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Abstract

This paper reports the distribution of natural radionuclides of 224 223Ra in the surface water and stratified waters of
the Luzon Strait and its adjacent waters during the cruises of September 2015 and May 2016. To understand the
impact of the Fukushima nuclear accident, the artificial radionuclide 137Cs in the waters was also analyzed. The
results showed that the activities of 224 223Ra and !37Cs were all within the natural radioactive background levels of
the marine environment in the South China Sea. ??4Ra had a higher activity level in the water of the north South
China Sea to the west of the Luzon Strait, and a lower activity level in the oceanic Philippine Sea to the east. The
137Cs activity had no obvious spatial trends. Based on the vertical trends of 224Ra, 137Cs, and water temperature
and salinity at three stations (LS3, LS5 and LS8), the distinct characteristics of the activity levels and gradients of
224Ra and 137Cs among the tropical surface water, subsurface water and mid-deep water were revealed. Typhoon
Rainbow event reversed the overall circulation of the Luzon Strait and its adjacent area. A huge amount of western
Pacific water characterized by low 224Ra activities flooded into the South China Sea, reducing the activity level of
224Ra in the waters. However, there were no significant differences of 137Cs activity between the West Pacific and
the north South China Sea, and ocean current changes had no effect on the 137Cs activity levels of the water

bodies.
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1 Introduction

The Fukushima nuclear accident in Japan was the first major
accident that seriously affected the safety of the marine environ-
ment and marine ecosystem since the beginning of peaceful use
of nuclear energy. The total amount of 137Cs directly discharged
into the western Pacific by the Fukushima accident is reported by
some scholars to be as high as (27+15) PBq (Bailly du Bois et al.,
2012). The radioactive wastewater discharged by the nuclear ac-
cident migrates and spreads under the transport of ocean cur-
rents, which may pose a threat to the ecological environment of
the South China Sea.

The Luzon Strait is the most important channel for water ex-
change between the South China Sea and the western Pacific.
However, the dynamic process of the western Pacific water cur-
rent flowing through the Luzon Strait is very complex. Therefore,
our understanding of the impact of the Fukushima accident on
the marine ecological environment of the South China Sea has
been greatly limited by the difficulties of evaluating the exchange
capacity between the western Pacific and the South China Sea,
and analyzing the transport and diffusion of the radiation pollu-
tion from Fukushima accident into the South China Sea. Some
information useful for addressing this scientific issue may be

provided by using natural radioactive isotopes of radium. Two
natural short half-life radium isotopes exist in the marine envir-
onment, namely ?2*Ra (¢,,=3.7 d) and ?**Ra (¢, ,,=11.4 d). Both of
these are dissolved nuclides, which can be used as good tracers
for studying ocean current and water mass mixing processes in
oceanographic research (Moore, 2000; Moore and Krest, 2004;
Hancock et al., 2006; Dulaiova and Burnett, 2008; Stachelhaus et
al., 2012).

In this study, the radioactivity levels of 224Ra and ??3Ra in the
Luzon Strait and its adjacent waters were observed, and the hori-
zontal and vertical distribution characteristics of both radium
isotopes were evaluated, which provides basic data and theoret-
ical support for subsequent tracer applications. The artificial ra-
dionuclide 37Cs (¢,,,=30.17 a), which is one of the most import-
ant nuclides produced by nuclear fission and is generally used to
indicate the level and extent of marine radioactive contamina-
tion (Bailly du Bois et al., 2012; Charette et al., 2013; Aoyama et
al., 2016; Zhou et al., 2018; Buesseler et al., 2018), was also ana-
lyzed. Moreover, this study attempted to utilize satellite altimeter
data to explore the impact of the strong Typhoon Rainbow event
on the radioisotope distribution and migration behavior in the
study area. The results of this study may be helpful for scientific
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evaluation of water exchange across the Luzon Strait and its im-
pact on distributions of radium and cesium isotopes.

