaches a second minimum of +0.27%o at the base coinciding
with elevated Ba concentrations (Figures 2c and 4c). At station A09, the lightest 6‘33Bapw of +0.24%o is also
observed at the base of the core and corresponds to the highest pore water Ba concentration, whereas the Ba
concentration maximum at 2 cm is not reflected by a 8'**Ba,, minimum. Both Ba concentrations and 8'**Ba,,
vary only within a narrow range over the entire depth of this core (150-174 nmol kg~! and +0.24-+0.49%o,
respectively) relative to the other three cores (Figures 2d and 4d).

CAO ET AL.

8 of 17

85UB017 SUOLIWOD A1) 8|qed!jdde ey Aq pausenob afe sejoite YO ‘8sn Jo Sajn. Joj Ariqi]auluO A8|IAA UO (SUORIPUCD-pUR-SLWLIBY/WOD B | IM Aleq 1puluo//Sdny) suonipuoD pue swie | 8yl 88s *[£Z0z/S0/TE] uo Arlqiauliuo A ‘Auewes) aueiyaoD Aq Z060T0DDEZ0Z/620T 0T/10pwod Ao im Azeiqjuljuo-sgndnfie//sdny wouy pepeojumod ‘9 ‘€202 ‘L202S2ST



AP~

NI

ADVANCING EARTH
AND SPACE SCIENCE

Geochemistry, Geophysics, Geosystems

10.1029/2023GC010907

(a) P03 Ba&Mn (mg g™) Fe&Al (mg g”) Ba/Al Mn/Al Fe/Al TOC (Wt%)
02 04 06 08 20 40 60 80 100  0.002 0.004 0.006 0.008 0.0040.0060.0080.0100.012 0.4 0.5 0.6 07 02040608101214
0 ; ; ; A , A , A ,
l} ! t
21 P i
I ! !
41 P {
= | | i
N B |
£ 8 1 i a E
&1 B &
12 . E
14 —A— Ba —A— Fe g} g: g 1 5{
16 —¥— Mn - A 2 S 3
a&Mn (mg g’ e mgg a n Y wit%)
b) P06 Ba&M 1 Fe&Al 1 Ba/Al Mn/Al Fe/Al TOC (Wt%
02 04 06 08 20 40 60 80 100 0.002 0.004 0.006 0.008 0.004 0.0060.008 0.0100.012 0.4 0.5 06 07 020406081.01214
0 ; ; ; M
.
2 '
i
4 i
= 1
5§ s
c 8 H
i 10 —A— Fe !
d.) - Al 1
e 12 :
14 —A— Ba Eg
—7— Mn 5
16
(c) A03 Ba&Mn (mg g”') Fe&Al (mg g™) Ba/Al Mn/Al FelAl TOC (wt%)
02 04 06 08 20 40 60 80 100 0.002 0.004 0.006 0.008 0.004 0.006 0.008 0.0100.012 0.4 0.5 06 07 020406081.01214
0 n n n n n n n n n n n
2 —A— Ba b ' i
—%= Mn b i i
.- B | |
€ 6 [ i i
A P i Lo
s 8 P i i
20 P i .
(=} P i .
12 . i %
o 0
14 & Fe g & 2 8\ iz
16 VA 3 3 'S ‘AT
a&Mn (mg g° e mgg a n Y wt%)
d) A09 Ba&M 1 Fe&Al 1 Ba/Al Mn/Al Fe/Al TOC (Wt%
02 04 06 08 20 40 60 80 100 0.002 0.004 0.006 0.008 0.004 0.006 0.0080.0100.012 0.4 0.5 06 07 020406081.01214
0 : ; ; M
—A— Ba 1 1 1 1 1
2 = | B B
4 ! [N [
T i P Pl
g ° | . Lo
= 8 i P -
= i . v
@ 10 ! vl e
a i P P
12 | o o
N o ol Lo
14 —A&— Fe {1 8 g sl 18 s
© —— Al =4 2 32

Figure 3. Solid phase profiles of bulk Ba, Mn, Fe, and Al concentrations, Ba/Al, Mn/Al, and Fe/Al ratios, and total organic carbon (TOC) concentrations. (a) station
PO03; (b) station P06; (c) station A03; (d) station A09. The red dashed line and the number denote the average detrital Ba/Al ratio for pelagic surface sediments

(Reitz et al., 2004). The blue dashed line and the number denote the average X/Al ratio (X is Ba, Mn, or Fe) for the upper continental crust reported by Taylor and
McLennan (1985), while the pink dashed line and the number denote the composition of the upper continental crust updated by Rudnick and Gao (2014).

