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ARTICLE INFO ABSTRACT

Keywords: In this study, we examined radioactivity simultaneously in surface marine sediments and coral skeletons col-
Coral reefs lected from 12 locations of the fringing and atoll reefs in the South China Sea. Radioactive level declined from
Radioactivity the fringing reefs to atoll reefs because of input of terrigenous minerals in the fringing reefs. Radioactivity was
Ezegli:l/zggU higher in coral skeletons than in marine sediments because of the high 2?Ra activity in coral skeletons.

Additionally, an abnormally low #?°Ra/?*®U activity ratio (< 0.1) of marine sediments in coral reefs was at-
tributed to the biological process of active uptake of >?*Ra and >*®U from seawater by coral polyps rather than
the ingrowth process in the **U-2**Th->?°Ra decay chain. Several radiological indices were evaluated in coral
reefs and significantly lower than recommended values. Particularly, the average Ra, in the atoll reefs
was < 5% of the world's average of Ra.q. Our results displayed typically radioactive status in coral reefs without

Nuclear weapons testing

close-in fallout of anthropogenic radionuclides.

Radionuclides are hazardous substances that may impose radi-
ological risk to humans and biota (Johansen et al., 2015; W. Lin et al.,
2015; W.H. Lin et al., 2015). Artificial radionuclides were dispersed
globally and were recognized as a significant proxy for the “Anthro-
pocene epoch” and biogeochemical processes (Hong et al., 2011;
Waters et al., 2016). Therefore, the activity of radionuclides in the
marine environment is widely measured and internationally compiled
from the perspectives of environmental safety, human health, and sci-
entific research (IAEA, 2005; UNSCEAR, 2000).

Coral reefs, as one of the typical marine ecosystems, are “hotspots”
of high biodiversity and provide rich biological resources and sig-
nificant tourist sites for humans (Moberg and Folke, 1999). The 2002
World Summit on Sustainable Development indicated that millions of
people depend on coral reefs for their daily living. The radionuclides in
coral reef fishes, the total species of which is > 5000 (Hixon and
Randall, 2018), may impose ionizing radiation on humans through
seafood consumption. The external radiation of radionuclides occurs
during increasing human activity of SCUBA diving in coral reefs. The
reef rock is also used for house construction by humans inhabiting on
the coral islands. Overall, ionizing radiation exposure to humans takes
place through all the above-mentioned exposure pathways in coral
reefs. However, we still have very limited information about the
radioactive status in coral reefs relative to many other environmental
matrixes, such as crust (Van Schmus, 1995), rocks (Ojovan and Lee,

2014), sandy beach (Huang et al., 2015), soil (Liu and Lin, 2018),
building materials (Trevisi et al., 2012), atmosphere (W. Lin et al.,
2015), seawater (Lin et al., 2016a), and marine organisms (Stewart
et al., 2008).

In the present study, radioactivity in surface marine sediments and
living coral skeletons was simultaneously measured by high purity
germanium (HPGe) y-spectrometry in 12 locations of the fringing and
atoll reefs in the South China Sea (SCS), which is adjacent to the Coral
Triangle with the world's highest biodiversity (Veron et al., 2011). The
SCS is the largest marginal sea of the North Pacific Ocean. These sta-
tions cover a latitude of 14° (> 1500 km). The behaviors of naturally
occurring radionuclides (?%8U, 2%°Ra, 22%Ra, and “°K) in the coral ske-
leton and marine sediment were also analyzed in this study. The radi-
ological parameters including radium equivalent activity (Ra.q), ex-
ternal and internal hazard indices (Hex and H;,), representative gamma
level index (I,;), absorbed gamma dose rate (Dg), and annual effective
dose equivalent (AEDE) were also calculated to assess radiological ha-
zards in coral reefs. We believe that our results will fill the gap in in-
formation about radioactive status in coral reefs located in the SCS and
provide reference for the natural radioactivity before nuclear weapons
testing in the Marshall Islands, whose physical settings are similar to
those of our stations in the atoll reefs.

Naturally occurring radionuclides were simultaneously analyzed in
marine sediments (top layer, within 2 cm from the surface) and living
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Fig. 1. Station map of 12 locations of coral reefs (LA, WZ, LHT, PJ, BJ, PS, LH, DD, HY, SJ, XE, and XY) in the SCS.

Fig. 2. Typical photo of marine sediments and coral skeletons in the SCS.

coral skeletons (length of 2-4 cm) collected from 12 coral reefs of the
Lingao (LA), Weizhou Island (WZ), Luhuitou (LHT), Beijiao (BJ), Panshi
(PS), Dongdao (DD), Langhua (LH), Huangyan Island (HY), Xinyi (XY),
Xianer (XE), Sanjiao (SJ), and Puji (PJ) in the SCS. These stations were
classified as the fringing reefs (LA, WZ, LHT, and PJ) in the coastal
ocean and the atoll reefs (BJ, HY, XY, XE, PS, DD, LH, and SJ) in the
open ocean. Two samples of marine sediments and a sample of living
coral skeleton (Porites) were collected in the WZ during October 2015.
Three samples of living coral skeleton (Porites, Pocillopora, and
Acropora) and a sample of marine sediment were measured in the HY
during May 2015. A sample of living coral skeleton (Porites) and two
samples of marine sediments were sampled in the SJ during May 2016.
A sample of coral skeleton and marine sediment each was simulta-
neously collected in the LA, LHT, and XE during May 2016. Only
marine sediments were obtained in the PS, DD, LH, XY, BJ, and PJ. The
station map and typical photo of samples are presented in Figs. 1 and 2.
All sediments and coral skeletons were collected by SCUBA diving into
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ocean interior rather than by traditional grab sampling on shipboard.
The coral polyps were rinsed immediately with deionized water after
going back to the laboratory onboard. The coral skeletons and marine
sediments were stored in a refrigerator (4 °C) before further analysis in
a land-based laboratory.

