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Abstract

Barium/calcium ratios in the skeletons of scleractinian shallow-water corals have been used as proxies for coastal and ocea-
nic processes such as river discharge, oceanic upwelling and surface ocean productivity. However, the variations in Ba/Ca
ratios in aragonitic coral skeletons remain difficult to interpret as an environmental proxy. This difficulty is mainly due to
the influence of internal (biomineralization) and multiple external (environmental) processes on Ba incorporation into coral
skeletons, and these processes are hard to constrain with Ba/Ca alone. Here we present the first annually-resolved records of
the Ba isotopic compositions (813% 134Ba) in shallow-water corals (Porites) collected alive in the field, supplemented by the
analysis of Ba/Ca ratios. Seven coral cores were recovered at different oceanic settings in the South China Sea, extending from
the northern inner shelf to the central and southern deep basin. The annual 5'**/13*Ba records of six corals fell within a narrow
range from 0.24 + 0.03%o to 0.38 £ 0. 03%0 (2SD), with a mean value of 0.33 + 0.08%0 (2SD, N = 21). One single inner-shelf
coral revealed low 5'°*'*Ba values (0.10 ~ 0.11 % 0.03%0), which might reflect the influence of terrestrial water/sediment. In
contrast, the coral Ba/Ca ratios showed a wide range of intercolony differences, from 2 to 14 pmol/mol. This variation is too
large to be ascribed to the changes in the Ba concentrations of seawater or other environmental parameters. Rayleigh frac-
tionation between corals and seawater during biomineralization was proposed to explain the anomalous variations in the Ba/
Ca ratios observed in coral skeletons. However, this result is incompatible with the relatively constant Ba isotopic composi-
tions in coral. Instead, we suggest that the probable precipitation of witherite (BaCO3) within the domains of aragonite under
oversaturated calcifying fluid could explain the large variability in the coral Ba/Ca ratios. The coral §138/134B3 records from
diverse oceanic settings were largely unaffected by biomineralization processes and temperature and displayed a relatively con-
stant negative offset from typical surface seawaters. Our results suggest that Ba isotopes in Porites could be a proxy for recon-
structing the §13%/134B4 of seawater and hence provide new insights into Ba cycling in the upper oceans in the past.
© 2018 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Barium (Ba) cycling in the oceans is controlled by river-
ine inputs, nutrient cycling, marine productivity and ocean
circulation (Bishop, 1988; Paytan and Kastner, 1996;
Dehairs et al., 1997; Jacquet et al., 2005). Near coasts, Ba
in surface seawater is mainly supplied from freshwater dis-
charge/sediment loads and shows highly variable concen-
trations (Shaw et al., 1998; Weldeab et al., 2007). In the
water columns of open oceans, dissolved Ba shows a
nutrient-type distribution, which is driven by precipitation
of barite (BaSQ,) associated with the decay of organic mat-
ter (Bishop, 1988). These unique features have led to the
development of a number of Ba-based proxies to study
modern and paleo-oceans (Paytan and Griffith, 2007,
Weldeab et al., 2007).

Recently, with the advancement of high precision meth-
ods for nontraditional isotope analyses, Ba isotopes
(5'38/134Ba) have been used to study different environmen-
tal processes (Miyazaki et al., 2014; Nan et al., 2015;
Bullen and Chadwick, 2016; Bridgestock et al., 2018). Sig-
nificant Ba isotopic fractionations between solutions and
minerals have been revealed in both field and artificial pre-
cipitation experiments, and the light isotopes were found to
be enriched in the mineral phase (von Allmen et al., 2010;
Mavromatis et al., 2016; Bottcher et al., 2018, in press).
In particular, several studies have introduced Ba isotopes
in seawater as a new tracer for investigating Ba cycling in
the oceans (Horner et al., 2015; Cao et al., 2016; Bates
et al.,, 2017, Hsieh and Henderson, 2017; Bridgestock
et al., 2018). These studies showed considerable variations
in 8'3%/13Ba (0.25-0.60%0) in global seawaters with different
depths (Hsich and Henderson, 2017). The 8'*/'**Ba values
were found to decrease with water depth, and this decrease
was accompanied by an increase in dissolved Ba concentra-
tions ([Ba]), which is closely related to barite precipitation
in the upper ocean and remineralization in the deep ocean
(Horner et al., 2015; Cao et al., 2016; Bridgestock et al.,
2018). Moreover, riverine inputs that carry light Ba iso-
topes can also significantly affect the Ba isotopes of nearby
surface seawaters (Cao et al., 2016; Hsieh and Henderson,
2017).