4. Discussion
4.1. Processes Controlling Barium Dynamics in the Sediment Pore Waters of the Pearl River Estuary

Although terrigenous detritus dominates the PRE surface sediments, the measurable concentration and isotope
gradients in pore water Ba profiles indicate that non-detrital particulate Ba phases, though very minor in compar-
ison to the detrital phase, clearly affect Ba dynamics at all sites. Moreover, the differences in the pore water and
solid phase element profiles between the study sites evidently suggest the control of a variety of geochemical
processes associated with different sediment redox zonation and depths of reaction fronts. With the combination
of the net transformation rate (R) obtained by the diffusion-reaction model, we discuss potential solution-solid
phase interactions in the sediments at each site.

At the upstream PRE station P03, overall high pore water Mn and Fe concentrations, which fall into a range
similar to those observed in other coastal surface sediments (e.g., Henkel et al., 2016, 2018; Oni et al., 2015;
Schnakenberg et al., 2021; Vosteen et al., 2022; Wunder et al., 2021), suggest a suboxic zone characterized
by the reduction of NO,~, Mn, and Fe (e.g., Kasten et al., 2003) in the uppermost 8-10 cm (Figure 2a). The
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Figure 4. Pore water profiles of stable barium isotopic compositions (§'**Ba,). (a) station P03; (b) station P06; (c) station
A03; (d) station A09. Triangles indicate data collected in the bottom waters 2—3 m above the seafloor.
diffusion-reaction model predicts a near zero R in the sulfate-depleted zone below 8 cm (Figure 5a), where
pore water Ba concentration distributions are thus mainly controlled by the diffusion of Ba from highly concen-
trated pore waters of deeper sediments rather than in situ solution-solid phase interactions. Positive R values
(+0.009 nmol cm~ d~!; Figure 5a) were obtained around 6 cm, suggesting net Ba release into the pore water.
However, negative R values (—0.008 nmol cm™ d~!; Figure 5a) were obtained immediately above the upper-
most 5 cm, suggesting that net Ba removal from the pore water and incorporation into the solid phase mainly
occurs above this core depth. Such Ba release and removal processes are most likely driven by release via reduc-
tive dissolution of Mn oxides and subsequent adsorption onto authigenic Mn oxides (e.g., Charette et al., 2005;
Gingele et al., 1999), as evidenced by the distribution pattern of the solid phase Ba/Al ratio similar to that of the
Mn/Al ratio in this core (Figure 3a).
At the upper PRE station P06, a distinct pore water Mn peak and high Fe concentrations (Figure 2b) characterize
the suboxic zone. Several peaks in solid phase Mn/Al and Fe/Al ratios above the detrital background (Figure 3b)
indicate non-steady state accumulation of these metals, possibly related to temporal changes in dissolved Mn
and Fe removal within the estuarine salinity gradient. The depth distribution of both pore water Ba and the
solid phase Ba/Al ratio generally follows that of Mn over the entire depth of this core, suggesting that at this
site Ba mobilization is also to a large extent related to diagenetic Mn cycling (e.g., Charette et al., 2005; Gingele
et al., 1999). The dissolved Ba displaying maximum concentrations at 6 cm depth suggests that pore water Ba
therein mainly results from reductive dissolution of Mn oxides, which corresponds to the model derived R values
CAOET AL. 10 of 17
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Figure 5. Model results (lines) versus field measurements (symbols) of pore water Ba concentrations and isotopic compositions (6‘38Bapw). (a) station P03; (b) station
P06; (c) station A03; (d) station A09. A Ba isotope fractionation factor of —0.60%¢ was employed for each core in the diffusion-reaction model. Gray solid lines denote
the model-derived transformation rate R (Equation 2). Triangles indicate data collected in the bottom waters 2—-3 m above the seafloor.
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of +0.09 nmol cm~3 d~!. The transformation rate (R) values are around —0.07 nmol cm~ d~! in the upper 3 cm
(Figure 5b), indicating net Ba removal. This is most likely induced by adsorption onto authigenic Mn (oxyhydr)
oxides precipitating at the Mn redox boundary, that is, the oxic/suboxic boundary (e.g., Charette et al., 2005;
Gingele et al., 1999). Another possible process is the precipitation of authigenic barite in the oversaturated pore
waters above 6 cm depth, where the barite saturation state is markedly higher than 1 (Figure 2b). In contrast, R
values are near zero below 6 cm of this core (Figure 5b) suggesting that Ba concentration distributions therein
are mainly controlled by diffusion.