Sediments and coral skeletons were dried in an oven at 60 °C. Shells
and other exotic materials in marine sediments were eliminated. Coral
skeletons were carefully chosen without evident bored and con-
taminated areas. Sediments and coral skeletons were pulverized into
fine powder and sieved using an 80-100 mesh sieve. This pretreatment
was consistent with those mentioned in other studies on marine sedi-
ments (Al-Qaradawi et al., 2015; Lin et al., 2018a; Lin et al., 2018b; Liu
and Lin, 2018; Wang et al., 2015). These powders (100 g) were trans-
ferred into a cylindrical container and were sealed tightly to prevent the
escape of radon for a period of over 30 days before the measurement of
v-spectrometry. The secular equilibrium of radium and its progenies
was achieved and validated using standard materials before the
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calculation of the activities of >°Ra and 2?®Ra through their progenies.

All the samples were measured by broad-energy high purity ger-
manium (HPGe) y-spectrometry (Canberra BE6530) with a relative ef-
ficiency of 63.4% and using Genie 2000 software. The detector is sur-
rounded in sequence by 9.5 mm stainless iron, 150 mm lead, 1 mm tin,
and 1.6 mm highly purified copper to significantly depress the back-
ground. The energy resolution (FWHM) is 1.58 keV at the photopeak of
1332 keV and is much better than energy resolution (~50 keV) of Nal y-
spectrometry in other studies (Ravisankar et al., 2015; Valan et al.,
2016). The relative efficiency is derived from the standard river sedi-
ment (GBW08304a) and validated with the Irish Sea sediment (IAEA-
385) with an identical size as that used in our samples. These standard
sediments were produced by International Atomic Energy Agency
(IAEA) and National Institute of Metrology of China. The detailed in-
formation about the above standard sediments could be referenced to
other studies (Pham et al., 2008; Zhou et al., 2015).

Because of the particulate reactivity of >>*Th in the marine en-
vironment to constrain migration of >**Th relative to its parent radio-
nuclide 2*8U (Lin et al., 2016b), the secular equilibrium between 33U
and 2**Th is generally observed in marine sediments. Additionally, the
elapsed time between sampling date and measuring date was gen-
erally > 2 months in our study, thereby facilitating the secular equili-
brium between 2**Th and 2*®U in the samples at the measuring date.
The y-ray of 92.6 keV emitted from 2**Th is influenced by the y-ray of
93.4keV derived from *?Ac. Therefore, the activity of **®*U was
quantified by the photopeak of 2**Th (63.3 keV). The activity of 2*°U
was calculated using the y-ray of ?°Ra and its progenies with the
prerequirement of the secular equilibrium between 2?°Ra and 28U in
other studies (LaBrecque et al., 2010; Valan et al., 2016). However, the
disequilibrium of 2*°Ra/?**U in marine sediments was also widely re-
ported, especially for marine sediment in coral reefs (Liu and Lin,
2018). Therefore, we obtained the 23®U activity and its associated un-
certainty based on the y-ray of 63.3keV rather than *?°Ra and its
progenies according to Egs. (1) and (2).

(nr — ny) _
A% = T 0/ hasgult—to)
2380 em (@]
| (nr + ny)
8AYsy = Adygy X | =
238U 238U \/ T(ny — n)? )

where, Aysg® and 8A,35.° are the 28U activity and uncertainty at the
sampling date, respectively, and ny and n, are the counting rates of the
sample and background, respectively. The relative efficiency ¢ is de-
rived from the standard river sediment and validated with that of the
Irish Sea sediment (IAEA-385). t;, to, and T are defined as the detection
date, sampling date, and instrumental measurement time of the sample,
respectively. The decay constant of 23U refers to Ayssy. The un-
certainty mainly originated from counting statistics and was re-
presented as one standard deviation (18). The decay correction of 238y
from the measuring date to the sampling date could be neglected due to
much long half-life of 2*®U (4.47 x 10° a) relative to the elapsed time
from the measuring date to the sampling date (t; — tp). When the ac-
tivity of 2*®U was measured by y-spectrometry, HPGe y-spectrometry
should be preferentially recommended rather than Nal y-spectrometry
because of the high background and low-energy resolution of Nal y-
spectrometry at the photopeak of 63.3 keV.

The activity of ?*Ra and uncertainty at the measuring date were
calculated by the y-rays of their progenies at the photopeaks of
351.9 keV (?**Pb/??°Ra) and 609.3keV (*'*Bi/??°Ra) based on the se-
cular equilibrium of radium and its progenies according to Egs. (3) and
(4). However, the disequilibrium of 2*8U-2°°Th-22°Ra in carbonate se-
diments from coral reefs was reported in the previous studies (Lin et al.,
2018b; Liu and Lin, 2018; Sam et al., 1998). We corrected the **°Ra
activity from the measuring date to sampling date according to Egs. (5)
and (6). The half-lives of **°Ra (1.6 x 10%a) and **°Th (7.7 x 10%a)
were significantly longer than the elapsed time from the measuring date
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to sampling date (~1 a in this study). The decay and ingrowth correc-
tion was negligible in the 2**U->*°Th-*2°Ra decay series in this study.
Therefore, the 22°Ra activity and its uncertainty at the sampling date
were approximately equal to those at the measuring date.

(nr = ny)
A = —>
226Ra em 3)
nr+n
8Axzera = Azzera X \/ (Ti())z
T(nr — no) (@)
Ag26Ra = Agyera X €1226Ra(ti=t0) _ AgssU
X [elzzeka(tl—tn) — e(lzzeka—?»zmTh)(tl—tn)] (5)
0 = | 2 2A226Ra (t1—t0) 0 )2
8A%6ra = |(BAg6ra)” X € + (8Az350)
\/X [e)b226Ra(ll—tO) — e<}L226Ra—7L230Th)(ll—tO>]2 (6)

where, Ayera and 8Aera are the >2°Ra activity and its uncertainty on
the measurement date, respectively. Other parameters are similar to the
parameters given in Egs. (1) and (2).