2 Study area

The Luzon Strait is located between the Taiwan Island of
China and the Luzon Island of the Philippines. It spans three de-
grees of latitude, extends in the east-west direction, has a width
of 380 km from north to south, and has an average water depth of
1 400 m. It consists of three straits and their waterways: the
northern Bass Strait, the central Balintang Strait and the south-
ern Babuyan Strait. The Luzon Strait is the only channel directly
connecting the South China Sea and the Northwest Pacific
Ocean, and its hydrodynamic process is greatly controlled by the
famous Kuroshio Current. Within the Luzon Strait variable zonal
currents exist throughout the year. The depth of the zonal flow
into and out of the South China Sea is typically around 500 m.
Generally, the inflow from the ocean into the strait, with an aver-
age monthly discharge of 10x106 m3/s, is located in the central
and southern parts of the strait. The outflow is located in the
northern part of the strait, and its average monthly flow rate is
5%10% m3/s (Liu et al., 2000).

3 Sample collection and analysis

3.1 Field observation and sampling

In the periods of September 2015 and May 2016, two voyages
were carried out to investigate the activities of 224 223Ra and 137Cs
in the Luzon Strait and its surrounding waters. The sampling sta-
tions of surface seawater are shown in Fig. 1. To investigate the
vertical distribution trend of 224Ra and '37Cs in the study area,
vertical water samples were collected at three stations (LS3, LS5
and LS8) during the cruise in May 2016. The stratified samples
(total of 24) were collected from depths of roughly 0, 50, 100, 150,
200, 500, 600, 1 000 and 1 500 m.

The surface samples were pumped with a submerged pump
and the stratified samples were collected by a Niskin multi-bottle
water sampler. The shipborne CTD system acquired hydrologic-
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Fig. 1. Sampling stations in the Luzon Strait and its adjacent
areas for both of the cruises of September 2015 and May 2016.
Red lines show Zone A sampled before the Rainbow typhoon oc-
curring in the cruise of September 2015; green lines show Zone B
sampled after Typhoon Rainbow; and both zones were also
sampled in the cruise of May 2016.

al parameters such as temperature and salinity at the period of
sampling. Compared with those of nearshore samples, the off-
shore activities of radium isotopes were usually quite low, and so
the water volume for radium collection was increased from
routine 60 L to 120-200 L. Upon return to the onboard laboratory,
the water samples were immediately filtered using filtration cart-
ridges (pore size: 0.5 pm) to separate the particulate and dis-
solved phases of the radionuclides. The filtered water was passed
through a column filled with 20 g of MnO,-impregnated acrylic
fiber at a flow rate of approximately 0.5 L/min to ensure quantit-
ative radium adsorption (Moore, 1976). Then, the residual water
of the Mn-fibers was extracted by a vacuum pump, and the fibers
were washed with deionized water 1-2 times to remove the salt
covering the fibers. The humidity of the fibers was controlled to
about 0.75 (water/manganese fiber mass ratio) (Garcia-Solsona
etal., 2008).

3.2 Analysis method

The amount of >?*Ra and ??°Ra collected on the Mn-fibers was
measured using a Radium Delayed Coincidence Counter (Moore
and Arnold, 1996). After the on-site sample collection, the
gaseous daughter of 220Rn generated by 22Ra was carried by
high-purity helium and entered into the Lucas scintillation
chamber as soon as possible in order to record the count. Based
on design principles of RaDeCC, high ??Ra activity would inter-
fere with the measurement of 223Ra, therefore, 223Ra counts were
determined after 7-12 d of sample collection (about three 224Ra
half-life periods). The Mn-fibers were then stored for 6 weeks and
measured again to obtain the supported ??*Ra from its parent,
228Th. The uncertainties of the ??Ra and ?*3Ra activities were es-
timated to be 5%-20% and 30%-70%, respectively, using the
equations derived by Garcia-Solsona et al. (2008).