Scleractinian corals with aragonite skeletons are abun-
dant in the global surface ocean throughout the tropics to
subtropics. The various trace elements and stable isotopic
compositions of coral skeletons have provided continuous
centennial-scale records of the past physical and chemical
properties of the ocean at high (annual-seasonal) resolution
(Felis and Pdtzold, 2003; Saha et al., 2016). In recent dec-
ades, Ba/Ca ratios in shallow-water corals have been widely
used to reconstruct changes in the Ba concentrations of sea-
water driven by riverine/groundwater inputs, upwelling,
and productivity (Lea et al., 1989; McCulloch et al., 2003;
Montaggioni et al., 2006; Alibert and Kinsley, 2008;
Moyer et al., 2012; LaVigne et al.,, 2016; Saha et al.,
2016). However, the incorporation of seawater Ba signals
into corals can be disturbed by the vital effects’ that accom-
pany coral growth and/or multiple environmental factors
(e.g., temperature) (Gaetani and Cohen, 2006; Gonneea
et al., 2017). This disturbance is exemplified by the consis-

tently unexplained high amplitude and high frequency of
variations in the Ba/Ca ratios recorded in coral skeletons
(Tudhope et al., 1996; Sinclair, 2005; Pretet et al., 2016).
In addition, Ba/Ca ratios alone cannot provide information
about the local Ba inputs or related changes throughout the
oceanic Ba cycle (Hemsing et al., 2018). Barium isotopes in
corals may complement the existing Ba proxies and have
the potential to be a new proxy for historical Ba cycling
in the oceans. However, the Ba isotopic systematics of
shallow-water coral remain poorly constrained because of
the analytical difficulties in purifying Ba from corals with
low Ba concentrations and extremely high Ca/Ba ratios.
Only one study reported §'38/134Ba data from aragonite
shallow-water corals, which showed light Ba isotopic com-
positions compared to ambient seawater (Pretet et al.,
2016). As noted by the authors, the large analytical uncer-
tainty (2SD > 40.1%0) and sample resolution (bulk) did not
allow for a detailed study on the Ba isotopic fractionation
in those corals (Pretet et al., 2016). A recent study provided
important insights regarding the paleoceanographic poten-
tial of Ba isotopes in the aragonite skeletons of cold/deep
water corals (Hemsing et al., 2018).

In this study, we precisely determined the Ba isotopic
compositions of modern Porites corals with an annual res-
olution using the multicollector inductively coupled plasma
mass spectrometry (MC-ICP-MS) technique. The instru-
mental mass bias of Ba isotopes was corrected using the
double spike method. Porites is the most widely used spe-
cies for the study of coral-based paleoceanographic recon-
struction in the Indo-Pacific Ocean. Seven Porites
colonies were collected from contrasting physical-
biogeochemical sites of the South China Sea (SCS), extend-
ing from the shallow inner shelf to the deep basin. The main
aim of this study is to evaluate (i) the environmental factors
controlling the incorporation of Ba into aragonite shallow-
water corals, (ii) the biological influences on Ba isotopic
fractionation, and (iii) the potential of using Ba isotopes
as paleoceanographic proxies.

2. MATERIALS AND METHODS
2.1. Sample sites

The SCS is located at 4-25 °N and 109-121 °E and is
one of the largest marginal seas in the world. The SCS
has both deep basins and extensive shelf systems along
the northern and southern boundaries associated with large
riverine and sediment inputs mainly from the Pearl, Red,
and Mekong Rivers. The SCS seawater is also exchanged
with the western Pacific seawater through the Luzon Strait,
which has a depth of 2000 m. Seven cores from living Por-
ites colonies were collected from three physical-
biogeochemical domains across the SCS: the Luzon Strait
domain (Xiaoliuqiu-XLQ and Nanwan-NW), the northern
coast domain (Longwan-LW, Xiaodonghai-XDH and
Weizhou Island-WZI), and the open ocean domain
(Yongxing Island-YXI and Yongshu Reef-YSR) (Fig. [;
Table 1). The Luzon Strait domain is located along the
southern coast of Taiwan and is strongly influenced by
western Pacific waters. The northern coast domain is influ-
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Fig. 1. Bathymetric map of the South China Sea (SCS) and the East China Sea (ECS) generated by Ocean Data View (Schlitzer, 2018). The
Changjiang River, Pearl River, Red River and Mekong River are shown, which feed the ECS and SCS. Circles denote locations of seven
Porites coral cores, Xiaoliugiu (XLQ), Nanwan (NW), Weizhou Island (WZI), Longwan (LW), Xiaodonghai (XDH), Yongxing Island (YXI)
and Yongshu Reef (YSR). The international coral standard JCp-1 was from Ishigaki Island near the ECS (Okai ct al., 2002). The §'*%/1*Ba
values of the Changjiang and the Pearl Rivers (Cao et al., 2016) are also shown. WP: Western Pacific.

enced by high terrestrial water/sediment inputs from the
East Asian continent. The open ocean domain is located
in the central and southern deep basin of the SCS, which
represents a tropical oligotrophic environment with low
productivity.

Sea surface temperature (SST) data at 1° spatial resolu-
tion for the seven sample sites were obtained from
Reynolds et al. (2002) (http://iridl.ldeo.columbia.edu/
SOURCES/.NOAA/.NCEP/.EMC/.CMB/.GLOBAL/.
Reyn_SmithOIv2/.monthly/.sst/). Rainfall data at 0.5° spa-
tial resolution were obtained from Becker et al. (2011)
(https://www.esrl.noaa.gov/psd/data/gridded/data.gpcc.
html). Chl-a concentrations at 0.4° spatial resolution were
obtained from the AQUA/MODIS satellite dataset
(National Aeronautics and Space Administration (NASA),
http://oceancolor.gsfc.nasa.gov/). The annual mean SST
range for these sites is ~25-29 °C. Rainfall ranges varied
from 140 to 230 cm/a, and the Chl-a concentrations varied
from 0.15 to 2.3 mg/m> (Table 1).