The activity of ??®Ra was obtained by the y-ray (911.1 keV) of its
daughter radionuclide (**®Ac) due to the short half-life of 2*®Ac (6.13 h)
and rapid equilibrium between 22®Ra and 2*®Ac. The excess of 2?°Th
relative to ?®Ra in marine sediments has been reported in a previous
study (Koide et al., 1973). We also found that the disequilibrium be-
tween *?5Th and 2?®Ra was widely observed in coral reefs (our un-
published data). Therefore, the y-rays of 2?®Th and its progenies
(238.6 keV, 583.2keV, and 2614.5 keV) were not used to calculate the
228Ra activity in this study. The 2*®Ra activity and uncertainty were
calculated by the y-ray of 911.1 keV according to Egs. (7) and (8).

(nr — ny) _
A9 - eh228Ra(t1—to)
228Ra em @)
(nr + ng)
SA . = A0 X [T 70/
228Ra 228Ra \/ T(nr — o) @)

where, Azogra’ and 8A,,gr.° refer to the 22°Ra activity and uncertainty
at the sampling date. Other parameters were also similar to the para-
meters given in Egs. (1) and (2).

The activity of “°K and its associated uncertainty were directly
calculated by its y-ray of 1460.8 keV according to Egs. (9) and (10). The
half-life of “°K (1.28 x 10°a) was also significantly longer than the
elapsed time from the measuring date to the sampling date (t; — to).
Therefore, the decay correction can also be neglected for the mea-
surement of “°K.

Ay = weMoK(n—tu)

em (C)]

| (np + ng)

SAO  — A0 x T 0
40K 40K T(nT _ n0)2 (10)

The minimum detection activity (MDA) was calculated using Eq.
(11).
4.65

MDA = — X
em T

Do
1)

The definition of each parameter is consistent with that given in
Egs. (1) and (2). Under conditions of 100 g sediment and a measure-
ment time of 2 days, the MDA of **Ra though Canberra BE6530 was
~1.0Bg/kg.

For analytical quality control, the standard sediment of IAEA-385
was analyzed using the relative efficiency derived from the standard
river sediment (GBW08304a). The obtained value was consistent with
the reference value of IAEA-385 corrected to April 18, 2017 (Table 1).
The instrumental background and detection efficiency were periodi-
cally measured to guarantee the data quality. We also participated in
and passed the proficiency test for radionuclides (*'°Pb, 238U, 2?°Ra,
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Table 1

Comparison of the obtained value using the standard sediment of GBW08304a
and the reference value in IAEA-385. Uncertainty of activity was reported by
one standard deviation with the confidence level of 68% (unit: Bq/kg).

Radionuclides  Photopeak Obtained value based on Reference value
(keV) GBW08304a of IAEA-385
(corrected to 4/
Raw value Mean value 18, 2017)

238y 63.3 30.8 = 2.7 30.8 = 2.7 29.0 = 0.5

226Ra 295.1 19.2 + 0.9 206 + 1.4 21.9 + 0.2
352.0 20.4 + 0.7
609.3 221 + 1.2

137¢s 661.7 20.1 = 0.5 20.1 + 0.5 20.2 + 0.2

228Ra, 228Th, “°K, and '*Cs) in marine sediments organized by the
National Marine Environmental Monitoring Center of China in October
2017.

We measured radioactivity simultaneously in surface marine sedi-
ments and living coral skeletons collected from the fringing reefs (LA,
WZ, LHT, and PJ) and atoll reefs (BJ, PS, DD, LH, HY, XY, XE, and SJ) in
the SCS (Table 2). Overall, the average radioactivity in marine sedi-
ments and coral skeletons was in the order of 238U (27.7 Bq/kg) > “°K
(9.28 Bq/kg) > 2?®Ra (3.00Bq/kg) > 2?°Ra (2.80Bq/kg) and 238U
(31.7Bgq/kg) > *°K (13.9Bq/kg) > ***Ra  (8.89Bq/kg) > **°Ra
(3.06 Bq/kg), respectively. By contrast, the order of “°K (400 Bgq/
kg) > 2*%U (35Bq/kg) = **°Ra (35Bq/kg) > **®Ra (30Bq/kg) is
generally observed in the global soil and sediment (Lin et al., 2016b;
UNSCEAR, 2000).

The activity of ?®U in coral skeletons and marine sediments (22 Bq/
kg-43 Bq/kg) based on HPGe y-spectrometry in this study was con-
sistent with the 23U activity (25Bq/kg-43Bq/kg) measured by
thermal ionization mass spectrometry (TIMS) and multi-collector in-
ductively coupled plasma mass spectrometry (MC-ICPMS) in the SCS (L.
Wang et al., 2017; Yu et al., 2010). Additionally, no significant differ-
ence in 28U activity between marine sediments (27.7 * 5.0 Bq/kg)
and coral skeletons (31.7 + 7.3Bq/kg) was observed in coral reef
systems.
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In the present study, the activity of “°K ranged from 2Bq/kg to
27 Bq/kg in marine sediments and coral skeletons, excluding high “°K
activity in marine sediments (154 Bq/kg) at the station LA located in
the fringing reef. The significantly high “’K activity at coastal station LA
may be attributed to the proximity to the mainland of Southern China
and the contribution of other terrigenous minerals such as K-feldspar
(KAISi3Og) and mica (KAISi4,O;0) weathering from granite character-
ized by high radioactivity (Patiris et al., 2016; Xia et al., 2013). The
terrigenous minerals of K-feldspar and illite were directly observed by
X-ray diffraction analysis and contributed to 45.9% of mass in the
sinking particle in the fringing reef (Zhao et al., 2013).

The concentration of K was measured to be 0.1-0.4 g/kg (equivalent
to 3-12Bq/kg of “°K) by inductively coupled plasma-optical emission
spectrometry (ICP-OES) in the SCS (Xu et al., 2011). The activity of “°K
in coral-based soil was also reported to be 10.7 = 0.5Bq/kg (200
samples) on the Marshall Islands (Simon et al., 2002). Results of both of
the above-mentioned studies were similar to our results of *°K in
marine sediments (9.28 Bq/kg excluding the station LA). The cold-
water coral skeleton had the *°K activity of 0.13-1.4 Bq/kg (Sabatier
et al., 2012), which was lower than “°K activity (13.9 Bq/kg) in her-
matypic coral skeleton living in shallow water (Table 2). The elevated
40K activity in hermatypic coral skeleton relative to cold-water coral
skeleton may be attributed to the distinct coral genera with different
mineral components and concentration factor (CF) to take up 40K from
seawater. Overall, the ‘K activity in the coral skeleton
(13.9 = 6.7Bq/kg) was also similar to that in the marine sediment
(9.28 + 5.40 Bq/kg).