The activities of 137Cs in seawater were measured using a
high-purity gamma ray spectrometer (model: BE5030, Canberra,
USA). The 60 L of seawater was collected and acidified by adding
1 mL of concentrated hydrochloric acid per liter. Upon return to
the terrestrial laboratory, 30 mg of hydrazine carrier was added.
137Cs was co-precipitated with 12 g of solid ammonium phospho-
molybdate (AMP) reagent. The 137Cs activity was determined at
661.6 keV (85.1%). The detector efficiencies were calibrated us-
ing efficiency curves obtained from LabSOCS (Bronson, 2003).
The chemical yield of this method was around 80%.

3.3 Geostrophic flow data

The Archiving, Validation and Interpolation of Satellite
Oceanographic (AVISO) satellite altimeter data (ftp-access.aviso.
altimetry.fr) were used to study the ocean flow field in the study
area. The spatial resolution of the data was (1/4)° and the time
resolution was 7 d. The data were combined with several satellite
data such as TOPEX/POSEIDON, JASON-1, ERS-1/2, and Envisat,
and the accuracy was greatly improved. The time scales of the
data were 22-28 September 2015, 8-14 October 2015, and 21-27
May 2016, and the spatial ranges were 15°-30°N, 112°~132°E.

3.4 Typhoon data

The typhoon path data were obtained from the Unisys cli-
mate website of the Joint Typhoon Warning Center (JTWC)
(http://weather.unisys.com). The data provided by the website
includes the latitude and longitude of the typhoon center, and
the maximum sustained wind speed and typhoon grade every
6 h.
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4 Results and discussion

4.1 Horizontal distributions of 2*Ra and 13’Cs

Based on the results of two surveys, the activity of 2*Ra in sur-
face water of the Luzon Strait and its adjacent waters ranged from
0.017 to 0.358 mBq/L, with an average of (0.132+0.093) mBq/L;
the activity of 22°Ra ranged from undetected to 0.013 mBq/L, with
an average value of (0.002+0.003) mBq/L. Compared with the rel-
evant data ranging from 0.2 to 14 mBq/L for ?>4Ra and from 0.03
to 1.3 mBq/L for ??3Ra in near-shore waters such as the Hainan
Island and Changjiang Estuary (Gu, 2015), the activities of 224 223Ra
in the Luzon Strait and its surrounding water bodies were at an
extremely low level.

The activity of 137Cs in surface water of the Luzon Strait and its
adjacent waters ranged from 0.58 to 1.27 mBq/L, with an average
0f (0.91+0.17) mBq/L. Compared with the average value of
(1.12+0.08) mBq/L for 137Cs activity reported by Wu et al. (2012),
the activity level reported in this study was slightly lower, pos-
sibly because the study area is in the open ocean, where the 137Cs
level is often lower than it is in the near-shore area. In the study
area, the activity of 137Cs was within the background level of ra-
dioactivity in the marine environment of the South China Sea.

Because the 223Ra activity was quite low and not detected in
some samples, we only discuss the data of 224Ra and 137Cs collec-
ted in this study. The horizontal distribution of 2?4Ra and 37Cs in
the surface water of the Luzon Strait and its adjacent waters are
shown in Fig. 2. During these two investigations, the 2?4Ra
showed a higher activity in the north South China Sea to the west
of the Luzon Strait and a lower activity in the Philippine Sea to
the east of the Luzon Strait. The highest value that appeared in
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the study area was in the northwestern part of the area near the
Luzon Island, followed by the area near the Dongsha Islands. The
lowest value, a very low 224Ra activity level (0.017 mBq/L), ap-
peared in the Philippine Sea near the area northeast of Luzon Is-
land. Considering that the ?24Ra in the distant ocean is derived
mainly from the diffusion of near-shore water to the sea, the spa-
tial characteristic of 224Ra showed a typical distribution in the
ocean.

137Cs has a long half-life (¢,,,=30.17 a) and its distribution
characteristics is not similar with that of 224Ra. During the cruise
of September 2015, as shown in Fig. 2c, the highest 137Cs activity
was observed in the northeastern part of the area near the Luzon
Island (LS11), followed by the area near the Dongsha Islands
(LS3); the lowest value was observed in the southwestern part of
the zone near the Taiwan Island (LS4). During the cruise of May
2016, as shown in Fig. 2d, the maximum value was observed in
the coast near the main land of China (LS1), followed by the
middle part of the Luzon Strait (LS12); the minimum was ob-
served in the middle of the South China Sea (LS15). The 137Cs dis-
tribution in the study area was relatively scattered and complex
(Fig. 2c and d). Therefore, it is quite difficult to summarize dis-
tinct spatial characteristics of 137Cs in the study area.