2.2. Chemical purification and isotopic analyses

Five-mm-thick slabs from each Porites coral core were
cut, washed with ultrapure water, and dried for X-ray
image processing. All slabs exhibit clear and regular annual
density banding patterns (Supplementary Fig. S1). Powder
X-ray diffraction analysis revealed the absence of calcite

(<1%) in coral samples, and scanning electron microscopy
results showed an absence of secondary aragonite cements.
Coral slabs were kept in 10% H,0O, for 24 h to decompose
organic matter and then washed with ultrapure water by
ultrasonic cleaning three times (20 minutes each). Annual
subsamples were milled along the axis of maximum growth
in these cleaned slabs. Specifically, subsamples from 1987 to
1991 were taken from XLQ, NW, WZI, LW, XDH, YXI
and YSR. Additional subsamples from 1984, 1986, 1995—
1998 and 2002 were taken from NW and 1996-2000 from
XDH. After grounding into a homogeneous powder using
precleaned agate, ~150 mg powder of each subsample
was digested for Ba/Ca and Ba isotope measurements. A
standardized coral powder, JCp-1 (Geological Survey of
Japan), which was a Porites colony from Ishigaki Island
in the East China Sea (ECS), was also analyzed in this study
(Fig. 1; Okai et al., 2002; Hathorne et al., 2013).

After being completely digested using concentrated
HNO;, HF, and HCl, 48 subsamples in total were dissolved
in 3% HNOj; and analyzed for Ba/Ca ratios on an Elan
DRCI Quadrupole ICP-MS at the CAS Key Laboratory
of Crust-Mantle Materials and Environments, University
of Science and Technology of China (USTC), Hefei. An
in-house standard was measured once in every five sample
measurements to correct for instrumental drift. The coral
standard JCp-1 was analyzed twice in each sequence. The
external precision was £3% (RSD).
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Table 1

The information of sample sites and Porites coral samples.

SST (°C) Rainfall (cm/a) Chl-a (mg/m?)

2

Growth rate (cm/a)

1.5
1.9

0.7

Depth (m)

Latitude/Longitude N/E Domain

Sampling date

2003.8

Sample site
Xiaoliugiu (XLQ)

Nanwan (NW)

0.35
0.17
2.32
0.66
0.43
0.17
0.15

168.3
223.1

6.3

Luzon Strait, southwest coast of Taiwan 5
Luzon Strait, southern coast of Taiwan

Northern coast, inner shelf

/120°23'

26.9
254

5

/120°44/

158.4
170.1

/ 109°04’
/110°39

26.1
2

0.9

5
5

Northern coast, east of Hainan Island

139.8
151.3

6.5

2.5

Northern coast, south of Hainan Island

Open ocean, central deep basin

/109°30/

27.5

1.0

1.1

/112°20'

22°19

21°56
21°01

2006.5

2009.9

Weizhou Island (WZI)

Longwan (LW)

19°20

18°10
16°49

1998.8

2002.4

Xiaodonghai (XDH)

1993.6

Yongxing Island (YXI)
Yongshu Reef (YSR)

2324

28.6

Open ocean, southern deep basin

9°38//112°53'

1993.6
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For Ba isotope analyses, Ba purification was performed
in an ISO-class 6 clean room at the USTC following the
methods in Zeng et al. (2019). All reagents that were used
were diluted from double-distilled acids with 18.2 MQ-cm
ultrapure water. Subsamples containing 500 ng Ba were
digested in 2mol L™! HCI, and a double spike pair of
135Ba-136Ba (ISOFLEX) was added during sample digestion
to correct for mass fractionation during chemical purifica-
tion and instrumental analysis. After dryness, the spiked
subsample was dissolved in 2 mL 3 mol L~! HCI for chro-
matographic separation. All information on the ion
exchange chromatography procedures was described in
detail by Zeng et al. (2019). We only briefly describe the dif-
ferent steps in this study. The first two ion exchange col-
umns with AG50W-X12 resin (200400 mesh, Bio-Rad,
USA) were used to elute most matrix elements with
3mol L™! HCI, and then Ba was collected with 4 mol L™!
HNO;. After these two columns, the Ca/Ba ratios in the
sample solutions were less than 10, which is too low to
affect the Ba isotope measurements. The third column with
0.5 mL AG50W-X12 resin was used to further separate Ba
from Ce, which are isobaric isotopes of 136Ba and *®Ba.
Subsamples in 1 mL 2mol L™! HNO; were loaded into
the third column and washed with 5mL 2mol L™
HNO;. Barium was collected with 18 mL 2 mol L™}
HNO;j. After dryness, the sample was dissolved in 2%
HNO; to 100 ng g~! for instrumental analysis. The whole
procedure blank was only 0.2 ng, which would not cause
a significant bias in the Ba isotopic compositions of coral
samples.