The concentration of *?°Ra is generally ~10 8 ppm (equivalent to
0.37 Bq/kg) relative to 2 ppm—4 ppm of **3U (equivalent to 25 Bq/kg-
50 Bq/kg) in coral skeletons. Radium isotope is generally measured
using radiometric instruments (e.g. HPGe y-spectrometry) rather than
mass spectrometry. As the concentration of radium isotope is generally
lower than the limit of detection for mass spectrometry because of the
short half-life of radium relative to that of uranium (Hsieh and
Henderson, 2011), the data of **°Ra and 2*®Ra are very limited relative
to 2%8U in hermatypic coral skeletons. In the present study, the average
activities of *°Ra and %?®Ra were 3.06 Bq/kg and 8.89 Bq/kg in coral

Table 2
Radioactivity in marine sediments and coral skeletons. Uncertainty of activity was reported by one standard deviation with the confidence level of 68% (unit: Bq/kg).
Station Matrixes 238y 4K 226Ra 228Ra

SJ Marine sediment SJo1 236 = 1.7 10.8 = 0.5 231 = 0.22 1.67 + 0.58
SJO3 241 = 1.7 8.72 = 0.42 2.08 = 0.22 1.62 = 0.63
SJOS 25.0 £ 25 7.93 = 0.44 1.95 + 0.33 1.65 = 0.61
Mean 242 + 0.7 9.16 = 1.49 211 = 0.18 1.65 + 0.03
Coral skeleton Porites 253 = 1.8 6.74 = 0.35 2.07 = 0.17 8.20 = 0.76

HY Marine sediment 38.2 + 4.8 2.15 = 0.71 1.66 = 0.15 < 1.00*
Coral skeleton Porites 31.4 = 4.0 122 = 1.5 2.51 = 0.34 4.68 = 0.68
Pocillopora 38.8 + 4.8 145 + 1.4 1.82 + 0.23 2.87 = 0.45
Acropora 36.9 = 4.6 181 = 1.9 2.01 = 0.29 2.67 = 0.49
Mean 35.7 = 3.8 15.0 = 3.0 2.11 = 0.36 3.41 = 1.11
WZ Marine sediment w2-2 36.2 = 4.7 119 £ 1.3 2.38 = 0.34 3.11 + 0.54
W5-1 333 = 41 12.8 = 1.1 296 = 0.32 3.87 = 0.49
Mean 348 = 2.1 12.3 = 0.7 2.67 = 0.41 3.49 = 0.54
Coral skeleton Porites 425 = 5.3 152 = 1.5 3.25 = 0.42 27.3 = 3.0
XE Marine sediment XE-01 236 = 1.7 10.8 = 0.5 231 = 0.22 1.66 = 0.58
Coral skeleton Porites 234 £ 1.7 8.04 = 0.39 3.68 = 0.22 8.84 = 0.81
LHT Marine sediment LHT-D1 322 + 4.1 231 = 21 3.02 = 0.40 4.42 + 0.67
Coral skeleton Porites 23.7 = 2.3 275 = 1.14 6.46 = 0.36 8.17 = 1.15
LA Marine sediment LA-2 26.3 = 3.2 154 = 10 9.39 = 0.89 144 £ 1.6
Coral skeleton Acropora 32.0 = 4.0 7.62 = 1.18 2.34 = 0.36 7.83 = 1.13
XY Marine sediment XY-01 259 = 2.0 2.54 = 0.16 1.64 = 0.22 1.17 = 0.55
BJ Marine sediment BJO1-03 221 = 2.7 3.36 = 0.54 1.47 = 0.19 0.63 = 0.12
PS Marine sediment PS1-6 269 £ 15 125 = 0.5 1.06 = 0.07 1.75 = 0.16
DD Marine sediment DD2-5 23.0 = 2.0 8.09 = 0.48 2.27 = 0.18 1.37 + 0.74
LH Marine sediment LH2-5 25.9 = 2.7 10.3 = 0.7 2.47 = 0.24 1.66 = 0.18
PJ Marine sediment T1 29.3 = 2.6 493 = 0.37 4.99 = 0.44 5.52 = 0.97

2 “ < ” indicates that the activity is lower than that of MDA according to Eq. (11).
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skeletons and 2.80 Bq/kg and 3.00 Bq/kg in marine sediments.

It was reported that the >°Ra and ?2®Ra activities were 0.7 Bq/
kg—4.8 Bq/kg and 0.3 Bq/kg-3 Bq/kg in Solenastrea coral skeleton from
the Atlantic Ocean, respectively (Moore and Krishnaswami, 1972). Our
results of ?*°Ra and 2?®Ra were 1.82Bq/kg-6.46 Bq/kg and 2.67 Bq/
kg—27.3 Bq/kg in the SCS, respectively, which were higher than the
results in the Atlantic Ocean (Moore and Krishnaswami, 1972). The
activity of radium isotope greatly depends on its terrestrial sources from
river, submarine groundwater discharge, and sediment (Moore, 2010).
The marginal sea of the SCS is surrounded by the Asian continent and
islands in Southeastern Asia and is highly influenced by the terrestrial
inputs relative to the Atlantic Ocean, probably resulting in higher ac-
tivity of radium isotope in coral skeletons collected from the SCS. It was
worth noting that the activity of ?**Ra in the coral skeleton (27.3 Bq/
kg) was significantly high in the WZ in the coastal ocean when com-
pared with that of other coral skeletons (2.67 Bq/kg—8.84 Bq/kg) in the
open ocean. The activity of **Ra greatly depends on terrestrial sources
and is more variable than that of ?*°Ra in the global ocean (Cho and
Kim, 2016). The **®Ra activity was also observed to be higher in the
coastal seawater (30 Bq/m®) than in the open ocean (2 Bq/m>-3 Bq/m?®)
in the SCS (Nozaki and Yamamoto, 2001; Wang and Du, 2016). This
high 2?®Ra activity in the coral skeleton (WZ) may be attributed to the
uptake of high 2?®Ra activity from the surrounding coastal seawater
into the coral skeleton.