4.2 Vertical distributions of 2*Ra and 137Cs

From the cruise of May 2016, Figs 3a and b show the vertical
distribution of temperature and salinity at three stations (LS3,
LS5 and LS8) in water depths shallower than 1 800 m. The mixed
layer thickness at the three stations was about 50 m, and the ther-
mocline, through which temperature decreased from 28°C to
about 5°C, began at a depth of about 100 m. The salinity of the
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Fig. 2. Horizontal distributions of 224Ra and 137Cs activities in the Luzon Strait and its adjacent areas during the cruises of September

2015 and May 2016.
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Fig. 3. Vertical distributions of water temperature (°C), salinity, 224Ra, and !37Cs (mBq/L) at Stas LS3, LS5 and LS8 during the cruise of

May 2016

surface layer and the subsurface layer varied sharply. Specifically,
the salinity increased dramatically and reached a maximum
value at a water depth of about 100 m. Then, the salinity at Stas
LS3, LS5, and LS8 decreased sharply from the water depth of 100 m
to 400 m, 300 m, and 700 m, respectively. After reaching their
minimum values of 34.3 (LS3 and LS5) and 34.2 (LS8), respect-
ively, water salinity gradually increased to around 34.5. Accord-
ing to hydrological characteristics of offshore water masses in
China summarized by Pan et al. (2005), the water layer where the
minimum salinity occurred at the Philippine Sea is 100-300 m
deeper than that of the South China Sea. Therefore, based on the
water depths where the three stations reached the minimum val-
ues of salinity, it can be preliminarily determined that Stas LS3
and LS5 have the typical water feature of the South China Sea,
while Sta. LS8 possessed the obvious seawater characteristics of
the West Pacific Ocean.

The vertical distributions of 224Ra and '37Cs activities at the
three stations are shown in Figs 3c and d. The 224Ra activities of
the stratified samples at Stas LS3 and LS5 fluctuated within the
range of 0.036-0.084 mBq/L. Compared with those of Stas LS3
and LS5, the vertical activity of 22/Ra at Sta. LS8 was relatively low,
but the vertical variation was more obvious, ranging from 0.009
to 0.081 mBq/L. The variation range of !37Cs activity at Stas LS3
and LS5 was 0.26-1.44 mBq/L, but Sta. LS8 had larger variation of
137Cs activity, ranging from 0.4 to 1.96 mBq/L. On the whole, the
vertical distribution of ?24Ra activity was generally similar to that
of 137Cs activity within the limits of measurement error, espe-
cially at Sta. LS8. Specifically, the activities of 22Ra and '37Cs at
Sta. LS8 increased to their maximum values at the water depth of
600 m and then gradually decreased to their minimum values.
This phenomenon is discussed in the next section.

4.3 22Ra and '37Cs activities in three water masses

The scatter plots of 224Ra and '37Cs activities in T-S space for
all samples are shown in Fig. 4, in which the symbol color repres-
ents the activity of 224Ra or 137Cs. The T-S curves of ?24Ra and
137Cs showed an anti-S-shape characteristic, which is consistent
with the typical hydrological characteristics in the study area.
Based on conclusions of vertical water mass analysis (Pan, 2005),
the study area can be divided into the tropical surface water
(TSW, 0-50 m), the subsurface water (SSW, 50-300 m), and the
intermediate and deep water (I&DW, >300 m), and then this cat-
egorization was used to delineate the water masses on Fig. 4.