Barium isotopic compositions were analyzed on MC-
ICP-MS at the USTC (Neptune Plus from Thermo-Fisher
Scientific of Bremen, Germany). The cup configuration
was set as follows: *'Xe, '**Ba, '*°Ba, '*°Ba, *’Ba and
190Ce were collected on Faraday cups of L4, L2, L1, C-
cup, H1 and H3 in static mode. All instrumental parame-
ters followed those reported in Zeng et al. (2019).

The Ba isotopic compositions are expressed as
Basrmaioda = [ **Bagampie) /(¥ **Basrmsi04a) — 1] X
1000, where SRM3104a is a Ba(NOj3), standard solution
provided by the National Institute of Standards and
Technology (NIST). The results for the 138/1344 isotope
pair were obtained considering mass-dependent isotope
fractionation by multiplying the measured mass §'37/!3
Basrmsio4a results by a factor of 1.33 (Pretet et al., 2016).

Uncertainties of Ba isotopic data are calculated at
2 x SD (standard deviation) unless otherwise noted.
Long-term measurements of §13%/134B,  data (0.30
4+ 0.03%0, N =11, Supplementary Fig. S2) for the JCp-1
coral standard match the previous values of 0.29 + 0.03%o
by Horner et al. (2015), 0.26 £ 0.11%0 by Pretet et al.
(2016) and 0.25 £ 0.03%¢c by Hemsing et al. (2018) (the cal-
culation details are provided in the supplementary
material).

§138/134_

3. RESULTS

The Ba/Ca ratios and 8'**'**Ba data are listed in
Table 2. The coral Ba/Ca ratios varied spatially and tempo-
rally from 2.11 to 13.79 umol/mol, which is within the
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Table 2
Annual Ba/Ca ratios and Ba isotopic compositions in Porites corals.
Sample Year Ba/Ca (pmol/mol) 31734 Ba (%) 2SD* §13/134Ba (%0)® n®
XLQ 1987 2.12
1988 2.11
1989 2.27 0.25 0.02 0.33 2
1990 2.16
1991 221
NW 1983 2.33 0.27 0.00 0.36 2
1986 3.33 0.29 0.01 0.38 2
1987 3.26 0.27 0.01 0.36 2
1988 3.56
1989 3.23
1990 2.87 0.26 0.01 0.34 2
1991 3.27 0.26 0.03 0.35 4
1995 3.05 0.26 0.03 0.35 2
1996 2.44 0.27 0.04 0.36 2
1997 2.56 0.28 0.02 0.38 7
1998 2.90 0.26 0.00 0.34 2
2002 2.91 0.28 0.01 0.37 5
WZ1 1987 8.40 0.08 0.04 0.10 2
1988 9.19
1989 9.76 0.08 0.03 0.11 3
1990 9.17
1991 9.27
LW 1987 11.74 0.20 0.01 0.26 4
1988 8.92 0.23 0.04 0.30 2
1989 7.78
1990 8.27
1991 9.00 0.18 0.04 0.24 2
XDH 1987 3.72
1988 3.70
1989 3.56
1990 3.75 0.25 0.04 0.33 4
1991 4.41
1996 4.20 0.23 0.01 0.30 2
1997 5.02
1998 6.45
1999 7.48
2000 8.34 0.18 0.04 0.24 2
YXI 1987 3.75 0.24 0.00 0.32 2
1988 3.31
1989 2.74
1990 2.53
1991 2.48
YSR 1987 12.96 0.23 0.02 0.33 2
1988 12.89
1989 11.37 0.26 0.01 0.34 2
1990 13.57
1991 13.87 0.27 0.04 0.36 4

4 SD is the standard deviation of the population of repeat measurements of a single sample solution. The external reproducibility of the Ba

isotope measurements is £0.03%o0 (Fig. S1).

b §138/134B, were recalculated from measured 8'*7/'3*Ba values as described in the text.

¢ n is the times of repeated measurements of the same solution.

reported range in corals (Gonneea et al., 2017). The average
Ba/Ca ratios in corals from XLQ and NW along the south-
ern coast of Taiwan (Luzon Strait domain) are 2.16 and
3.47 pmol/mol, respectively. The inner-shelf coral from
WZI and the two near-shelf corals from LW and XDH

(northern coast domain) have high average Ba/Ca ratios
of 9.30, 8.92 and 6.29 umol/mol, respectively. The YXI
coral and YSR coral from the deep basin (open ocean
domain) show very different Ba/Ca ratios. The average
Ba/Ca ratio of YXI coral is only 2.93 umol/mol, but the
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average Ba/Ca ratio of YSR coral is as high as 12.97 umol/-
mol. Moreover, the annual Ba/Ca ratios of the XDH coral
show an increasing trend from 1987-2000 (Fig. 2A).