The average ??°Ra activity in the coral skeleton (3.06 *= 1.50Bq/
kg) was consistent with that in the marine sediment (2.80 = 2.04 Bq/
kg). By contrast, the average 2?®Ra activity in the coral skeleton
(8.89 + 7.85Bq/kg) was higher than that in the marine sediment
(3.00 + 3.46 Bq/kg). The contrasting patterns of *°Ra and %?®Ra ac-
tivities were determined by the physical half-life (1600 a for **°Ra and
5.75 a for *?®Ra). The living coral skeleton was freshly accreted by coral
polyps. The radium isotopes (*?®Ra and 2?°Ra) in seawater were si-
multaneously incorporated into the coral skeleton along with Ca and Sr
in the same group of alkaline earth elements. Marine sediment in the
coral reef region was mainly fragmented and weathered from the coral
skeleton, especially for the atoll reefs in the center of the SCS. The
elapsed time occurs during the transformation of coral skeleton into
carbonate sediment in coral reefs. The half-life of 22°Ra (1600 a) was
much longer than the elapsed time, which resulted in no difference of
226Ra activity in marine sediments and coral skeletons during the for-
mation of marine sediment from coral skeleton in the atoll reefs.
Furthermore, similar activity in marine sediment and coral skeleton
was also observed for other long half-life radionuclides of 23%U
(4.47 x 10°a) and “°K (1.28 x 10° a) in this study. However, the 228Ra
activity will decay away if the elapsed time is longer than the half-life of
228Ra (5.75 a), thereby resulting in low ?*®Ra activity in marine sedi-
ments relative to high 2?®Ra activity in living coral skeletons.

Marine sediment, which is mainly originated from reef-building
coral skeleton in coral islands, can be transferred to beach and plays a
critical role in beach nourishment to adapt to the sea-level rising (SLR).
However, the elapsed time scale of the formation of marine sediment
from coral skeleton is poorly investigated and constraint in coral reef
systems. In the present study, the high >?®Ra activity in coral skeleton
relative to surface marine sediment may be used to constrain this
elapsed time according to Eq. (12). Deviation of the elapsed time may
be introduced due to other contributions of ?**Ra in marine sediment
from the terrestrial minerals with high ?*®Ra activity. We mainly fo-
cused on marine sediment in atoll reefs (SJ, HY, and XE) far from the
continents in this study to eliminate the influence of terrigenous ma-
terials. The preliminary results of the elapsed time were 13.3a, 15.9a,
and 13.9 a in the atoll reefs of SJ, HY, and XE, respectively, with very
limited terrestrial inputs.

228Ra
t = 1 ACoral
- 228Ra
A228Ra ASediment 12)
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Considering the sedimentation rate in the marine sediment
(~0.1 cm/a) derived from the '“C dating method in coral reefs located
in the SCS (Yu et al., 2009), the age of the surface marine sediment
(within 2 cm from the top) was at the time scale of 0-20 a. The elapsed
time of surface sediments based on 2?®Ra was in the range of the age
based on the '*C dating method in the surface marine sediment. Al-
though the preliminary results of the elapsed time based on ***Ra may
provide a clue to constrain the time scale of the formation of marine
sediment, much work is needed to narrow down uncertainty of the
elapsed time.

The activity ratio of ?*°Ra to 2**U in marine sediment was used to
identify the source of materials (Huang et al., 2013; Lin et al., 2018b; J.
Wang et al., 2017). The variation of the activity ratio of *°Ra to 238U
depends on the local geology and geochemical settings of the area (Liu
and Lin, 2018). In the present study, we found abnormally low
226Ra/?38U activity ratio in the marine sediment in coral reefs. The atoll
reefs had the #2°Ra/?3%U activity ratio ranging from 0.04 to 0.10 with
the mean ratio of 0.08. The *?°Ra/?*8U activity ratio ranged from 0.07
to 0.36 with the average value of 0.16 in the fringing reefs. Overall, the
226Ra/?38U activity ratio in coral reefs was significantly lower than
226Ra/?38U activity ratio in the mangroves and seagrass obtained in our
previous study (Liu and Lin, 2018).

Most of the #2°Ra/?38U activity ratios were lower than 0.10 in coral
reefs excluding the fringing reefs (0.36 at the station LA), which is
significantly influenced by the terrigenous minerals. It was noted that a
high “°K activity (154 Bq/kg) was also coincided with a high
226Ra /2384 ratio (0.36) at the station LA. The activity ratio of 225Ra to
2387 ranged from 0.5 to 1.0 in other marine sediments collected from
Laizhou Bay (Wang et al.,, 2015), Yangtze Estuary (J. Wang et al.,
2017), Daya Bay (Zhou et al., 2015), Hong Kong (Yu et al., 1994), and
Guanghai Bay (Zhao et al., 2015) along the coastline of China. The
activity ratio of 2*°Ra to 2*®U in soil and sand was also reported to be
higher than 1.0 from Malaysia (1.76-2.33) (Almayahi et al., 2012). The
relationship between ?2°Ra and 22U from different sea areas is pre-
sented in Fig. 3.

The *2°Ra/?*®U activity ratio in marine sediment (0.5-1.0) outside
coral reefs is generally attributed to the ingrowth process of the
238(;.230Th.?25Ra decay chain in terrigenous minerals with an “old” age
to reach equilibrium/quasi-equilibrium in 23®U-series after its trans-
formation and transferring from the Earth's Interior (Fig. 4). However,
the unique feature of abnormally low ?2°Ra/?*®U ratio (k < 0.1) in
coral reefs is attributed to the biological process of active uptake of
226Ra and 2*®U from seawater by coral polyps rather than the physical
process of the 228U-22°Th-22°Ra decay chain.