At the middle PRE station A03, the surface sediments consist almost entirely of detrital material, showing the lowest
solid phase Ba/Al, Mn/Al, and Fe/Al ratios among the four sites (Figure 3c). Nevertheless, the distinct concentration
gradients of Ba and other elements (Figure 2c) indicate that the non-detrital excess Ba carriers still play a role in
this core to some extent. This is reflected by changing R values in the diffusion-reaction model (Figure 5c), which
suggest release of Ba into the pore water at 5-6 cm core depth and subsequent removal above this core depth. The
pore water barite saturation state is higher than 1 over the entire depth of the core (Figure 2c), suggesting the effects
of barite precipitation (e.g., Gingele et al., 1999; Henkel et al., 2012; Riedinger et al., 2006; Torres et al., 1996).

At the lower PRE station A09, the distribution pattern of both the pore water Ba and the solid phase Ba/Al ratio
above 4 cm depth mimics those of Mn (Figures 2d and 3d). The coupling between early diagenetic cycling of
Ba and Mn at this site is thus apparently confined to the uppermost centimeters of the sediments (e.g., Charette
et al., 2005; Gingele et al., 1999), where the model derived non-zero R values suggest effects of solution-solid
phase interactions. The Ba distribution in the pore waters below 4 cm depth is mainly controlled by diffusion
indicated by near zero R values (Figure 5d).

Due to the dominant detrital background of the PRE surface sediments, the solid phase Ba contents (0.3-0.4 mg g~
or 2-3 mmol kg~') are comparable among the four sites (Figure 3). Pore water Ba concentrations are overall 3—4
orders of magnitude lower than those of the solid phase (Figures 2 and 3), implying that any changes in the
former are too small to significantly impact the latter. However, the depth distribution of Ba concentrations
overall resembles that of Mn concentrations in both the pore waters and the solid phase at all sites. These obser-
vations indicate that despite the dominance of detrital material, solution-solid phase interactions driven by early
diagenetic processes, primarily redox cycling of Mn, occur in certain layers of the surface sediments, which are
characterized by non-zero values of the transformation rate R (Figure 5).

4.2. Stable Barium Isotope Fractionation in the Sediment Pore Waters of the Pearl River Estuary

At the upstream PRE station P03, dissolved Ba diffuses upwards from the base of the core, showing a mini-
mum 6]38BapW signature of +0.13%0 and a maximum Ba concentration at 12 cm (Figures 2a and 4a). Barium
is suggested to be mainly removed by adsorption onto authigenic Mn oxides (Charette et al., 2005; Gingele
et al., 1999; Henkel et al., 2012) in the upper 5 cm, which preferentially transfers lower-mass Ba isotopes into
the solid phase leading to the heaviest 6]33BapW close to +0.5%o in the sediment surface (Figure 4a). In the
diffusion-reaction model, a best fit to field-measured 6]38BapW data was obtained for a ¥ of —0.60%o, a 8 of
0.000 (i.e., no isotope fractionation during diffusion), and a 6’38Basp of +0.03%o (Figure 5a; Equations 7-11).

At the upper PRE station P06, the highly Ba-enriched pore waters at 5—-8 cm depth show the lightest 8138Bapw
signature, which is most likely driven by the release of low-mass Ba isotopes via reductive dissolution of metal
oxides in the Mn-rich zone. The profile indicates both upward and downward diffusion, during which we suggest
that significant amounts of Ba with lighter isotopic composition are adsorbed onto Mn oxides or removed by the
precipitation of authigenic barite above the pore water Ba concentration maximum (Figures 2b and 4b). In the
diffusion-reaction model, R varies within a range that is one order of magnitude higher than that at station P03,
mainly resulting from the steeper pore water Ba concentration gradient at this site. However, a best fit to pore
water Ba isotopic compositions was obtained for a '*¢ of ~0.60%o, a § of 0.000, and a §'*Ba,, of +0.03%o
(Figure 5b; Equations 7—-11), all of which are the same as those for station P0O3.