The temperature of TSW remained relatively stable within the
range of 27.2-30.7°C, while the water salinity varied from 33.5 to
34.8. The TSW had a higher activity of 224Ra, and a significant
gradient variation of ?>Ra activity, i.e., 0.017-0.358 mBq/L. 137Cs
activities were much lower in the TSW than the other two water
masses, and most of them were concentrated between 0.58 and
1.09 mBq/L. By contrast, the SSW temperature had a large range
0f 15.0-25.9°C, but the salinity of SSW remained relatively con-
sistent within the range of 34.6-35.9. 224Ra activities of the SSW
had much lower values with the range of 0.019-0.084 mBq/L,
while the activity gradient of 137Cs was more significant, varying
from 0.74-1.44 mBq/L. The characteristics of IRDW were roughly
consistent with those of the SSW. In particular, water temperat-
ure had large variation and salinity remained stable, ranging
from 2.6-10.8°C and 34.2-34.6, respectively. The IkDW had relat-
ively consistent 224Ra activity with a range of variation of 0.009-
0.084 mBq/L, while 137Cs in I&DW had a larger range from 0.26 to
1.96 mBq/L.

During May 20186, high activity values of 22Ra and !37Cs ap-
peared at Sta. LS8 at a depth of 600 m (Figs 3a, b), and these were
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Fig. 4. Scatter plots of 224Ra and !37Cs activities versus water temperature and salinity in the study area. Color bars indicate the
activities of 24Ra and '37Cs. The circles show the classification by water depth of three water masses, which are tropical surface water
(TSW, 0-50 m), subsurface water (SSW, 50-300 m), and intermediate water and deep water (I&DW, >300 m), respectively.

significantly higher than those at the same water depth at Stas
LS3 and LS5. However, the high values were not apparent in the
T-S scatter plot of 224Ra and 37Cs (Fig. 4), which indicated that
Sta. LS8 located in the Philippine Sea might have subsurface wa-
ter characterized by high activities of 24Ra and 37Cs submerged
into layers of the intermediate water and deep water and that the
mixing process might then increase the activity levels of both ra-
dionuclides.

4.4 Influence of Typhoon Rainbow on 224Ra and '37Cs activities

4.4.1 Typhoon Rainbow

Typhoon Rainbow, the No. 22 typhoon in 2015, streng-
thened from a tropical depression to a tropical storm when it
crossed the Luzon Island at 02:00 on October 2. Figure 5 shows
the path of Typhoon Rainbow. It then entered the northeastern
part of the South China Sea and continued to move northwest-
ward with increasing intensity. At 14:00 on October 3, it was up-
graded to a typhoon level, and then at 23:00 upgraded a strong
typhoon level, with a central air pressure of 955 hPa and a central
wind speed of 45 m/s. It was further upgraded as a strong typh-
oon and landed on the coast of Zhanjiang, Guangdong Province,
at 14:00 on October 4. The maximum wind speed was 50 m/s.
Since the founding of the country, Typhoon Rainbow was the
strongest typhoon to make landfall in China.

4.4.2 Variation of sea currents led by Typhoon Rainbow

Based on the AVISO satellite altimeter data, the geostrophic
flow fields in the study area were calculated before and after the
typhoon event, respectively, as shown in Fig. 6. Before the forma-
tion of Typhoon Rainbow in late September 2015, there was a sig-
nificant eastward current in the central part of the Luzon Strait,
that is, sea water of the northern South China Sea flowed into the
Philippine Sea in the form of an anticyclone, mixed with the Kur-
oshio water and then bypassed the Luzon Strait, entering the
western Pacific Ocean along the eastern side of Taiwan Island.
After the end of the typhoon in mid-October, the eastward cur-
rent disappeared. One part of the Kuroshio water flowed into the
South China Sea in the form of a cyclone, and the other part con-
tinued to enter the western Pacific Ocean along the east side of

Fig. 5. Path map of Typhoon Rainbow, and typhoon grades are
indicated by line colors (green: tropical depression, yellow: trop-
ical storm, red: Typhoon-1, orange: Typhoon-2, and pink:
Typhoon-4).