Considering the sedimentation rate (~0.1 cm/a) in the marine se-
diment of coral reefs in the SCS (Yu et al., 2009), the depth of the
marine sediment (0 cm-2 cm) corresponds to the time scale of 0-20 a
for the age of the marine sediment. The radionuclide of >*°Th has a low
activity in seawater and is also greatly rejected in living coral skeleton
(Cobb et al.,, 2003), thereby resulting in a low 230 activity
(< 1073Bq/kg) in living coral skeleton and marine sediment mainly
originating from the coral skeleton. If the 2°3U activity (50 Bq/kg) and
elapsed time (10 a) are assumed, the activity of >*Ra ingrowth from the
238(J.230Th.22°Ra decay chain will be ~9.7 x 10~ °Bq/kg according to
Eq. (13). The 22°Ra/?*®U ratio should be ~10~7 in marine sediment
based on the above assumption of 2*°U (50Bq/kg) and 22°Ra
(~9.7 x 10~° Bq/kg). Both the 226Ra activity (9.7 X 10°° Bq/kg) and
226Ra/**8( activity ratio (10~7) are significantly lower than ?*°Ra ac-
tivity (1 Bq/kg—4 Bq/kg) and 2*°Ra/**®U ratio (0.04-0.10) obtained in
this study. Therefore, the **Ra and *?°Ra/?*®U ratio cannot be ex-
plained by the physical process of the 22*U-2*°Th-?2°Ra decay chain.
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Fig. 3. Relationship between ?*Ra and **®U in marine sediment. k means the activity ratio of **°Ra to 2**U. The activity ratio of ***Ra/*?®Ra was < 0.1 in most
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The ?*°Ra and ?*®U activities of seawater are approximately 1 Bq/
m3-3 Bq/rn3 and 40 Bq/rn3 in the SCS (W.H. Lin et al., 2015). The
concentration factor (CF) of *Ra and 2%%U is ~1000L/kg for reef-
building corals (Baskaran, 2012; Saha et al., 2016). The 226Ra and 2%8U
activities of coral skeleton are approximately 1Bq/kg-3Bq/kg and
40 Bq/kg, respectively, according to Egs. (14) and (15), which are
consistent with our results (Table 2). The 22°Ra/?38U ratio is calculated
to be 0.03-0.08, which is also similar to our field measurements
(0.04-0.10). Consequently, the biological process of active uptake of
226Ra and 28U from seawater by coral polyp contributed to the **Ra
activity and 2?°Ra/?*®U ratio in coral skeleton and marine sediment in

coral reefs.
226 226

Ralcoral skeleton = Ralseawater X CF226Ra (14)
238 238

Ulcoral skeleton = Ulseawater X CFasgu (15)

Overall, coral reefs have a specific endmember with regard to the
activity ratio of ?*°Ra to 2*®U (< 0.1), which may be used to investigate
the contributions of biogenic carbonate sediments and terrigenous se-
diment with the distinct ?2°Ra/?*8U activity ratios in the fringing reefs.
The #Ra/?38U activity ratio may be a valuable proxy for tracking the
terrigenous particle carried by rivers, which had been indicated to
threaten the health of the coral reef ecosystem (McCulloch et al., 2003).

Several exposure pathways of radionuclides, including seafood
consumption, house construction with the reef rock, and SCUBA diving,
occur and result in ionizing radiation exposure to humans. The domi-
nant component of ionizing radiation generally originates from natu-
rally occurring radionuclides rather than artificial radionuclides
(UNSCEAR, 2000). As there was no record of nuclear weapons testing
and nuclear accident in the SCS, the amount of artificial radionuclides

Fig. 4. Contrasting patterns of ***Ra/?3®U activity ratio in marine sediments from coral reefs and other marine environments outside coral reefs.
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Table 3

Radiological hazards assessment in coral reefs.

Marine Pollution Bulletin 142 (2019) 43-53

Station Matrixes 226Ra (Bq/kg) 228Ra (Bq/kg) 9K (Bq/kg) Raeq (Bq/kg) Hex Hin L, Dg (nGy/h) AEDE (mSv/y)
SJ Marine sediment 211 = 0.18 1.65 + 0.03 9.16 = 1.49 5.17 0.01 0.02 0.04 2.36 2.89 x 1072
Coral skeleton 2.07 = 0.17 8.20 = 0.76 6.74 = 0.35 14.3 0.04 0.04 0.10 6.19 7.59 x 1073
HY Marine sediment 1.66 + 0.15 0.50" 215 = 0.71 2.54 0.01 0.01 0.02 1.16 1.42 x 1073
Coral skeleton 211 = 0.36 341 = 1.11 15.0 = 3.0 8.14 0.02 0.03 0.06 3.66 4,49 x 1072
wz Marine sediment 2.67 = 0.41 3.49 = 0.54 123 = 0.7 8.61 0.02 0.03 0.06 3.86 473 x107°
Coral skeleton 3.25 = 0.42 27.3 = 3.0 152 =+ 1.5 43.4 0.12 0.13 0.30 18.6 2.28 x 1072
XE Marine sediment 2.31 = 0.22 1.66 = 0.58 10.8 = 0.5 5.52 0.01 0.02 0.04 2.53 3.10 x 1072
Coral skeleton 3.68 = 0.22 8.84 = 0.81 8.04 = 0.39 17.0 0.05 0.06 0.12 7.38 9.05 x 1073
LHT Marine sediment 3.02 = 0.40 4.42 * 0.67 231 = 2.1 11.1 0.03 0.04 0.08 5.03 6.17 x 1073
Coral skeleton 6.46 = 0.36 8.17 = 1.15 275 + 1.1 20.3 0.05 0.07 0.14 9.07 1.11 x 1072
LA Marine sediment 9.39 = 0.89 144 = 1.6 154 = 910 41.9 0.11 0.14 0.31 19.5 2.39 x 1072
Coral skeleton 2.34 = 0.36 7.83 = 1.13 7.62 = 1.18 14.1 0.04 0.04 0.10 6.13 7.52x 1073
XY Marine sediment 1.64 = 0.22 1.17 + 0.55 2.54 = 0.16 3.51 0.01 0.01 0.02 1.57 1.93 x 1073
BJ Marine sediment 1.47 = 0.19 0.63 = 0.12 3.36 = 0.54 2.63 0.01 0.01 0.02 1.20 1.47 x 1072
PS Marine sediment 1.06 * 0.07 1.75 * 0.16 125 = 0.5 4.52 0.01 0.02 0.03 2.07 2.54 x 10-3
DD Marine sediment 2.27 = 0.18 1.37 + 0.74 8.09 = 0.48 4.85 0.01 0.02 0.03 2.22 2.72 x 10-3
LH Marine sediment 2.47 = 0.24 1.66 + 0.18 10.3 = 0.7 5.64 0.02 0.02 0.04 2.58 3.16 x 10-3
PJ Marine sediment 4.99 = 0.44 5.52 = 0.97 4.93 = 0.37 13.3 0.04 0.05 0.09 5.84 7.17 x 1072
Recommended value (Ravisankar et al., 2015) 370 1 1 0.5 84 0.46
@ Half of the MDA (1.00 Bq/kg) is used for radiological hazard assessment.
originating from global fallout was also very limited relative to that of =~ Dr(nGy/h) = 0.462Ag, + 0.604Ar, + 0.042Ag (20)