We thus used the three values to model the Ba isotope data of the sediment pore waters at the other two sites. At
the middle PRE station A03, model results do not fit the field-measured values very well, probably due to the
more scattered distribution of §'**Ba,, (Figure 5c). Moreover, the 8'**Ba, variation over the entire depth of this
core is similar to that of station P06, whereas the Ba concentration range is notably smaller. This contrast implies
a larger Ba isotope fractionation than indicated by the assigned '*8. At the lower PRE station A09, however, the
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diffusion-reaction model reproduces the field-measured data much better (Figure 5d). Values and ranges of R are
the lowest as constrained by the smallest variation of pore water Ba concentrations. Correspondingly, 6138BapW
also shows the smallest variation over the entire core, which is consistent with the predictions of the model. This
consistency suggests that our selection of 3¢ (—0.60%o),  (0.000), and 8138BaSp (4+0.03%o) is reasonable.

A sensitivity test was conducted based on the data from station PO6 because this site shows the largest pore water
Ba concentration gradients accompanied by significant Ba isotope fractionation resulting from redox cycling of
Mn and/or precipitation of authigenic barite. Model predictions generally match field 813’8BapW of the pore waters
despite a change of +0.10%o in the 3%, while using a smaller '*¢ value of —0.40%o the model merely fails to
fit the heaviest 5138Bapw signature in the sediment surface (Figure 6a). The isotope fractionation effect during Ba
adsorption onto Mn (or Fe) oxides has not yet been independently constrained, whereas the 3¢ during barite and
BaCO, or BaMn(CO,), formation has been reported to be —0.20 to —0.45%0 and —0.10 to —0.45%o, respectively,
as deduced from laboratory experiments via precipitation and transformation (e.g., from aragonite to witherite
and from gypsum to barite; Bottcher et al., 2012, 2018; von Allmen et al., 2010). Field measurements showed a
fractionation that ranges between —0.30 and —0.60%. during dissolved Ba removal in the water column of the
ocean, estuaries, and a lake (Bates et al., 2017; Bridgestock et al., 2018, 2021; Cao, Li, et al., 2020; Cao, Siebert,
et al., 2020; Cao et al., 2021; Horner et al., 2015, 2017; Hsieh & Henderson, 2017). Our model estimates of 3%
(=0.60 + 0.10%0) in the PRE pore water profiles, which need further validation by laboratory experiments or
field measurements, are within error consistent with or slightly larger than these previously reported values. Note
that any 3% observed in a natural environment is not a tightly constrained value but is the result of a combination
of different processes fractionating Ba isotopes including particle adsorption, barite precipitation, and diffusion.

A change of +0.08% in the 8'**Ba,
of 8138BapW signatures, which are, however, still within error consistent with field measurements (Figure 6b).

slightly smaller than that in the 3%, predicts relatively larger variations

Our measurements of extracted 8138BaSed for several PRE sediment samples (P03-12 cm, P06-6 cm, A03-1 cm,
and A09-2 cm; Table S2 in Supporting Information S1) indeed fall into the range of model derived 8'*Ba, )
(4+0.03 + 0.08%o0), while those of +0.07 to +0.11%o specifically for Ba associated with Mn and Fe oxides are
slightly heavier than the best fit value of +0.03%c. Moreover, 8'%Ba_,, signatures of barites (0.00 to +0.12%o)
obtained in this study generally agree with previous observations of both pelagic and terrigenous barites (aver-
ages of +0.04 + 0.06%o and +0.12 + 0.31%o, respectively; Crockford et al., 2019). However, the exact dominant
non-detrital solid phases interacting with pore waters in each core, which are primarily inferred here from the
concentration distribution of Ba and other redox-sensitive elements in both the pore waters and the solid phase,
are still unclear. This prevents us from properly and independently estimating fractionation of Ba isotopes asso-
ciated with a specific authigenic fraction using the diffusion-reaction model, which requires further dedicated
examination of the Ba isotopic compositions of relevant solid phases.

Note that if the diffusion isotope effect (i.e., f # 0.000) is included, model results of 6138BapW indeed deviate from
field measurements (Figure 6¢). However, van Zuilen, Miiller, et al. (2016) found that due to lower molecular
weight, the diffusion coefficient of '3*Ba is larger than '*®Ba during dissolved Ba diffusion through a porous
silica hydrogel, which generates a dimensionless exponent f of 0.010-0.011. This contrast may result from the
difference in mineral structure between sediments in natural environments and silica hydrogel under laboratory
conditions (Gong et al., 2019; Gou et al., 2020), or from the reduced effective mass difference of the strongly
bounded multi-ion complexes between dissolved '**Ba and '**Ba in sediment pore waters (Bourg et al., 2010).
Constraining /3 values for actual estuarine and pelagic sediments warrants future investigations.