Taiwan Island. In brief, the surface ocean circulation around the
Luzon Strait had undergone an overall reversal after Typhoon
Rainbow event. In May 2016, the geostrophic flow field in the
study area was roughly similar to that in mid-October 2015, but
the intensity of the cyclone, which was formed by the northern
South China Sea water merging with the influx of Kuroshio water,
was much stronger. The major part of the interflow returned to
the South China Sea in the form of a cyclone, while the other part
bypassed the Luzon Strait northward along the eastern side of
Taiwan Island, entering the western Pacific Ocean.

4.4.3 Impact of Typhoon Rainbow on activities of ?>Ra and 137Cs
in the surface water

To avoid the effects of Typhoon Rainbow, we were forced to
return to port for more than 10 d during the cruise of September
2015. Thus, the survey was divided into two sampling stages: “be-
fore typhoon” and “after typhoon”, which had the durations of
22-27 September 2015 and 8-11 October 2015, respectively. As
shown in Fig. 1, Zone A indicated by red lines indicates the "pre-
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Fig. 6. Geostrophic currents map of the Luzon Strait and its ad-
jacent areas before and after the typhoon in September 2015 and
May 2016.

typhoon" sampling areas, and Zone B enclosed by green lines
represents the "post-typhoon" sampling areas. Assuming one
single sample in the upper mixed layer could represent the whole
mixed layer (Moore, 2007), we designed an orthogonal horizont-
al linear grid to map the two zones with special scale of 10 kmx
10 km. The observed 224Ra and !37Cs activities were interpolated
to the grid cells by the Kriging method, and then the inventories
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of both nuclides (Bq) for each zone was the sum of the activities
multiplied by the depth of the mixed layer (i.e., 50 m) in each grid
cell. Table 1 gives the results of 24Ra and !37Cs inventories in the
two zones.

The areas of Zone A and Zone B were calculated in the same
way to be 5.83x10'° m3 and 5.95x101% m3, respectively, the aver-
ages of both isotopes could be expressed as the ratios of the in-
ventories to the products of the areas and the depths in each
zone. Comparing the activities of 224Ra covered by Zone A and
Zone B, it was concluded that the activities of 224Ra in the surface
water of Zone B were significantly lower than those in Zone A. As
shown in Table 1, the average ??4Ra activity in Zone A was 0.226
Bq/m3, while that of Zone B was only 0.080 Bq/m?. The differ-
ence of 224Ra activity in the surface water before and after
Typhoon Rainbow might have been caused by two reasons. One
is spatial variability of 224Ra activity between Zone A and Zone B,
which is expected because the 224Ra activities will be higher
closer to land and lower in the open ocean; the other is the
typhoon event. To explore the possible reasons, the survey of
May 2016, which was not affected by a typhoon, was grouped in
the same way. Thus, we were able to conclude that the spatial dif-
ference of 224Ra activities between Zone A and Zone B was only
0.037 Bq/m3 (Table 1). It was far from possible to interpret the
difference between before and after the typhoon event in Sep-
tember 2015, therefore, we conclude that Typhoon Rainbow may
have had an impact on the activity level of 2?4Ra in the study area.

According to the variation of the geostrophic flow field in the
study area, there was a significant anticyclone in Zone A before
Typhoon Rainbow in September 2015, thus, the western Pacific
water did not enter the South China Sea when it bypassed the
Luzon Strait. Therefore, the South China Sea could retain its
composition and flow eastward into the Philippine Sea. Because
the South China Sea is close to the mainland of China, it main-
tained a relatively high 2?*Ra activity as it avoided the dilution of
the western Pacific water. However, the western Pacific water
passed through the Luzon Strait as a cyclone when the typhoon
occurred. A large amount of the western Pacific water character-
ized by low ?24Ra activity had flooded into the South China Sea,
reducing the activity of 224Ra in the study area. Considering that
the geostrophic flow field in May 2016 was roughly similar to that
after the typhoon occurred, we took the survey of May 2016 as an
example to explore the impact of the typhoon on 2?Ra activity in
the surface water of the study area. The activity of seawater 2?Ra
in Zone A was significantly lower than the average level of the
same region in the previous survey, which suggested that Typ-
hoon Rainbow might have an important dilution effect on de-
creasing the activities of ?24Ra in the South China Sea.