naturally occurring radionuclides in the SCS. The activities of most
concerning artificial radionuclides of '*’Cs (< 0.07 Bq/kg), °°Sr
(~1.0Bq/kg), and 2*°+24°py (102 Bq/kg) were lower than those of
naturally occurring radionuclides of **®U (22 Bq/kg-43 Bq/kg), *“°K
(2Bq/kg-27 Bq/kg), *?°Ra  (2.67 Bq/kg-27.3Bq/kg), and >*°Ra
(1.82Bq/kg-6.46 Bq/kg) in coral reefs (Lindahl et al., 2011; Xu et al.,
2010). Therefore, radiological hazard assessment was conducted from
the fringing reefs in the coastal ocean to atoll reefs in the open ocean
based on the results of naturally occurring radionuclides. The radi-
ological indices including radium equivalent activity (Raey), external
and internal hazard indices (Hey and H;,), representative gamma level
index (I,,), absorbed gamma dose rate (Dg), and annual effective dose
equivalent (AEDE) were calculated according to Egs. (16)-(21) and
data are represented in Table 3 (Liu and Lin, 2018). Table 3 also shows
recommended values of the radiological parameters for comparison.
Note that no error was provided for these indices for environmental
radiation assessment and management.

AEDE(mSv/y) = D (nGy/h) x 8760(h™) x 0.7(Sv/Gy) x 0.2 X 10~°
(21)

Consistent with other studies (Al-Qaradawi et al., 2015; Uddin and
Behbehani, 2018; J. Wang et al., 2017), the activity of >*2Th could not
be directly measured by HPGe y-spectrometry and was conservatively
substituted for by its daughter radionuclide *®Ra activity during
radiological hazard assessment. Note that the >3*Th activity in the coral
skeleton (< 107 3Bq/kg) is generally lower than 2?®Ra activity
(2.67 Bq/kg-27.3 Bq/kg Bq/kg) during the growth of reef-building coral
(Cobb et al., 2003). Therefore, radiological hazard assessment will be
conservatively overestimated due to the excess **Ra relative to >**Th
in the coral skeleton. Even so, all the values of radiological parameters
were significantly lower than the recommended values in Table 3.

All the above radiological indices were calculated depending on the
activities of the same naturally occurring radionuclides (**°Ra, 2?®Ra,
and “*°K), and we achieved consistent results for these indices. In the
following discussion, we mainly focus on the typical parameter of Rag.
The value of Ra.q was higher in coral skeletons than in marine sedi-
ments (Fig. 5). Similar activities of 2*°Ra and *°K were observed in coral
skeletons and marine sediments in coral reefs. Therefore, a high value
of Rae, in coral skeleton was mainly determined by high ?**Ra activity
in coral skeletons relative to marine sediments.

The value of Ra.q was higher in the fringing reefs than in the atoll
reefs (Fig. 6). The average Ra.q in marine sediments collected from the
fringing reefs was 18.7 Bq/kg relative to 4.30 Bq/kg from the atoll reefs.

Ra.q(Bq/kg) = Aga + 1.43Ar, + 0.077Ag (16)
Aga | Am Ag
Hey = —2 4 0 4 K
7370 259 4810 a7
o _Ara | Amo Ak
"7 185 259 4810 (18)
Lo B An A
"7 150 100 1500 19
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Fig. 5. Simultaneous results of Ra, in the coral skeleton and the marine sediment in coral reefs.
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Fig. 6. Ra.q in marine sediments from the fringing reefs (LA, WZ, LHT, and PJ) to the atoll reefs (HY, SJ, BJ, XY, XE, PS, DD, and LH).

The aforesaid high value in the fringing reefs may be attributed to its
influence by the terrigenous minerals with high radioactivity relative to
the atoll reefs in the center of the SCS. The high value of Ra.q in the
marine sediment (Fig. 6), which coincided with high 40K (154 Bq/kg)
and high #?°Ra/?38U activity ratio (0.36), was observed at the station
LA and probably related to the terrestrial inputs. The external con-
tributions of other terrigenous minerals would have also elevated
radioactivity in the marine sediment located in the fringing reefs by
human activity and river input, such as K-feldspar (KAlSi3Og), mica
(KAISi4O10), monazites [(Ce4sLaTh)PO4], and zircons [Zr(UTh)SiO4]
weathering from granite characterized by high radioactivity (Patiris
et al., 2016; Xia et al., 2013).