4.3. Implications for Benthic Inputs of Stable Barium Isotopes in the Pearl River Estuary

Barium concentrations are significantly higher in the pore waters than in the corresponding bottom waters of
the PRE (Figure 2), which potentially promotes a benthic flux of Ba into the overlying water column (Hong
et al., 2018; Paytan & Kastner, 1996; Scholz et al., 2023). However, pore water 8‘33BapW signatures in the sedi-
ment surface are overall heavier than in the bottom waters above, in particular at station A03 in the middle PRE
(Figure 4). These heavy pore water Ba isotopic signatures thus do not significantly impact the §'3®*Ba signatures
of the overlying bottom water, suggesting a small contribution from benthic inputs. In fact, we have recently
demonstrated that §'3¥Ba distributions in both the surface and bottom waters of the PRE are primarily controlled
by water column processes that are particle adsorption-desorption at near-zero salinities followed by conservative
mixing between low-salinity waters at the dissolved Ba concentration maximum and seawater (Cao et al., 2021).
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Note that pore water imprints have been observed in the bottom waters of Kiel Bight (Germany), which are
characterized by dissolved Ba concentrations and 8'*®Ba signatures notably higher and lighter, respectively, than
predicted values based on estuarine mixing calculations (Scholz et al., 2023). Such contrast might result from
different water residence time of the two systems (Z. Zhang et al., 2020). Because of high river discharge and
fast flow, the short residence time of bottom waters in the PRE highly likely diminishes the signal of benthic
inputs (or the signal is difficult to be captured by current sampling and analyzing methods), which is opposite to
the scenario in the relatively restricted Kiel Bight. This requires future studies of other estuaries under various
hydrological conditions.

To further confirm the minor influence of benthic fluxes in the PRE, we use field-measured data of the bottom
water at station A03 (salinity, Ba concentration, and 8'*®*Ba are 21.2, 149.8 nmol kg™, and +0.2%o, respectively)
to carry out a simple mass balance calculation of Ba isotopic compositions. A two-endmember conservative
mixing between the bottom water at station PO6 showing the highest Ba concentrations in the PRE and the surface
seawater of the South China Sea (Cao et al., 2021) predicts a theoretical water parcel at station A03 (salinity,
Ba concentration, and 8'3¥Ba are 21.7, 120.4 nmol kg~!, and +0.2%o, respectively), which has lower dissolved
Ba concentrations than the field measurement. Assuming that the topmost pore water of this station (salinity, Ba
concentration, and 6138BapW are 22.2, 220.7 nmol kg~!, and +0.7%o, respectively) is a third endmember of Ba
to the overlying water column, its fraction in the AO3 bottom water is estimated to be ~30%, while the rest is
contributed by the theoretical water parcel. In this case, the §'**Ba signature of the A03 bottom water is predicted
to be +0.4%o, which is markedly heavier than the field measurement of +0.2%c. Such disagreement between
predictions and measurements of Ba isotope values indicates that the assumption is not valid. Consistency can
only be reached when the 6138BapW of the pore water source is lowered to +0.2%o, which is indistinguishable
from that of the expected two-endmember mixture in the water column. This first order estimate thus suggests
that direct “injection” of the heavy 5'**B a,, from the topmost pore waters into the overlying water column rarely
occurred during the sampling period in the PRE.

5. Conclusions

Pore water profiles of 6'38Bapw in the PRE display significant and systematic variations primarily owing to Ba
isotope fractionation during early diagenesis associated with processes within different sediment redox zones and
depths of reaction fronts. Light 8138Bapw signatures correspond to high Ba concentrations in the pore waters and
generally increase significantly during upward diffusion, likely mainly due to preferential removal of low-mass
Ba isotopes into the solid phase. The overall consistent distributions of Ba and Mn concentrations in both the
pore waters and the solid phase suggest that Mn oxides are the major non-detrital excess Ba carrier, while barite
probably only plays a subordinate role given that similar 6138BapW distributions correspond to variable barite satu-
ration states between the study sites. Nevertheless, a diffusion-reaction model predicts that processes including
the adsorption of Ba onto Mn (oxyhydr)oxides and precipitation of authigenic barite induce combined fractiona-
tion factors ('¥¥¢) of —0.60 + 0.10%0, which are comparable to those obtained by laboratory experiments or field
measurements. This fractionation observed in the pore waters of the PRE needs verification in other estuarine
systems and pelagic sediments, in particular via combined measurements of §'3¥Ba in both pore waters and auth-
igenic solid phases.

Data Availability Statement

Our data are archived at Cao et al. (2023).
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