In contrast to the large variations in the Ba/Ca ratios,
the Ba isotopic compositions of the studied corals (exclud-

ing the inner-shelf coral from WZI) are within a narrow
range from 0.24 4 0.03%0 to 0.38 £ 0.03%0, with a mean
value of 0.33 £ 0.08%o (Fig. 2B). There is no correlation
between 5'>*/!**Ba values and Ba/Ca ratios. In particular,
the annual 3'*%/'**Ba values in NW do not exhibit any

14 —o— XLQ o
[ 0.31 N o o N Luzon Strait -
= 12k —o— Wzl i
o 0.26 e —8— LW SCS coastal
E - : —o— XDH T
© 10} o —o— YXI .
£ | 0.30 ®— YSR SCS open
3 8 0.24
p’ | 0.10 0.24 _
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Fig. 2. (A) The annual variations in Ba/Ca ratios in seven Porites corals from the South China Sea (SCS) with corresponding §133/134B values
indicated (unit: %o). (B) The 8'3 §/134Ba values against the Ba/Ca ratios of the Porites corals (circles). Error bars represent 2 standard deviations
(2SD) of the external long-term reproducibility of 8'**/'**Ba measurements. Excluding the WZI coral (green circles), the mean 8'*'**Ba value
in our corals (solid dark cyan line, 0.33 &+ 0.08%0, 2SD) is within the uncertainty of the coral reference material JCp-1 (0.30 4 0.03%o, red
circle). Orange squares represent seawater (SW) (0-1400 m) of the North Pacific [ALOHA and SAFe stations, Hsiech and Henderson (2017)].
Green squares represent river water (RW)-diluted SW (Hsieh and Henderson, 2017). The solid black line indicates the vertical mixing between
the surface SW and the deep SW. The dashed black line indicates the horizontal mixing between the surface SW and the RW-diluted SW. The
Porites 3*¥'**Ba values from the SCS display an offset of A3$/134Ba ~ —0.3%o from the surface SW. The §'3*/!**Ba of JCp-1 display a similar
offset of A*¥13*Ba ~ —0.3%o from the surface SW. Some of the scatter in the coral data (in green shading) is suspected to be affected by
terrestrial water/sediment inputs. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)
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significant variations throughout the study period (1983—
2002). The mean 5'%%/'*Ba value of SCS corals is identical
to the JCp-1 coral standard (0.30 + 0.03%0). The WZI cor-
als have the lowest 5'**!**Ba values of 0.10 =+ 0.03%. and
0.11 £ 0.03%e.

4. DISCUSSION
4.1. Barium isotopes of Porites corals

Compared to the §'*¥'**Ba variations from 0.52 to
0.62%c that are typical in surface seawaters throughout
the world (Hsieh and Henderson, 2017), the Porites corals
across the diverse sites of the SCS have low 5'%%/!3*Ba val-
ues. The preferential incorporation of the light Ba isotopes
in the carbonate is a common feature for other earth alka-
line and alkali isotope systems, such as Ca, Mg, Sr, and Li
(e.g., Wombacher, et al., 2011; Raddatz et al., 2013; Inoue
et al., 2015; Fruchter et al., 2016). The fractionation has
been interpreted as a result of a kinetic effect combined with
biological effects (Wombacher, et al., 2011; Inoue et al.,
2015).

4.1.1. Effects of different parameters on Ba isotopes of
Porites corals

To explore the potential controls on Ba isotopic compo-
sitions in corals, we compared the coral 5'38/134B4 to coral
growth rates and regional and local environmental param-
eters (Fig. 3). In this study, despite a wide range of growth
rates from 0.7 to 2.5 cm/a, 8'>/13*Ba seems to be indepen-
dent of coral growth rates. One exception was the WZI
coral that had the lowest growth rates and the lowest
3'38/134Ba, which might indicate an impact from the low
growth rate. However, based on the kinetic incorporation
model, a sharp decrease in the growth rate will reduce the
isotope fractionation of Ba towards that characteristic for
equilibrium isotope partitioning. In this case, the mineral
phase is supposed to be isotopically heavier rather than
the opposite direction observed in this study
(Wombacher, et al., 2011; Hofmann et al, 2012;
Mavromatis et al., 2016). Similarly, Inoue et al. (2015)
and Fruchter et al. (2016) did not observe a clear growth-
rate dependence on 8**4°Ca and 5%*/%°Sr of corals. Abiotic
precipitation [witherite (BaCO3)] experiments also revealed
different correlations between precipitation rates and Ba
isotope fractionation. Bottcher et al. (2018, in press)
obtained a positive correlation between precipitation rate
and Ba isotope fractionation, while the opposite relation-
ship was observed by von Allmen et al. (2010) and
Mavromatis et al. (2016). A large magnitude of Ba isotope
fractionation upon BaCOj; formation can be found under
both slow and fast precipitation conditions.

The sampling sites in our study cover a SST range from
~25°C to 29 °C (Table 1). There is no correlation between
§'38/134Ba and SST (Fig. 3D). Although the WZI coral has
the lowest 8'*%3*Ba at the lowest growth temperature, all
of the other corals have similar Ba isotopes at different
SSTs. Hemsing et al. (2018) also did not find temperature
dependence of 3131344 in cold water/deep water corals
at a much lower temperature (<3 °C). Our results are also

consistent with the results of abiotic precipitation experi-
ments in which Ba isotope fractionation was consistent
between 4 and 80 °C (von Allmen et al., 2010; Bottcher
et al., 2018, in press). The relationship between the
8'38/134Ba values and rainfall is also negligible (Fig. 3F).