Radionuclides were reported in other marine sediments from
Laizhou Bay (Wang et al., 2015), Yangtze Estuary (J. Wang et al.,
2017), Daya Bay (Zhou et al., 2015), Hong Kong (Yu et al., 1994), and
Guanghai Bay (Zhao et al., 2015) along the coastline of China. The
integrated radioactivity was calculated using Eq. (16) and is presented

in Fig. 7. The Raeq of the China's average and world's average was also
calculated according to activities from other references and compared
with that of marine sediments in coral reefs (UNSCEAR, 2000; Wang,
2002). The Raeq of marine sediment in coral reefs (2 Bq/kg-42 Bq/kg)
was one order or two orders of magnitude lower than that in other sea
areas, the world's average and China's average (109-164 Bq/kg). It was
noted that the mean value of Rae, in the atoll reefs (4.30 Bq/kg)
was < 5% of Raeq of the world's average (109Bq/kg). Therefore,
marine sediment in coral reefs has a unique low value of Raeq, which
was attributed to biogenic carbonate sediment mainly originating from
the fragment and weathering of coral skeleton relative to other marine
sediments ultimately originating from the Earth's interior after a series
of physical and geological processes. Note that the mechanism of low
radioactivity in coral reefs is different from that of low concentration of
other hazardous materials (antibiotics and perfluoroalkyl substances).
For example, a low concentration of antibiotics and perfluoroalkyl
substances in coral reefs was mainly attributed to limited human
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Fig. 7. Ra.q of marine sediment in coral reefs (fringing reefs and atoll reefs) and other sea areas. The world's average and China's average were also calculated for
comparing. The activities of naturally occurring radionuclides that were used to calculate Ra., were derived from other references that are cited in the text.
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Fig. 8. Station map of Bikini Atolls and Huangyan Island (HY).

activity (Pan et al., 2018; Zhang et al., 2018).

Much work has been conducted on searching extremely high
background radiation areas (HBRA) in the terrestrial habitats from the
perspective of health physics (Shuaibu et al., 2017; UNSCEAR, 2000).
By contrast, coral reefs have an opposite habitat of low radioactivity
relative to HBRA on the surface of the Earth. As an opposite endmember
of HBRA, coral reefs and coral islands may be used as the potential
natural laboratory to study the linear or nonlinear relationship between
low radiation dose and effects.

Nuclear weapons testing was widely conducted on Bikini Atolls,
which were located in the northern Marshall Islands (Robison and
Noshkin, 1999). Environmental radiation quality was measured and
assessed for resettlement after nuclear weapons testing (Bordner et al.,
2016; Buesseler et al., 2018). Although several works focused on
radioactivity after nuclear weapons testing (Bordner et al., 2016;
Buesseler et al., 2018; Robison and Noshkin, 1999), there are rare
historical data on radioactive baseline on Bikini Atolls before nuclear
weapon testing.

Similar physical settings occur in the Bikini Atolls and HY atolls
with regard to their physical location and chemical component of car-
bonate sediment. Both the HY and Bikini Atolls are located in the center
of the ocean and dominantly composed of calcium carbonate platform,
which is mainly manufactured by corals several million years ago
(Wang et al., 2018). The latitudes of HY and Bikini Atolls are 15.1°N
and 11.5°N, respectively. Our data indicated similar natural radio-
activity in all atoll reefs (HY, SJ, BJ, XY, XE, PS, DD, and LH) located in
the SCS because of the dominant role of calcium carbonate in sediments
(Fig. 6). Additionally, our results were also consistent with previous
results on natural radioactivity of coral reefs in the Red Sea (Sam et al.,
1998). It was also reported that the activity of “°K in coral reefs was
similar between the SCS (9.28Bq/kg) and Marshall Islands
(10.7 = 0.5Bq/kg) (Simon et al., 2002). Therefore, the dominant
component of calcium carbonate should determine similar natural
radioactivity in the HY and Bikini Atolls.

In our study, the absorbed gamma dose rate (Dg) in the HY was
1.16 nGy/h (Table 3), which was lower than the mean Dy (15nGy/h)
on the control island (Majuro Island, capital of the Marshall Islands)
and that on other contaminated islands (294 nGy/h on Bikini Island)
(Bordner et al., 2016). The control island was also contaminated by
close-in fallout because of its location near the sites of nuclear weapons
testing relative to the HY in the SCS, thereby resulting in higher Dg on
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the control island (15nGy/h) relative to the Dy in the HY atolls
(1.16 nGy/h). Therefore, our results may provide invaluable reference
for the natural radioactivity before nuclear weapons testing (Fig. 8).
Radioactivity in living coral skeletons and surface marine sediments
was simultaneously measured in the fringing reefs and atoll reefs lo-
cated in the SCS. It displayed a radioactive order of
238y > 40K > 228Rg > 22%Rj in coral reefs, which was also different
from the order of “°K > 23%U = ?2°Ra > 2?*®Ra in the global soil
(UNSCEAR, 2000). We also found similar activities of 238U, 2?°Ra, and
“°K between the marine sediment and the coral skeleton. The similar
activities (28U, 22°Ra, and “°K) in marine sediments and coral skeletons
may give a clue to marine sediments originating from the fragment and
weathering of coral skeleton, especially for the atoll reefs far away from
the continents. By contrast, high >?®Ra activity in coral skeleton relative
to marine sediment was observed and resulted in high radioactivity
(Ragg) in coral skeleton due to the decay of short half-life of 228Ra
(5.75a) during the formation of marine sediment. The radioactivity
(Raey) was higher in the fringing reefs than in the atoll reefs because of
the inputs of terrigenous minerals. The unique feature of the abnor-
mally low 2°Ra/?*®U ratio (k < 0.1) in coral reefs was observed and
attributed to the biological process of active uptake of 2*°Ra and 2*®U
from seawater by coral polyps rather than the physical process of the
238(J.230TH-226Ra decay chain. A comparison of radioactivity in marine
sediments along the coastline of China indicated that radioactivity in
coral reefs was one order or two orders of magnitude lower than that in
other marine environments, the world's average, and China's average.
Particularly, the average value of Ra.q in the atoll reefs (4.30 Bq/kg)
was < 5% of the world's average (109 Bq/kg). The values of other
radiological parameters in coral reefs were also lower than the re-
commended values. Our results filled the gap of radioactive data on
coral skeletons and marine sediments in coral reefs located in the SCS
and also provided reference for radiological assessment on Bikini Atolls.
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