Here we clarify that since any change in 224Ra that occurred
from the typhoon would be reset after about one month (about
six half-lives of 224Ra), and any new typhoon event never oc-
curred during the survey of May 2016, the low ?24Ra activities ob-
served in May 2016 were not in fact from the typhoon, but rather
from the same circulation pattern as that after Typhoon Rainbow
in September 2015. This kind of circulation is driving the low

Table 1. Comparison of the average activities of >>/Ra and !3’Cs between Zone A and Zone B during both cruises

Zone A (5.83x1010 m3)

Zone B (5.95x1010 m3)

Cruise Inventory/10'! Bq Average/Bq-m-3 Inventory/10!! Bq Average/Bq-m™3
September 2015 229Ra 6.58 0.226 2.38 0.080
137Cs 27.30 0.936 27.30 0.917
May 2016 224Ra 4.09 0.140 3.06 0.103
137Cs 23.00 0.788 26.00 0.874
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224Ra activities into the South China Sea, thus it is also important
to clarify that this can occur in the absence of typhoon. Further-
more, we also infer that the effect would be magnified with
Typhoon Rainbow.

Supposing that the 137Cs activity of the surface water were
grouped in the same form as 224Ra, the calculation would be
totally different from that of 224Ra: the average activities of 137Cs
before and after the typhoon were around 0.9 Bq/m? in the sur-
vey of September 2015. Meanwhile, the average activities of 137Cs
in Zone A were also close to Zone B in May 2016. The similarity
indicates that there was no significant difference in the activity of
137Cs between the western Pacific Ocean and the South China
Sea. This result may be explained by the fact that 137Cs, as a
longer half-life nuclide, does not have the short-term behavior
that 224Ra does, therefore, the long-term migration and mixing
processes of water in the South China Sea and the West Pacific
Ocean might have made the 137Cs activities relatively consistent,
and thus the ocean current reversal phenomenon caused by the
typhoon event might not have affected the 137Cs activity of the
water in the study area.

5 Conclusions

During the cruises of September 2015 and May 2016, 224 223Ra
and 137Cs were analyzed in the Luzon Strait and its adjacent wa-
ters. The results showed that the activities of 224 223Ra and 1¥7Cs in
surface water of the Luzon Strait and its adjacent waters were
within the range of 0.017-0.358 mBq/L, undetected to 0.013 mBq/L,
and 0.58-1.27 mBq/L, respectively. The activities of 224Ra and
137Cs in stratified samples of LS3, LS5 and LS8 were within the
range of 0.009-0.084 mBq/L and 0.26-1.96 mBq/L, respectively.
From west to east along the Luzon Strait, the 224Ra activity was
observed to gradually increase from the northern South China
Sea to the Philippine Sea. The 137Cs had no large spatial distribu-
tion characteristics and had no variation compared with historic-
al data. Based on the vertical distributions of 224Ra and '37Cs at
the three stations (LS3, LS5 and LS8), the tropical surface water
(TSW) was observed to have a higher activity and a greater gradi-
ent change of 224Ra, whereas 37Cs had lower activity and a lower
gradient change. The activities of 224Ra in both the subsurface
water (SSW) and the intermediate water and deep water (I&DW)
were much lower but relatively stable. By contrast, the activities
of 137Cs were somewhat higher and the gradients changed greatly
in both of the water masses. The subsurface water of Sta. LS8 loc-
ated in the Philippine Sea might have submerged into the layer of
the intermediate water mass, which increased the activities of
224Ra and 137Cs at the water depth of 600 m. Typhoon Rainbow
caused the overall current circulation around the Luzon Strait to
be reversed. A large amount of western Pacific water character-
ized by low 22Ra activities flooded into the South China Sea, re-
ducing the activities of 224Ra in the seawater, but the 137Cs had no
variation of activity in the study area, which indicated that there
was no significant difference in the 137Cs activity between the
western Pacific Ocean and the northern South China Sea.
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