Some of the scatter in our coral 8'**/13*Ba data is most
likely caused by local changes in the seawater Ba isotopic
composition. For example, the WZI coral with the lowest
5'3%/134Ba is located at the northern inner shelf, which
received a much higher terrigenous sediment flux than all
other sites. A large amount of Ba could be desorbed from
riverine sediments, which occurs upon seawater mixing
(McCulloch et al., 2003). The southern part of Hainan
Island, where the XDH coral is located, is one of the most
popular tourist destinations in China with beaches and
resorts. The low coral §'**'**Ba value (0.24%0) at XDH
in 2000 (Fig. 2A) could be the result of the construction
of infrastructure along the coastline in recent years. Inter-
estingly, a negative correlation between the Ba isotopes
and Chl-a concentrations (R =-0.94, p<0.001) was
observed in this study (Fig. 3H). WZI is located along the
inner shelf and experiences the highest Chl-a concentration
while it has the lowest 5'>*'**Ba values. In contrast, YSR
and YXI are open ocean sites, and NW is located at the
south coast of Taiwan and faces the open western Pacific;
these sites experience the lowest Chl-a concentrations and
have the highest 3138/134B4 values. It is a robust feature that
a significant correlation (R = —0.78, p <0.001) still exists
when WZI is not considered (gray regression line,
Fig. 3H). This negative correlation between surface water
Chl-a and coral 5"**'**Ba could be produced by the terres-
trial influence from both parameters in marginal seas
(Fig. 3H), such as the SCS. Terrestrial water/sediment
inputs not only bring nutrients that support phytoplankton
blooms but also decrease 8'**/!**Ba values, which has been
observed in the Pearl River area (8'3%/'**Ba = 0.08%0¢) by
Cao et al. (2016).

4.1.2. Estimation of A"3%''3*Ba between Porites corals and
seawater

Our results show that the 8'3%'3*Ba in Porites corals
from diverse marine settings of the SCS is relatively con-
stant and largely independent of other environmental influ-
ences. This result suggests that Porites corals act as a
potential archive to record the Ba isotopic compositions
of the surface ocean and could provide new information
on freshwater discharge/sediment loads and marine pro-
ductivity in the past. Before coral skeletons can be used
as archives, we need to determine the fractionation factor
between coral and ambient seawater. Although the
§13/134By seawater data are currently not available for
the study sites, the global upper ocean shows a relatively
homogeneous Ba isotopic composition (with variability
<0.1%0) in the surface waters, except for the seawater in
areas near river inputs or with strong upwelling, which have
distinct Ba isotope signatures (Hsieh and Henderson, 2017
Bridgestock et al., 2018). In this study, the A138/134Bamml_
sw was estimated from shallow-water corals of the SCS
and the upper seawater of the North Pacific (ALOHA
and SAFe stations, <250 m water depth) (Hsieh and
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Fig. 3. Correlations between Ba/Ca ratios and &' $/134B4 values of seven Porites corals from the South China Sea with coral growth rates and

environmental parameters.

Henderson, 2017), which provides an average value
~—0.3%0 for A¥'3*Ba . ...sw (Fig. 2B). The magnitude
and sign of the calculated A3/ 134Ba o ralsw (~—0.3%oc) are
in good agreement with the value (—0.21%0) identified for
cold water/deep water corals in the Atlantic (Hemsing

et al., 2018). In addition, our estimated A3y sw
is also within the range of that measured by previous
reports for the precipitation of witherite (BaCOs:
—0.12 ~ —0.53%0) or double carbonate norsethite [BaMn
(CO3)2: —0.15%0] (von Allmen et al., 2010; Bottcher et al.,
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2018, in press). Moreover, the coral standard (JCp-1 Por-
ites) from the western Pacific has the same offset of
AP¥13¥Bq — ~ —0.3%0 from the surface seawater of the
North Pacific. Surely, 513813484 measurements of in situ
seawaters in the near future would provide a better estimate
of the isotope fractionation factor between shallow-water
corals and ambient seawater.

4.2. BalCa ratios of Porites corals

In contrast to the consistent 8'>*'3*Ba of corals, the Ba/
Ca ratios in corals across the SCS represent considerable
spatial variations (Fig. 2A). Previous studies found that
temperature played a role in the incorporation of trace ele-
ments in coral skeletons (Gaetani and Cohen, 2006; Saha
et al., 2016). Experiments on abiotic aragonite precipitation
show that the distribution coefficient between aragonite and

fluid  (K%/“) is inversely related to temperature

(InK5* =2913/T — 9.0, Gaetani and Cohen, 2006). The
aragonite that precipitates at a high temperature has a lower
Ba/Ca ratio than the aragonite that precipitates at a low
temperature. However, the observed amplitude of Ba/Ca
is approximately 6 times higher the amplitude predicted
from the known SST range at the sample sites and the Ba/
Ca temperature dependence (Gaetani and Cohen, 2006;
Gonneea et al., 2017). This result suggests that temperature
is not the main cause of the variation in the Ba/Ca ratio in
the studied corals. Similarly, no effects of other ambient
environmental parameters were found (Fig. 3E and G). If
we assumed Ca concentrations of 9.52 mmol/g in Porites
coral and 10.28 mmol/kg in seawater (Bruland and Lohan,

2003) and used K5 values of 2.11 at 25°C and 1.90 at
29 °C (Gaetani and Cohen, 2006), the calculated [Ba] values
of the sea surface water at the coral sites were between 10
and 75 nmol/kg. The range of calculated [Ba]is much higher
than the concentrations currently observed in nature (Hsich
and Henderson, 2017). Combined with 5138/ 134Ba, the varied
Ba/Ca ratios cannot be explained by the mixing of three
major water masses (i.e., surface, deep and river-diluted sea-
water) (Fig. 2B). The deep and river-diluted seawater are
characterized by higher Ba/Ca ratios and distinctly lower
isotopic compositions than surface seawater. However, all
corals in this study have similar Ba isotopes.

In summary, the large amplitude of the Ba/Ca ratios in

corals cannot be reconciled by a unique K D"/ “ value or cor-

related to external parameters. The above results point to
strong physiological controls on the incorporation of Ba
in Porites corals, which we will discuss below.

4.3. Effects of biomineralization on the incorporation of Ba in
Porites coral

In addition to seawater compositions and environmental
factors, the incorporation of elements into corals could also
be affected by biological factors known collectively as ““vital
effects” (Gaetani and Cohen, 2006; Rollion-Bard et al.,
2010; Wombacher, et al., 2011; Inoue et al., 2015). The
new information from paired Ba isotopic compositions
and Ba/Ca ratios allows us to explore the effects of biomin-

eralization on the process of Ba incorporation into coral
skeletons.

The main hypothesis to explain the vital effects in corals
is that the elemental ratios in the coral skeleton were con-
trolled by the Rayleigh fractionation process, in which cor-
als precipitate their skeletons from an isolated or semi-
isolated calcifying fluid supplied by seawater (e.g.,
Gaetani and Cohen, 2006; Gagnon et al., 2012). During this
process, elements with a distribution coefficient >1 (such as
Ba) are depleted relative to Ca in the isolated calcifying
fluid. When the precipitation efficiency is low, the Ba/Ca
ratios of the remaining calcifying fluid are high, and the
Ba/Ca ratios of the coral skeleton that is precipitated from
the remaining fluid are high. We modeled the changes in the
Ba/Ca ratios in the coral skeletons based on a closed system
Rayleigh fractionation, with the equation following the def-
initions used by Inoue et al. (2015).

Ba/Ca

Ba/Caeoras = Ba/Cag, x (1 — 507 ) /(1 = f)

where BalCa,,,, is the Ba/Ca ratio of the coral skeleton,
BalCay,,, is the Ba/Ca ratio of the seawater, f (precipitation
efficiency, between 0 and 1) is the proportion of Ca remain-
ing in the calcifying fluid after precipitation has ended. The
BalCa,, was chosen from the minimum value of
2.43 umol/mol (the low range of seawater, Shaw et al.,
1998) to the maximum value of 8.35 pmol/mol (North Paci-
fic water from a depth of approximately 800 m, ALOHA
station, Hsieh and Henderson, 2017). The values of 2.11

and 1.99 were used for K5/ at 25 °C and 29 °C, respec-
tively (Gaetani and Cohen, 2006). The prediction by Ray-
leigh fractionation seems to be consistent with the
observed range of Ba/Ca ratios in our corals (Fig. 4A).

Rayleigh fractionation should also affect Ba isotopes in
corals, and the 8'**/'**Ba values were calculated using the
following equation:

014 B4 = (613 Bay, +1000) x (1— 1) /(1= 1) —1000

where 67534 Bq.,... is the calculated Ba isotope ratio of the
coral skeleton, 5°%//**Ba,,, is the Ba isotope ratio of scawa-
ter, and o is the isotope fractionation factor. The minimum
value of 633 Bg,, was set to 0.34%o, which is the compo-
sition of North Pacific water from a depth of approximately
800 m (Hsieh and Henderson, 2017). The maximum value
of 6738134 By, was set to 0.63%e, which is the composition
of North Pacific surface water (Hsich and Henderson,
2017). The fractionation factor (o) between coral and sea-
water used in this study was 0.9997, which was estimated
in Section 4.1 (A™¥"*Bay 1scawater ~ —0.3%0). However,
the calculated 6°%/3*Ba,,,.; values were completely differ-
ent from the measured &'%'3*Ba values in corals
(Fig. 4B). It appears that Rayleigh fractionation does not
play a significant role in controlling the Ba isotopic compo-
sitions/Ba incorporation of shallow-water corals.

A similar observation in Porites corals from New Cale-
donia was reported by Rollion-Bard et al. (2009). They
found that the Li/Ca ratios of corals exhibited a large vari-
ation following the Rayleigh fractionation model, but the
Li isotopes were homogeneous and could not be explained
by the Rayleigh fractionation model. The Li isotope
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fractionation between seawater and coral aragonite was
constant. The authors explained that the disagreement
between the Li isotope data and the Rayleigh fractionation
model was due to a large reservoir of Li in the calcifying
fluid compared to the small amount Li incorporated into
the coral skeleton. However, in contrast to Li, Ba is not dis-
criminated in the aragonite lattice, as the distribution coef-
ficient of Ba/Ca is greater than 1. This result implies that if
the Ba/Ca ratio in corals is strongly affected by the
Rayleigh process, Ba isotopes should also be strongly

affected. The behaviors of other alkali earth metals during
incorporation in carbonates are in good agreement with
the Ba behaviors. Previous research on Sr and Ca in corals
supported that the Rayleigh fractionation model is incom-
patible with Sr and Ca isotopes (in terms of 3%%/56Sr and
644/40Ca) and Sr/Ca ratios in corals (Inoue et al., 2015;
Fruchter et al., 2016).

Instead of Rayleigh fractionation, the incorporation of
Ba into coral skeletons may be affected by the aragonite
saturation state (Q) of the calcifying fluid. Corals are
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known for internal pH and Q upregulation (McCulloch
et al., 2017). In the calcifying fluid of a coral, pH is
actively elevated by 0.3 to 0.6 pH units above the values
in ambient seawater, and Q. (10-25) could be several times
higher than that in ambient seawater Qg (3—4) (McCulloch
et al., 2017). In these extremely oversaturated calcifying flu-
ids, small amounts of witherite (BaCO3) could be precipi-
tated within the domains of aragonite, given that
witherite is less soluble than aragonite (Mavromatis et al.,
2018). This scenario of the formation of two mineral phases
was proposed by recent abiotic aragonite experiments,
which showed a continuous increase in KLB)”/ “ as a function
of Q (DeCarlo et al., 2015; Gonneea et al., 2017;
Mavromatis et al., 2018). When the Q of a fluid was greater

than 25, the measured Kg”/ “was greater than 2 (DeCarlo
et al., 2015; Gonneea et al., 2017). However, when Q

was <2 and the reactive fluid was undersaturated with

respect to witherite, the measured Kg“/ % was less than 1

(Mavromatis et al., 2018). Hence, the variations in carbon-
ate chemistry (s and mineral phases) could potentially
explain the large variability in coral Ba/Ca ratios with
undisturbed Ba isotopes.

Different results were observed by Pretet et al. (2016).
The bulk samples from cultured corals (Acropora, Mon-
tipora, Stylophora and Porites) analyzed in their study
revealed large Ba isotopic variations (8'°**?Ba varied
between 0.25 + 0.12%0 and 0.61 &+ 0.12%0) (Supplementary
Fig. S3). The presence of 5'>*'3*Ba variability in corals
grown under identical environmental conditions in an
aquarium was interpreted to reflect that Ba isotope frac-
tionation might be governed by the efficiency of Ba incor-
poration (Rayleigh fractionation) during the
biomineralization process (Pretet et al., 2016). However,
most of the observed variations are close to the analytical
uncertainty (Pretet et al. 2016). In addition, the large vari-
ation possibly stemmed from genus dependence. Further
research is needed to test whether other coral genera also
show the same constant 8'**'*Ba fractionation offset as
observed for Porites in our study from the SCS.

5. CONCLUSIONS

This study is the first to analyze both the skeletal Ba iso-
topic composition (8'3%/134Ba) and the Ba/Ca ratios for
shallow-water corals (Porites) collected from diverse marine
environments throughout the SCS. One of the key observa-
tions from our data is that the annual Ba/Ca ratios in corals
can vary significantly depending on location by a factor of
~7, whereas 5'38/134B, values exhibit a very limited varia-
tion. Our results support the growing body of evidence that
Ba incorporation in corals is not a simple function of sea-
water composition, and coral Ba/Ca ratios must be care-
fully interpreted to reflect the absolute changes in
seawater Ba concentrations. The §">%'**Ba isotope ratios
of these shallow-water corals show a relatively constant
fractionation offset from surface seawater and are not influ-
enced by environmental parameters such as temperature or
rainfall or by different coral growth rates. We suggest that
Porites corals offer a promising archive to reconstruct the

Ba isotopic composition of historical water masses and
hence provide new insights into the Ba budget of the ocean
and associated oceanic processes on long timescales. For
example, riverine Ba inputs to the SCS linked with mon-
soon intensity through the Holocene could be recorded by
the Ba isotopic compositions of coastal corals. Moreover,
strong ‘““vital effects” are found for C and O isotopes but
not for the Ba isotopes. Thus, Ba isotopes might be used
to investigate inorganic environmental factors and decipher
biological effects that are expected to cause “vital effects”
during mineralization. Further knowledge may be obtained
by including additional trace elements and isotopes for an
extended multiproxy approach.
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